


	
		×
		

	






    
        
            
                
                    
                
            

            
                
                    
                    
                        
                    
                

            

            
                                    Σύνδεση
                    Ας αρχίσουμε
                            

        

        

        
            	Travel
	Technology
	Sports
	Marketing
	Education
	Career
	Social Media


            + Εξερευνήστε όλες τις κατηγορίες
        


            






    

        
        
            CHAPTER – 3 Inclusion complexation of norepinephrine...

        


        




    
        
            
                

                
                
            

            
                
                1

55
                
            

            
                
                100%
Actual Size
Fit Width
Fit Height
Fit Page
Automatic


                
            

			
        

        
            
                
                
                
            

            
                

                

                
                    
                     Match case
                     Limit results 1 per page
                    

                    
                    

                

            

        
        
            
                                    
    
        
        

        

        

        
        
            CHAPTER – 3 Inclusion complexation of norepinephrine, epinephrine, isoprenaline and methyldopa drugs with α- and β-cyclodextrins ∗ In this chapter, the inclusion complexation behaviour of four potential drugs namely norepinephrine (NORE), epinephrine (EPIN), isoprenaline (ISOP) and methyl dopa (MDOP) with two natural cyclodextrins (α-CD and β-CD) has been studid. The spectral properties of NORE, EPIN, ISOP and MDOP have been investigated by using UV-visible, fluorescence and time-resolved fluorescence methods. The prepared solid inclusion complexes were characterized by SEM, TEM, FTIR, DSC, XRD and 1 H NMR techniques. PM3 method was also applied to study the inclusion process of the drugs within CD cavity and the minimum energy structures of drug/CD complexes were proposed. The spectral properties of the above drugs in different solvents were also studied. The chemical structures of NORE, EPIN, ISOP and MDOP are given below. Chemical structures of (a) NORE, (b) EPIN, (c) ISOP and (D) MDOP. 3.1.  Absorption and fluorescence spectral studies Tables 3.1 and 3.2, and Figs. 3.1-3.4 depict the absorption and fluorescence maxima of the drugs NORE, EPIN, ISOP and MDOP containing various concentrations of α-CD and β-CD at pH ~7. The insets in Figs. 3.1-3.4 depict the changes in the absorbance and ∗ Spectrochimica Acta A – Accepted (2013) (a) (c) (b) (d) H H O O H H O O N N H H 2 2 O O H H O O H H O O H H O O O O H H N N H H H H O O H H O O O O H H N N H H H H O O H H O O O O H H N N H H 2 2 
        

        
    






                            

        

    









        
            	
					Upload

					ngokhue
				
	
                    Category

                        Documents

                
	
                    view

                    224
                
	
                    download

                    0
                


        

        


        

        
        
            
                SHARE

                
                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    

                    
                    
                        
                                
                            

                        

                    
                

            

            
                                    Download
                                Report this document
            

            

        


        
            Embed Size (px):

            344 x 292
429 x 357
514 x 422
599 x 487


        

        

        

        
                
            Transcript of CHAPTER – 3 Inclusion complexation of norepinephrine...

            Page 1
                        

CHAPTER ndash 3
 Inclusion complexation of norepinephrine epinephrine isoprenaline and
 methyldopa drugs with α- and β-cyclodextrinslowast
 In this chapter the inclusion complexation behaviour of four potential drugs namely
 norepinephrine (NORE) epinephrine (EPIN) isoprenaline (ISOP) and methyl dopa
 (MDOP) with two natural cyclodextrins (α-CD and β-CD) has been studid The spectral
 properties of NORE EPIN ISOP and MDOP have been investigated by using UV-visible
 fluorescence and time-resolved fluorescence methods The prepared solid inclusion
 complexes were characterized by SEM TEM FTIR DSC XRD and 1H NMR techniques
 PM3 method was also applied to study the inclusion process of the drugs within CD cavity
 and the minimum energy structures of drugCD complexes were proposed The spectral
 properties of the above drugs in different solvents were also studied The chemical structures
 of NORE EPIN ISOP and MDOP are given below
 Chemical structures of (a) NORE (b) EPIN (c) ISOP and (D) MDOP
 31 Absorption and fluorescence spectral studies
 Tables 31 and 32 and Figs 31-34 depict the absorption and fluorescence maxima
 of the drugs NORE EPIN ISOP and MDOP containing various concentrations of α-CD and
 β-CD at pH ~7 The insets in Figs 31-34 depict the changes in the absorbance and
 lowast Spectrochimica Acta A ndash Accepted (2013)
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 fluorescence intensity as a function of the concentration of CD added The absorption
 spectra of all the drug molecules consist of two peaks at ~276 and 220 nm For all the drugs
 the absorbances at both the maxima are increased while increasing the concentration of both
 the CDs and the maxima are slightly red shifted (about ~5 nm) The increase in the
 absorbance is due to the detergent action of CD and it is attributed to the additional
 dissolution of the guest adsorbed on the surface of the walls of the container [87-93] The
 above changes occured due to the reason that the drugs are transferred from more protic
 environment (bulk aqueous phase) to less protic environment of the CD cavity
 The absorption changes occurred at ~276 nm suggest that the affected groups are
 phenolic chromophores and it is characteristics of π-π transitions [87-93] The well known
 rules relating the type of interaction to the dielectric properties of the environment allow us
 to deduce the type of transition from observed maxima The maximum at shorter wavelength
 (SW ~220 nm) can be ascribed to a double bond π-π transition whereas the maximum at
 longer wavelength (LW ~276 nm) can be attributed to a π-π transition of the phenolic
 group The above results indicated that the alkyl chain of the drugs is embedded into the CD
 cavity and the aromatic ring is projected towards the bulk aqueous phase The absorption
 spectra of NORE EPIN ISOP and MDOP resembles with each other in CD solutions
 suggesting that all the above drugs formed similar type of inclusion complexes
 Figs 33 and 34 depict the emission spectra for the drugs (excited at 280 nm) with
 varying concentrations of α-CD and β-CD The emission spectrum of NORE EPIN ISOP
 and MDOP in water shows a single emission at ~316 nm whereas dual emission was
 obtained in CD media (Tables 31 and 32) Interestingly in both the CDs a new longer
 wavelength (LW ~450 nm) emission was observed By addition of the drugs into the CD
 solutions the emission intensities decreased at shorter wavelength whereas the longer
 wavelength (LW) intensity gradually increased Even in very low concentration of CDs (as
 low as 1 times 10-3 M) LW emission can be detected for all the above drugs This LW emission
 is attributed to the formation of drug-CD inclusion complex The fluorescence spectral
 results indicated that the drugs were encapsulated in the hydrophobic nanocavity of CDs
 [87-93] More interestingly at higher concentration of CDs the similar absorption and
 emission maxima for all the drugs indicated the formation of the similar type of inclusion
 complexes
  39
 Tables 31
  40
 Tables 32
  41
 Figs 31
  42
 Figs 32
  43
 Figs 33
  44
 Figs 34
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 311 Excimer emission
 The LW emission in the CD solutions can be explained as follows With an increase
 in the CD concentration the emission intensity of LW band was increased significantly
 whereas the SW band was decreased The LW emission for all the four drugs in CD medium
 is presumably ascribed to two types of inclusion complexes exist in the aqueous solution
 The strong SW emission around ~316 nm was due to the monomer inclusion complex (11)
 and the weak LW emission was attributed to the excimer of these drugs At higher
 concentration of CDs (1 times 10-2 M) the excimer band intensity has been increased while the
 monomer band intensity has been decreased due to the formation of excimer inclusion
 complex These spectral changes in SW and LW band suggest that the structural geometry
 of the inclusion complexes is different in terms of the orientations of the guest molecule
 The drug excimer fluorescence (LW) has been attributed to a formation of 12 CD-drug
 inclusion complex formed by the self-association of the drugs within the CD cavity [92]
 When the diluted drug (2 times 10-6 M) solution containing CD was excited no excimer
 fluorescence was observed This indicates that the formation of 11 CD-drug inclusion
 complexes the self-association or in other words the excimer occurred at a higher
 concentration of the drugs These findings suggest that 11 CD-drug inclusion complexes
 alone exist in the dilute solution of the drugs
 CD + drug CD-drug hellip(31)
 Here drug stands for NORE EPIN ISOP and MDOP K1 is the equilibrium constant for the
 11 inclusion complex Benesi-Hildebrand (B-H) equation [120] was used for determining
 the binding constant (K1) from the absorption and fluorescence intensity change by the
 addition of CDs The double reciprocal plots are shown in Figs 35 and 36 which give
 upward or downward curves for the NORECD EPINCD ISOPCD and MDOPCD
 complexes indicating that the inclusion complexes are not possessing11 stoichiometry
 Now considering the excimer in the CD-drug system there are two possibilities for
 excimer formation scheme One possibility is that excimer emitting species may be 22 CD-
 drug inclusion complex [(CD-drug)2] and the other possibility is a 12 [CD-(drug)2]
 inclusion complex But for the above drug molecules 12 inclusion complex was
 responsible for the excimer fluorescence This type of inclusion complex was formed
 through the following equilibrium
 CD-drug + drug CD-(drug)2 hellip(32)
 K1
 K2
  46
 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
  47
 Figs 35
  48
 Figs 36
  49
 Figs 37
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
  51
 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
  52
 Table 33
  53
 Fig 38
  54
 Table 34
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
  56
 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
  57
 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
  58
 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
  59
 Fig 39
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
  61
 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
  62
 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
  63
 Figs 310
  64
 Figs 311
  65
 Tables 36
  66
 Tables 37
  67
 Tables 38
  68
 Tables 39
  69
 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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38
 fluorescence intensity as a function of the concentration of CD added The absorption
 spectra of all the drug molecules consist of two peaks at ~276 and 220 nm For all the drugs
 the absorbances at both the maxima are increased while increasing the concentration of both
 the CDs and the maxima are slightly red shifted (about ~5 nm) The increase in the
 absorbance is due to the detergent action of CD and it is attributed to the additional
 dissolution of the guest adsorbed on the surface of the walls of the container [87-93] The
 above changes occured due to the reason that the drugs are transferred from more protic
 environment (bulk aqueous phase) to less protic environment of the CD cavity
 The absorption changes occurred at ~276 nm suggest that the affected groups are
 phenolic chromophores and it is characteristics of π-π transitions [87-93] The well known
 rules relating the type of interaction to the dielectric properties of the environment allow us
 to deduce the type of transition from observed maxima The maximum at shorter wavelength
 (SW ~220 nm) can be ascribed to a double bond π-π transition whereas the maximum at
 longer wavelength (LW ~276 nm) can be attributed to a π-π transition of the phenolic
 group The above results indicated that the alkyl chain of the drugs is embedded into the CD
 cavity and the aromatic ring is projected towards the bulk aqueous phase The absorption
 spectra of NORE EPIN ISOP and MDOP resembles with each other in CD solutions
 suggesting that all the above drugs formed similar type of inclusion complexes
 Figs 33 and 34 depict the emission spectra for the drugs (excited at 280 nm) with
 varying concentrations of α-CD and β-CD The emission spectrum of NORE EPIN ISOP
 and MDOP in water shows a single emission at ~316 nm whereas dual emission was
 obtained in CD media (Tables 31 and 32) Interestingly in both the CDs a new longer
 wavelength (LW ~450 nm) emission was observed By addition of the drugs into the CD
 solutions the emission intensities decreased at shorter wavelength whereas the longer
 wavelength (LW) intensity gradually increased Even in very low concentration of CDs (as
 low as 1 times 10-3 M) LW emission can be detected for all the above drugs This LW emission
 is attributed to the formation of drug-CD inclusion complex The fluorescence spectral
 results indicated that the drugs were encapsulated in the hydrophobic nanocavity of CDs
 [87-93] More interestingly at higher concentration of CDs the similar absorption and
 emission maxima for all the drugs indicated the formation of the similar type of inclusion
 complexes
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 311 Excimer emission
 The LW emission in the CD solutions can be explained as follows With an increase
 in the CD concentration the emission intensity of LW band was increased significantly
 whereas the SW band was decreased The LW emission for all the four drugs in CD medium
 is presumably ascribed to two types of inclusion complexes exist in the aqueous solution
 The strong SW emission around ~316 nm was due to the monomer inclusion complex (11)
 and the weak LW emission was attributed to the excimer of these drugs At higher
 concentration of CDs (1 times 10-2 M) the excimer band intensity has been increased while the
 monomer band intensity has been decreased due to the formation of excimer inclusion
 complex These spectral changes in SW and LW band suggest that the structural geometry
 of the inclusion complexes is different in terms of the orientations of the guest molecule
 The drug excimer fluorescence (LW) has been attributed to a formation of 12 CD-drug
 inclusion complex formed by the self-association of the drugs within the CD cavity [92]
 When the diluted drug (2 times 10-6 M) solution containing CD was excited no excimer
 fluorescence was observed This indicates that the formation of 11 CD-drug inclusion
 complexes the self-association or in other words the excimer occurred at a higher
 concentration of the drugs These findings suggest that 11 CD-drug inclusion complexes
 alone exist in the dilute solution of the drugs
 CD + drug CD-drug hellip(31)
 Here drug stands for NORE EPIN ISOP and MDOP K1 is the equilibrium constant for the
 11 inclusion complex Benesi-Hildebrand (B-H) equation [120] was used for determining
 the binding constant (K1) from the absorption and fluorescence intensity change by the
 addition of CDs The double reciprocal plots are shown in Figs 35 and 36 which give
 upward or downward curves for the NORECD EPINCD ISOPCD and MDOPCD
 complexes indicating that the inclusion complexes are not possessing11 stoichiometry
 Now considering the excimer in the CD-drug system there are two possibilities for
 excimer formation scheme One possibility is that excimer emitting species may be 22 CD-
 drug inclusion complex [(CD-drug)2] and the other possibility is a 12 [CD-(drug)2]
 inclusion complex But for the above drug molecules 12 inclusion complex was
 responsible for the excimer fluorescence This type of inclusion complex was formed
 through the following equilibrium
 CD-drug + drug CD-(drug)2 hellip(32)
 K1
 K2
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 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 311 Excimer emission
 The LW emission in the CD solutions can be explained as follows With an increase
 in the CD concentration the emission intensity of LW band was increased significantly
 whereas the SW band was decreased The LW emission for all the four drugs in CD medium
 is presumably ascribed to two types of inclusion complexes exist in the aqueous solution
 The strong SW emission around ~316 nm was due to the monomer inclusion complex (11)
 and the weak LW emission was attributed to the excimer of these drugs At higher
 concentration of CDs (1 times 10-2 M) the excimer band intensity has been increased while the
 monomer band intensity has been decreased due to the formation of excimer inclusion
 complex These spectral changes in SW and LW band suggest that the structural geometry
 of the inclusion complexes is different in terms of the orientations of the guest molecule
 The drug excimer fluorescence (LW) has been attributed to a formation of 12 CD-drug
 inclusion complex formed by the self-association of the drugs within the CD cavity [92]
 When the diluted drug (2 times 10-6 M) solution containing CD was excited no excimer
 fluorescence was observed This indicates that the formation of 11 CD-drug inclusion
 complexes the self-association or in other words the excimer occurred at a higher
 concentration of the drugs These findings suggest that 11 CD-drug inclusion complexes
 alone exist in the dilute solution of the drugs
 CD + drug CD-drug hellip(31)
 Here drug stands for NORE EPIN ISOP and MDOP K1 is the equilibrium constant for the
 11 inclusion complex Benesi-Hildebrand (B-H) equation [120] was used for determining
 the binding constant (K1) from the absorption and fluorescence intensity change by the
 addition of CDs The double reciprocal plots are shown in Figs 35 and 36 which give
 upward or downward curves for the NORECD EPINCD ISOPCD and MDOPCD
 complexes indicating that the inclusion complexes are not possessing11 stoichiometry
 Now considering the excimer in the CD-drug system there are two possibilities for
 excimer formation scheme One possibility is that excimer emitting species may be 22 CD-
 drug inclusion complex [(CD-drug)2] and the other possibility is a 12 [CD-(drug)2]
 inclusion complex But for the above drug molecules 12 inclusion complex was
 responsible for the excimer fluorescence This type of inclusion complex was formed
 through the following equilibrium
 CD-drug + drug CD-(drug)2 hellip(32)
 K1
 K2
  46
 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
  47
 Figs 35
  48
 Figs 36
  49
 Figs 37
  50
 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
  56
 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 (a)
 (c)
 (e)
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 311 Excimer emission
 The LW emission in the CD solutions can be explained as follows With an increase
 in the CD concentration the emission intensity of LW band was increased significantly
 whereas the SW band was decreased The LW emission for all the four drugs in CD medium
 is presumably ascribed to two types of inclusion complexes exist in the aqueous solution
 The strong SW emission around ~316 nm was due to the monomer inclusion complex (11)
 and the weak LW emission was attributed to the excimer of these drugs At higher
 concentration of CDs (1 times 10-2 M) the excimer band intensity has been increased while the
 monomer band intensity has been decreased due to the formation of excimer inclusion
 complex These spectral changes in SW and LW band suggest that the structural geometry
 of the inclusion complexes is different in terms of the orientations of the guest molecule
 The drug excimer fluorescence (LW) has been attributed to a formation of 12 CD-drug
 inclusion complex formed by the self-association of the drugs within the CD cavity [92]
 When the diluted drug (2 times 10-6 M) solution containing CD was excited no excimer
 fluorescence was observed This indicates that the formation of 11 CD-drug inclusion
 complexes the self-association or in other words the excimer occurred at a higher
 concentration of the drugs These findings suggest that 11 CD-drug inclusion complexes
 alone exist in the dilute solution of the drugs
 CD + drug CD-drug hellip(31)
 Here drug stands for NORE EPIN ISOP and MDOP K1 is the equilibrium constant for the
 11 inclusion complex Benesi-Hildebrand (B-H) equation [120] was used for determining
 the binding constant (K1) from the absorption and fluorescence intensity change by the
 addition of CDs The double reciprocal plots are shown in Figs 35 and 36 which give
 upward or downward curves for the NORECD EPINCD ISOPCD and MDOPCD
 complexes indicating that the inclusion complexes are not possessing11 stoichiometry
 Now considering the excimer in the CD-drug system there are two possibilities for
 excimer formation scheme One possibility is that excimer emitting species may be 22 CD-
 drug inclusion complex [(CD-drug)2] and the other possibility is a 12 [CD-(drug)2]
 inclusion complex But for the above drug molecules 12 inclusion complex was
 responsible for the excimer fluorescence This type of inclusion complex was formed
 through the following equilibrium
 CD-drug + drug CD-(drug)2 hellip(32)
 K1
 K2
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 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
  47
 Figs 35
  48
 Figs 36
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 Figs 37
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 Fig 39
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
  72
 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
 Tra
 nsm
 ittan
 ce
 40000 20000 10000 4000 Wavenumber (cm-1)
 (a)
 (b)
 3383
 45
 2926
 28
 1645
 43
 1421
 67
 1366
 23
 1155
 46
 707
 94
 578
 70
 3379
 59
 2924
 35
 1417
 81
 1371
 67
 1159
 32
 709
 87
 572
 91
 1651
 22
 1028
 15
 1027
 28
 (c)
 (d)
 603
 77
 765
 81
 3153
 90 11
 250
 6
 1640
 53
 3393
 51 59
 822
 57
 631
 2966
 47
 1442
 88
 1358
 01
 1224
 91
 1282
 78
 3402
 74 29
 282
 1 1647
 50
 1410
 09
 1367
 65
 1157
 39
 711
 80
 570
 98
 3400
 81
 2926
 28
 1647
 35
 1419
 71
 1365
 72
 1157
 42
 698
 29
 568
 27
 (e)
 1516
 19
 1030
 15
 1030
 20
 1080
 24
 1078
 30
  78
 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
 (d)
 (c)
 (b)
 (a)
 (g)
 (f)
 (e)
  86
 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 311 Excimer emission
 The LW emission in the CD solutions can be explained as follows With an increase
 in the CD concentration the emission intensity of LW band was increased significantly
 whereas the SW band was decreased The LW emission for all the four drugs in CD medium
 is presumably ascribed to two types of inclusion complexes exist in the aqueous solution
 The strong SW emission around ~316 nm was due to the monomer inclusion complex (11)
 and the weak LW emission was attributed to the excimer of these drugs At higher
 concentration of CDs (1 times 10-2 M) the excimer band intensity has been increased while the
 monomer band intensity has been decreased due to the formation of excimer inclusion
 complex These spectral changes in SW and LW band suggest that the structural geometry
 of the inclusion complexes is different in terms of the orientations of the guest molecule
 The drug excimer fluorescence (LW) has been attributed to a formation of 12 CD-drug
 inclusion complex formed by the self-association of the drugs within the CD cavity [92]
 When the diluted drug (2 times 10-6 M) solution containing CD was excited no excimer
 fluorescence was observed This indicates that the formation of 11 CD-drug inclusion
 complexes the self-association or in other words the excimer occurred at a higher
 concentration of the drugs These findings suggest that 11 CD-drug inclusion complexes
 alone exist in the dilute solution of the drugs
 CD + drug CD-drug hellip(31)
 Here drug stands for NORE EPIN ISOP and MDOP K1 is the equilibrium constant for the
 11 inclusion complex Benesi-Hildebrand (B-H) equation [120] was used for determining
 the binding constant (K1) from the absorption and fluorescence intensity change by the
 addition of CDs The double reciprocal plots are shown in Figs 35 and 36 which give
 upward or downward curves for the NORECD EPINCD ISOPCD and MDOPCD
 complexes indicating that the inclusion complexes are not possessing11 stoichiometry
 Now considering the excimer in the CD-drug system there are two possibilities for
 excimer formation scheme One possibility is that excimer emitting species may be 22 CD-
 drug inclusion complex [(CD-drug)2] and the other possibility is a 12 [CD-(drug)2]
 inclusion complex But for the above drug molecules 12 inclusion complex was
 responsible for the excimer fluorescence This type of inclusion complex was formed
 through the following equilibrium
 CD-drug + drug CD-(drug)2 hellip(32)
 K1
 K2
  46
 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
  72
 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 311 Excimer emission
 The LW emission in the CD solutions can be explained as follows With an increase
 in the CD concentration the emission intensity of LW band was increased significantly
 whereas the SW band was decreased The LW emission for all the four drugs in CD medium
 is presumably ascribed to two types of inclusion complexes exist in the aqueous solution
 The strong SW emission around ~316 nm was due to the monomer inclusion complex (11)
 and the weak LW emission was attributed to the excimer of these drugs At higher
 concentration of CDs (1 times 10-2 M) the excimer band intensity has been increased while the
 monomer band intensity has been decreased due to the formation of excimer inclusion
 complex These spectral changes in SW and LW band suggest that the structural geometry
 of the inclusion complexes is different in terms of the orientations of the guest molecule
 The drug excimer fluorescence (LW) has been attributed to a formation of 12 CD-drug
 inclusion complex formed by the self-association of the drugs within the CD cavity [92]
 When the diluted drug (2 times 10-6 M) solution containing CD was excited no excimer
 fluorescence was observed This indicates that the formation of 11 CD-drug inclusion
 complexes the self-association or in other words the excimer occurred at a higher
 concentration of the drugs These findings suggest that 11 CD-drug inclusion complexes
 alone exist in the dilute solution of the drugs
 CD + drug CD-drug hellip(31)
 Here drug stands for NORE EPIN ISOP and MDOP K1 is the equilibrium constant for the
 11 inclusion complex Benesi-Hildebrand (B-H) equation [120] was used for determining
 the binding constant (K1) from the absorption and fluorescence intensity change by the
 addition of CDs The double reciprocal plots are shown in Figs 35 and 36 which give
 upward or downward curves for the NORECD EPINCD ISOPCD and MDOPCD
 complexes indicating that the inclusion complexes are not possessing11 stoichiometry
 Now considering the excimer in the CD-drug system there are two possibilities for
 excimer formation scheme One possibility is that excimer emitting species may be 22 CD-
 drug inclusion complex [(CD-drug)2] and the other possibility is a 12 [CD-(drug)2]
 inclusion complex But for the above drug molecules 12 inclusion complex was
 responsible for the excimer fluorescence This type of inclusion complex was formed
 through the following equilibrium
 CD-drug + drug CD-(drug)2 hellip(32)
 K1
 K2
  46
 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
  57
 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 311 Excimer emission
 The LW emission in the CD solutions can be explained as follows With an increase
 in the CD concentration the emission intensity of LW band was increased significantly
 whereas the SW band was decreased The LW emission for all the four drugs in CD medium
 is presumably ascribed to two types of inclusion complexes exist in the aqueous solution
 The strong SW emission around ~316 nm was due to the monomer inclusion complex (11)
 and the weak LW emission was attributed to the excimer of these drugs At higher
 concentration of CDs (1 times 10-2 M) the excimer band intensity has been increased while the
 monomer band intensity has been decreased due to the formation of excimer inclusion
 complex These spectral changes in SW and LW band suggest that the structural geometry
 of the inclusion complexes is different in terms of the orientations of the guest molecule
 The drug excimer fluorescence (LW) has been attributed to a formation of 12 CD-drug
 inclusion complex formed by the self-association of the drugs within the CD cavity [92]
 When the diluted drug (2 times 10-6 M) solution containing CD was excited no excimer
 fluorescence was observed This indicates that the formation of 11 CD-drug inclusion
 complexes the self-association or in other words the excimer occurred at a higher
 concentration of the drugs These findings suggest that 11 CD-drug inclusion complexes
 alone exist in the dilute solution of the drugs
 CD + drug CD-drug hellip(31)
 Here drug stands for NORE EPIN ISOP and MDOP K1 is the equilibrium constant for the
 11 inclusion complex Benesi-Hildebrand (B-H) equation [120] was used for determining
 the binding constant (K1) from the absorption and fluorescence intensity change by the
 addition of CDs The double reciprocal plots are shown in Figs 35 and 36 which give
 upward or downward curves for the NORECD EPINCD ISOPCD and MDOPCD
 complexes indicating that the inclusion complexes are not possessing11 stoichiometry
 Now considering the excimer in the CD-drug system there are two possibilities for
 excimer formation scheme One possibility is that excimer emitting species may be 22 CD-
 drug inclusion complex [(CD-drug)2] and the other possibility is a 12 [CD-(drug)2]
 inclusion complex But for the above drug molecules 12 inclusion complex was
 responsible for the excimer fluorescence This type of inclusion complex was formed
 through the following equilibrium
 CD-drug + drug CD-(drug)2 hellip(32)
 K1
 K2
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 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
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  48
 Figs 36
  49
 Figs 37
  50
 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
  51
 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
  73
 Fig 313
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 Fig 314
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 311 Excimer emission
 The LW emission in the CD solutions can be explained as follows With an increase
 in the CD concentration the emission intensity of LW band was increased significantly
 whereas the SW band was decreased The LW emission for all the four drugs in CD medium
 is presumably ascribed to two types of inclusion complexes exist in the aqueous solution
 The strong SW emission around ~316 nm was due to the monomer inclusion complex (11)
 and the weak LW emission was attributed to the excimer of these drugs At higher
 concentration of CDs (1 times 10-2 M) the excimer band intensity has been increased while the
 monomer band intensity has been decreased due to the formation of excimer inclusion
 complex These spectral changes in SW and LW band suggest that the structural geometry
 of the inclusion complexes is different in terms of the orientations of the guest molecule
 The drug excimer fluorescence (LW) has been attributed to a formation of 12 CD-drug
 inclusion complex formed by the self-association of the drugs within the CD cavity [92]
 When the diluted drug (2 times 10-6 M) solution containing CD was excited no excimer
 fluorescence was observed This indicates that the formation of 11 CD-drug inclusion
 complexes the self-association or in other words the excimer occurred at a higher
 concentration of the drugs These findings suggest that 11 CD-drug inclusion complexes
 alone exist in the dilute solution of the drugs
 CD + drug CD-drug hellip(31)
 Here drug stands for NORE EPIN ISOP and MDOP K1 is the equilibrium constant for the
 11 inclusion complex Benesi-Hildebrand (B-H) equation [120] was used for determining
 the binding constant (K1) from the absorption and fluorescence intensity change by the
 addition of CDs The double reciprocal plots are shown in Figs 35 and 36 which give
 upward or downward curves for the NORECD EPINCD ISOPCD and MDOPCD
 complexes indicating that the inclusion complexes are not possessing11 stoichiometry
 Now considering the excimer in the CD-drug system there are two possibilities for
 excimer formation scheme One possibility is that excimer emitting species may be 22 CD-
 drug inclusion complex [(CD-drug)2] and the other possibility is a 12 [CD-(drug)2]
 inclusion complex But for the above drug molecules 12 inclusion complex was
 responsible for the excimer fluorescence This type of inclusion complex was formed
 through the following equilibrium
 CD-drug + drug CD-(drug)2 hellip(32)
 K1
 K2
  46
 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
  47
 Figs 35
  48
 Figs 36
  49
 Figs 37
  50
 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
  62
 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
 Tra
 nsm
 ittan
 ce
 40000 30000 20000 10000 4000 Wavenumber (cm-1)
 (a)
 (b)
 (c)
 972
 21
 1217
 19
 3219
 48
 1257
 70
 1531
 62
 3479
 90
 588
 34
 543
 98
 1645
 43
 1491
 11
 1402
 38
 1288
 56
 1375
 37
 3404
 67
 2930
 14 16
 454
 3
 1404
 30
 1366
 23
 1155
 46
 572
 91
 3383
 45
 2924
 35
 1417
 81
 1367
 65
 1157
 39
 758
 09
 945
 20 1649
 29
 1030
 08
 1028
 15
 1132
 60
 875
 76
 831
 39
 785
 10
 702
 15
 644
 28
 858
 40
 707
 94
 578
 70
 530
 47
 758
 59
 706
 82
 536
 25
 730
 42
  80
 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 311 Excimer emission
 The LW emission in the CD solutions can be explained as follows With an increase
 in the CD concentration the emission intensity of LW band was increased significantly
 whereas the SW band was decreased The LW emission for all the four drugs in CD medium
 is presumably ascribed to two types of inclusion complexes exist in the aqueous solution
 The strong SW emission around ~316 nm was due to the monomer inclusion complex (11)
 and the weak LW emission was attributed to the excimer of these drugs At higher
 concentration of CDs (1 times 10-2 M) the excimer band intensity has been increased while the
 monomer band intensity has been decreased due to the formation of excimer inclusion
 complex These spectral changes in SW and LW band suggest that the structural geometry
 of the inclusion complexes is different in terms of the orientations of the guest molecule
 The drug excimer fluorescence (LW) has been attributed to a formation of 12 CD-drug
 inclusion complex formed by the self-association of the drugs within the CD cavity [92]
 When the diluted drug (2 times 10-6 M) solution containing CD was excited no excimer
 fluorescence was observed This indicates that the formation of 11 CD-drug inclusion
 complexes the self-association or in other words the excimer occurred at a higher
 concentration of the drugs These findings suggest that 11 CD-drug inclusion complexes
 alone exist in the dilute solution of the drugs
 CD + drug CD-drug hellip(31)
 Here drug stands for NORE EPIN ISOP and MDOP K1 is the equilibrium constant for the
 11 inclusion complex Benesi-Hildebrand (B-H) equation [120] was used for determining
 the binding constant (K1) from the absorption and fluorescence intensity change by the
 addition of CDs The double reciprocal plots are shown in Figs 35 and 36 which give
 upward or downward curves for the NORECD EPINCD ISOPCD and MDOPCD
 complexes indicating that the inclusion complexes are not possessing11 stoichiometry
 Now considering the excimer in the CD-drug system there are two possibilities for
 excimer formation scheme One possibility is that excimer emitting species may be 22 CD-
 drug inclusion complex [(CD-drug)2] and the other possibility is a 12 [CD-(drug)2]
 inclusion complex But for the above drug molecules 12 inclusion complex was
 responsible for the excimer fluorescence This type of inclusion complex was formed
 through the following equilibrium
 CD-drug + drug CD-(drug)2 hellip(32)
 K1
 K2
  46
 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
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 Figs 35
  48
 Figs 36
  49
 Figs 37
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 Table 33
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 Fig 38
  54
 Table 34
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
  56
 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
  57
 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 where K2 is the equilibrium constant for the formation of the 12 inclusion complex When
 the above described scheme is true the excimer fluorescence intensity should be
 proportional to the concentration of the 12 CD-drug inclusion complexes under the
 experimental conditions Thus comparisons were made between the CD concentration
 dependence of the observed excimer fluorescence intensity and simulation curves for the
 CD-(drug)2 concentration which was calculated using the estimated K2 as shown in the
 following equations
 2])[][]([])([ 02 drugCDdrugdrugdrugCD minusminusminus=minus hellip(33)
 0][])[][1(][][2 00122
 021 =minus++ drugdrugCDKdrugCDKK hellip(34)
 Here [drug]0 and [drug] are the initial concentration of drug and the concentration of free
 drug respectively Fig 37 shows the best fit curve of CD-(drug)2 estimated with K2(CD)
 The quality of the fit to the observed intensity data was satisfactory which indicates that the
 LW emission was due to the 12 excimer [CD-(drug)2] inclusion complex formation The
 binding constant values were evaluated from the slope of these plots (Tables 31 and 32)
 The binding constant for α-CD complexes are small when compared to β-CD complexes
 indicating that all the above drug molecules do not strongly interact with the inner surface of
 α-CD molecules
 To prove the excimer emitting species is due to 12 complex the pH effects on all
 the four drugs with CDs were carried out [92] Above pKa ~115 the secondary hydroxyl
 groups of CD were dissociated from its corresponding anion if the 22 inclusion complex
 exists in this solution it dissociates into two 11 inclusion complexes because of the
 electrostatic repulsion between two associating CDs due to the presence of negative charges
 on the secondary hydroxyl groups So a drastic decrease in the excimer fluorescence
 intensity is expected above the pKa ~115 when an excimer emitting species is a 22
 inclusion complex On the other hand if a 12 CD-drug inclusion complex is an excimer
 emitting species there is little or no pH dependence on the excimer fluorescence intensity
 Hence the pH dependence of excimer fluorescence intensity of the NORE EPIN ISOP and
 MDOP drugs was carried out in both CD (6 times 10-2 M) solutions The excimer emission
 intensity of the above drugs did not reduce considerably above pH ~10 The above results
 further support our conclusion that the excimer fluorescence was due to the 12 CD-drug
 inclusion complex Further isosbestic point was not observed in the absorption spectra
 (Figs 31 and 32) which may suggest the formation of a 12 inclusion complex rather than
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 Figs 35
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 Figs 36
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 Fig 312
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
  56
 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
  72
 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 Fig 313
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
 (c)
 (b)
 (a)
 NH HO
 HO CH
 OH
 CH2 CH
 CH3
 CH3
 k
 m c
 a d
 f e
 j g
 k b
 l m
 m
 a
 b c
 d e
 f g j
  89
 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
 (c)
 (b)
 (a)
 NH2
 HO
 HO CH2
 C
 H3C
 C
 O
 OH
 a
 b c
 de
 f
 a b c
 d e
 f
  90
 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 Table 33
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
 Exo
 ther
 mic
 (mW
 mg)
 40 60 80 100 120 140 160 180 200 220
 (a)
 (b)
 (c)
 Temperature (oC)
 1698degC
 1166degC 1166degC
 1166degC
 1166degC
 Temperature (oC) 250 300
 (d)
 (e)
 (f)
 1326degC
 638degC
 1242degC
 1092degC
 1031degC
 Exo
 ther
 mic
 (mW
 mg)
 50 100 150 200
  85
 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 11 inclusion complex If the 12 inclusion complexes are formed the freedom of drug
 molecules in single CD cavity is much greater than that of two associating CD cavity of the
 22 inclusion complex Consequently it is expected that the excimer fluorescence observed
 from the 12 inclusion complex As stated previously 12 inclusion complexes were formed
 between the NORE EPIN ISOP and MDOP drugs and CDs
 The binding constant (K) for the inclusion complex formation are determined using
 the Benesi-Hildebrand (B-H) relation [120] The variation in K values suggest the
 inclusion capability of CDs with guest molecules In other words β-CD has greater inclusion
 ability than α-CD The thermodynamic parameter Gibbs free energy change (ΔG) for the
 formation of inclusion complexes is given in Tables 31 and 32 The negative values of ΔG
 suggest that the inclusion process proceeded spontaneously at 303 K
 32 Effect of solvents
 In order to understand the micro polarity around the drug molecules the absorption
 and fluorescence spectra of the drugs have been recorded in various solvents of different
 polarities and the relevant data are compiled in Table 33 The fluorescence spectra of
 NORE EPIN ISOP and MDOP in different solvents are shown in Fig 38 Because of the
 very low solubility of the drugs in cyclohexane the absorption and fluorescence spectral
 maximum were obtained using 1 dioxane solution of cyclohexane This maximum will be
 very near to one obtained from pure cyclohexane because the polarity of dioxane is close to
 cyclohexane Furthermore the trend observed both in the absorption and fluorescence
 spectral maximum of the drugs in cyclohexane is similar to the trend observed in other
 solvents
 Data in Table 33 clearly indicates that in any one of the solvents when compared to
 12-dihydroxy benzene (o-DHB) [127] (cyclohexane asymp λabs ~282 276 nm λflu ~300 nm
 methanol asymp λabs ~279 225 nm λflu ~310-325 nm water asymp λabs ~277 nm λflu ~310-335 nm)
 no significant shift is observed in the absorption and emission spectra for the above drug
 molecules The above results indicate that the addition of the alkyl substituent in the o-DHB
 molecule is not the key factor in changing the absorption and emission behaviours The
 similar spectral behaviour for the drugs suggests that the addition of aliphatic chain
 (CHOHminusCH2minusNH2) in o-DHB is not effectively conjugated with aromatic ring The
 absorption maximum of all the drugs is slightly red shifted from cyclohexane to methanol
 When compared to methanol a blue shift is observed in water which indicates the hydrogen
 donating capacity of water is more when compared to methanol [87-93 127] The results in
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Table 33 suggest that the molar absorptivity of the lowest energy transition of all molecules
 remains almost unchanged upon increasing the solvent polarity which also suggests that the
 radiative rate constant should be independent of the solvent polarity The small Stokes shift
 indicates that the geometry of the drugs has not changed significantly in the excited state
 33 Effect of proton concentration
 The absorption and fluorescence spectra of all the four drugs have been studied in
 the H0pHHminus range from -10 to 16 The absorption and fluorescence maximum of various
 prototropic species are given in Table 34 With the decrease on pH from 7 the absorption
 spectra of the above drugs are unaffected upto H0 -10 When the pH is increased from 5 to
 pH ~10 the absorption maximum moves to longer wavelength This is due to the formation
 of the monoanion obtained by deprotonation of one of the hydroxyl groups Further with an
 increase in the basicity the absorption maximum is red shifted continuously The red shifted
 spectrum is due to the formation of a dianion obtained by the deprotonation of the second
 hydroxyl group No further change is noticed in absorption spectrum even at Hminus 16 The
 above behaviour resembles to that of the aromatic compounds containing the hydroxyl
 group [89 92]
 The fluorescence characteristics of the above drugs are different from its absorption
 characteristics By reference to the fluorescence of phenol and dihydroxybenzenes (DHBs)
 [89] the spectra at pH ~6 have been assigned to the molecular forms of the drugs When the
 acidity is increased the emission intensity of the fluorescent band decreases considerably as
 a consequence of monocation formation [88 89] With an increase in the pH from 6 the
 emission intensity of the fluorescent band is quenched at the same wavelength suggesting
 the formation of monoanion The formation of monoanion is completed in the pH range
 8-10 Further increase in the pH from 11 the fluorescence maximum moves to the longer
 wavelength indicating that dianion is formed In the basic solution at pH ~125 the
 absorption and emission spectrum of the drugs were red shifted in comparison to the neutral
 and monoanion species assigned to dianion formed by deprotonation of CHOH group [88
 89 127] The reason is usually the pKa value for the deprotonation of aromatic alcohols falls
 in this range In contrast the dianion maxima are largely red shifted and the fluorescence
 intensity is weaker than DHBs A large red shifted emission maximum observed in the drugs
 indicates intramolecular proton transfer (IPT) occurs between the phenolate and CHOH
 anions
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
  57
 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Page 16
                        

52
 Table 33
  53
 Fig 38
  54
 Table 34
  55
 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
  56
 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 Fig 39
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
 Temperature (oC) 40 60 80 100 120 140 160 180 200 220
 Exo
 ther
 mic
 (mW
 mg)
 1375degC
 (b)
 (a)
 (d)
 (c)
 (e)
 1092degC 792degC
 1286degC
 2174degC
 1321degC
 1108degC 706degC
 1198degC
 (f) 1310degC
 618degC
 1101degC
 1191degC
 (h)
 (g)
 2116degC
  84
 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
 (c)
 (b)
 (a)
 NH HO
 HO CH
 OH
 CH2 CH
 CH3
 CH3
 k
 m c
 a d
 f e
 j g
 k b
 l m
 m
 a
 b c
 d e
 f g j
  89
 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
 (c)
 (b)
 (a)
 NH2
 HO
 HO CH2
 C
 H3C
 C
 O
 OH
 a
 b c
 de
 f
 a b c
 d e
 f
  90
 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
 Temperature (oC) 40 60 80 100 120 140 160 180 200 220
 Exo
 ther
 mic
 (mW
 mg)
 1375degC
 (b)
 (a)
 (d)
 (c)
 (e)
 1092degC 792degC
 1286degC
 2174degC
 1321degC
 1108degC 706degC
 1198degC
 (f) 1310degC
 618degC
 1101degC
 1191degC
 (h)
 (g)
 2116degC
  84
 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 (e)
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 34 Prototropic reactions in CD medium
 The effect of CD on the prototropic equilibrium between neutral and monoanion on pH
 dependent changes in the absorption and emission spectra of various CD-drug solutions were
 measured (Table 34) The absorption and emission maxima of drugs in CD solutions were
 studied in 6 times 10-3 M in the pH range 01-11 When the pH was increased from ~7 to 10the SW
 band at ~317 nm did not change whereas LW band is continuously red shifted The reason
 may be due to monoanion formed by deprotonation of any one of hydroxyl groups of the drug
 molecules [88 89] The above results are possible only if the hydroxyl group of the drugs
 presents in the bulk aqueous environment and the alkyl chain resides inside the CD cavity
 Several driving forces have been postulated for the inclusion complexation of CD with
 guest compounds [128] (i) van der Waals forces (ii) hydrophobic interactions (iii) hydrogen
 bonding (iv) release of distortional energy of CD by binding guest and (v) extrusion of lsquohigh
 energy waterrsquo from the cavity of CD upon inclusion complex formation Tabushi [129]
 proposed a thermodynamic model for the process of CD inclusion complex formation Based
 on the thermodynamic parameter (ΔG) calculated for the inclusion of drugs we conclude that
 the hydrogen bonding interaction van der Waals interaction and breaking of the water cluster
 around this polar guest (drug) compound were the dominant driving forces for the inclusion
 complex formation
 It is well known that the strength of interaction is also dependent on the size of the CD
 cavity and size of the substituent in the complex [130] This means the interaction is more
 sensitive to the size of substituents and the CD in the complexation The CDs are truncated
 right-cylindrical cone-shaped molecules and a central cavity with height of 78 Aring The
 diameter of the wider rim of the cavity for α-CD and β-CD is approximately 56 Aring and 65 Aring
 respectively [131] It is well known that the van der Waals forces including the dipole-induced
 dipole interactions [132] are proportional to the distance between drugs the wall of the CD
 cavity and to the polarizabilities of the two components The interaction of the phenyl ring with
 β-CD would play an important role because the phenyl moiety may achieve a maximum
 contact area [24] with the internal surface of the cavity of the CD Therefore the drugs are
 partially embedded in the CD cavity Further the enhancement of absorbance in CD solutions
 suggest that the aliphatic chain is deeply encapsulated in the non-polar part of the CD cavity
 The inclusions of drug molecules within the CD cavity are also affected by
 hydrophobic and electronic interactions [133] Since CDs have a permanent dipole [134] the
 primary hydroxyl end is positive and the secondary hydroxyl end is negative in the glucose
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 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 Fig 313
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
 NH
 HO
 HO CH
 OH
 CH2
 CH3
 (c)
 (b)
 (a)
 a
 b c
 d e
 f
 a b c
 d
 e f
  88
 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Page 20
                        

56
 units of CD The stability of binding by hydrophobic interaction is partly due to the result of
 van der Waals force but is mainly due to the effects of entropy produced on the water
 molecules [135] In the aqueous solution a hydrophobic drug compound is restricted by the
 water shell formed by the hydrogen bonding network [136] It has a strong tendency to break
 down the water cluster and penetrate the non-polar cavity of the CD This process is
 exothermic due to entropic gain [134 135] The association constants for the inclusion of CD
 with drug molecules were observed to be proportional to the substituent hydrophobic constant
 of the guests
 Hydrogen bonding interactions also play major role in the inclusion complexation of
 the above drugs with CD The lsquoKrsquo value is a reasonable measure of hydrogen bonding
 interactions it is caused only by the CD concentrations Since the hydroxyl groups locates near
 the wider rim of the CD cavity and aliphatic chain locates in the interior part of the CD cavity
 the lsquoKrsquo values are proportional to the hydrophobic and hydrogen bonding interactions The
 energy involved in such a hydrogen bond interaction is responsible for the higherlower binding
 constants compared to those of the substitutedunsubstituted molecules The similar slopes in
 Fig 37 for the drugs and CD complexes suggest that the interactions of hydrogen atoms are
 approximately same in both the ground and excited states The hydrophobic contact with the
 drugs are somewhat weak since the polar substituentrsquos are far from the internal surface of the
 CD cavity and the aliphatic chain encapsulated in the interior part of the CD cavity Thus for
 these reasons the association constants for the drugs are almost equal (Tables 31 and 32) The
 higher formation constant for the drugβ-CD complexes shows the drugs are more tightly
 embedded in the β-CD cavity
 In CD solutions even though the emission quantum yield for the LW is extremely low
 a typical dual fluorescence can be seen in the above drugs As mentioned earlier with the
 addition of CD the LW emission is gradually increased at the same wavelength for the drugs
 whereas the SW emission is decreased The fluorescence intensity ratio of the LW band to SW
 band (ILWISW) is decreased as the concentration of CD is increased Since dipole-dipole
 interactions between the drugs and CDs are lowered in the less polar environment (hydrophobic
 part) a decrease in the emission intensity is noticed [137] The above results suggest that the
 aliphatic chain of the drugs is deeply encapsulated in the CD cavity
 Further the emission spectral maxima for the above drugs are similar to each other
 which suggest that the alkyl chain is present in the wider part of the cavity Moreover in the
 aqueous and CD media no significant absorption and emission spectral shifts are noticed for
  57
 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
  59
 Fig 39
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
  61
 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
 (c)
 (b)
 (a)
 NH2
 HO
 HO CH2
 C
 H3C
 C
 O
 OH
 a
 b c
 de
 f
 a b c
 d e
 f
  90
 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 the monoanions indicates the presence of hydroxyl groups in the hydrophilic part of the CD
 cavity It is already reported when the OH group is entrapped in the CD cavity the fluorescence
 maximumof hydroxyl anion should be blue shifted in CD than aqueous medium [88 89] This
 is because the large rim of CD provides an environment qualitatively similar to polyhydroxy
 alcohols [3 11] It is well known that CD is a very good proton donor [137] and this may
 provide proton to the drugs hydroxyl groups Moreover it is well known that the amino and
 hydroxyl groups in the aromatic rings are capable to form hydrogen bonding with the CD
 hydroxyl groups
 The difference in size and length of the aliphatic chain is also responsible for the
 different values of association constant The large association constant implies that the aliphatic
 chain of drugs is more deeply embedded in the CD cavity than the hydroxyl groups In other
 words the aliphatic chain is more deeply entrapped in the non-polar CD cavity than the
 aromatic OH groups The gradual enhancement of LW emission with increasing CD
 concentration is consistent with this speculation Thus the enhancement of the LW emission in
 CD indicates that the energy barrier is not affected by the entrapment of the drugs in the non-
 polar CD cavity The above findings confirm that the presence of different size of the aliphatic
 chains did not cause any significant change the inclusion process Finally it is confirmed that
 the hydroxyl groups are present in the hydrophilic part and aliphatic chain of the drugs is
 entrapped in the interior part of the CD cavity As discussed above the orientation of all the
 drugs are same in the inclusion complexes
 35 Time-resolved fluorescence measurements
 Fluorescence lifetime measurement has long been recognized as a sensitive indicator
 for monitoring excited state affairs of a fluorophore [138 139] With a view to achieve a deeper
 insight into the excited state photophysics of the studied drugs and its alterations under CD
 confinement we recorded the fluorescence lifetimes of the above drugs in different
 environments The excitation wavelength was 295 nm and the emission wavelength was
 315 nm The typical time-resolved fluorescence decay profiles are presented in Fig 39
 demonstrating that the fluorescence decay was significantly affected by the concentration of
 CD (001 M) and the results are summarized in Table 35 The results were judged by the
 statistical fitting parameter χ2 The fluorescence decay behaviour of all the drugs was found to
 be quite different in water and CD environments
 In CD-free aqueous solution the fluorescence decay of all the above drugs obtained
 with a satisfactory χ2 value by monitoring the emission at 315 nm is a single-exponential with
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 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 Fig 39
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 (c)
 (b)
 (a)
 (g)
 (f)
 (e)
  86
 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Page 22
                        

58
 lifetime value τ (ns) (Table 35) However in the presence of CD concentration the
 fluorescence decays are fitted to bi-exponential indicating the presence of at least two excited
 state species of the drugs when complexed to CD with lifetimes of τ1 and τ2 These values are
 significantly higher than those observed in water which illustrate considerable change in the
 microenvironment of guest upon entrapment into the hydrophobic CD cavities The
 tri-exponential analysis was also attempted on the same set of conditions However it did not
 bring about any improvement of χ2 A consistent enhancement of lifetimes of drugs with the
 addition of CD well matches our previous interpretation of the steady-state fluorescence data
 indicating the formation of inclusion complex between the drugs and CD molecules The
 enhanced lifetimes associated with adding CD concentration leads to restriction of rotational
 degrees of freedom with consequent impact on depletion of non-radiative decay channels
 Further when compared to α-CD the increasing efficiency of lifetime is found to be higher
 with β-CD (Table 35) which shows the stronger hydrophobic interaction of β-CD with the
 drugs
 Table 35 Fluorescence decay parameters of EPIN NORE ISOP and MDOP in water and 001 M CD solutions (λexcitation = 295 nm and λemission = 315 nm)
 Drugs Medium Lifetime (ns) Pre exponential
 factor ltτgt τ1 τ2 a1 a2
 NORE Water 029 023 α-CD 052 179 012 005 126
 β-CD 095 458 009 003 318
 EPIN Water 043 022 α-CD 055 283 020 004 170 β-CD 034 475 011 002 341
 ISOP Water 035 024 α-CD 056 182 019 004 107 β-CD 079 388 017 002 192
 MDOP Water 049 028 α-CD 053 256 024 003 129 β-CD 088 435 021 002 199
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
 (b)
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
  72
 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
 40000 30000 20000 10000 4000 Wavenumber (cm-1)
 1222
 98
 1277
 01
 Tra
 nsm
 ittan
 ce
 (a)
 (b)
 (c)
 632
 71
 779
 31
 3020
 80
 1140
 03
 1640
 53
 3331
 37
 597
 99 534
 33
 2714
 09
 1486
 90
 1419
 74 252505
 3383
 45 29
 262
 8 1645
 43
 1421
 67
 1366
 23
 1155
 46
 707
 94
 578
 70
 3379
 59 29
 243
 5
 1417
 81
 1371
 67
 1159
 32
 709
 87
 572
 91
 1651
 22
 1030
 15
 1029
 28
 (d)
 (e)
 (f)
 3216
 61
 2970
 64
 2793
 18
 1606
 85
 1537
 40
 1460
 25
 1385
 01
 1294
 35
 1248
 06 1134
 25
 1041
 65
 941
 35
 869
 97
 819
 82
 787
 03
 644
 28 52
 469
 42
 058
 3387
 31
 2926
 28
 1647
 36
 1417
 81
 1369
 58
 1157
 39
 1080
 23
 1030
 15
 947
 13
 860
 33
 758
 09
 707
 94
 578
 70
 3400
 81
 2926
 28
 1647
 35
 1419
 71
 1365
 72
 1157
 42
 698
 29
 568
 27
 1030
 55
 711
 80
 740
 73
 3161
 25
  79
 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 36 Molecular modeling studies
 To further analyse the mode of interaction between the drug molecules (ie EPIN
 NORE ISOP MDOP) and CDs molecular modeling study (semiempirical quantum
 mechanical calculation) was carried out This study revealed that a preferred final relative
 orientation for all the inclusion complexes occurred in spite of the different initial
 configurations arbitrarily imposed Complete geometry optimizations without any restriction
 with PM3 method were employed in the study of the complexation process of the above
 drug molecules with α-CD and β-CD The most energetically favourable structures of the
 above drugs and CD molecules were used to construct the inclusion complexes These
 drugCD complexes were constructed by manually inserting the drug into the CD cavity
 through the wider rim centering it on a vector perpendicular to the mean plane through the
 glycosidic oxygen atoms
 Figs 310 and 311 display the upper and side view of the most stable inclusion
 complexes of EPINCD NORECD ISOPCD and MDOPCD respectively In all the
 structures a considerable part of the guest molecule is accommodated into the CD cavity
 The long axis of the drug is oriented along the axis of the CD with the aliphatic chain
 positioning within the cavity The minimum energy structure also revealed that drugs are
 included along the molecular axis of CD but its molecular axis is not exactly perpendicular
 to the CD symmetry axis rather it is slightly tilted to allow maximum hydrogen bonding
 between the host and the guest In all the four cases the preferred orientation for complex
 formation is that one in which the benzene ring of guest is located near the wider rim
 comprising the secondary hydroxyl groups More importantly the simulation results are in
 good agreement with the experimental data Compared to phenyl ring the aliphatic chain is
 more deeply associated with the CD cavity consistent with the significant increase in the
 LW emission of the drug due to complex formation In the complexes in Figs 310 and 311
 Ha and Hb protons in the phenyl ring is situated outside the CD cavity and so the effect on 1H NMR chemical shift of those protons caused by complexation is small compared with
 other protons (as discussed later) Relatively Hd He and Hf protons of the aliphatic chain is
 oriented towards the CD cavity which is consistent with the larger chemical shift changes of
 these protons upon complex formation
 As mentioned earlier the aliphatic chain of drugs deeply enters into the CD cavity
 and approaches the secondary hydroxyl rim of the CD The aromatic ring as well as aliphatic
 ndashOH group of drugs readily forms hydrogen bondings with CD and thus stabilises the
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
  72
 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
 Temperature (oC) 40 60 80 100 120 140 160 180 200 220
 Exo
 ther
 mic
 (mW
 mg)
 1375degC
 (b)
 (a)
 (d)
 (c)
 (e)
 1092degC 792degC
 1286degC
 2174degC
 1321degC
 1108degC 706degC
 1198degC
 (f) 1310degC
 618degC
 1101degC
 1191degC
 (h)
 (g)
 2116degC
  84
 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 inclusion complexes Thus hydrogen bond formation is one of the main driving forces for
 the inclusion complexation along with the high enthalpy gain The inner cavity of CD is not
 absolutely hydrophobic rather its polarity is comparable to that of alcoholic solution [140]
 Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups CD
 can accommodate polar substituents and these substituents can readily form hydrogen
 bondings with the polar counterparts of the CD In fact it is well known that substituents of
 aromatic ring are capable to form hydrogen bonds when they find the ndashOH groups of the CD
 edges The energy involved in such hydrogen bonding is responsible for the higher binding
 or association constant
 361 Thermodynamic parameters of inclusion complexes
 The binding energy (ΔE) can be used to evaluate the inclusion process and to find
 the most stable inclusion complex among the studied complexes To inspect the stability of
 the respective inclusion complexes the binding energy was obtained from the difference
 between the energy of the inclusion complex and the sum of total energy of the isolated
 guest and CD molecules These data provide quantitative measures of the interaction forces
 driving the complexation process The binding energies (ΔE) for different 11 drugCD
 inclusion complexes are given in Tables 36 and 37 The binding energies (ΔE) suggest that
 pure drugs are highly miscible with β-CD Further the change in the magnitude of the ΔE
 would be a sign of the driving force towards complexation The more negative ΔE value
 suggests that the complex is more thermodynamically favorable in nature [141] From the
 view point of energy it could be concluded that the binding energies of ISOPCD complexes
 were 265-616 kcal mol-1 (for α-CD) and 424-692 kcal mol-1 (for β-CD) lower than that of
 other drugCD complexes The calculated binding energies of the inclusion complexes were
 in sequence of ISOPβ-CD lt ISOPα-CD lt MDOPβ-CD lt MDOPα-CD = EPINβ-CD
 lt NOREβ-CD lt EPINα-CD lt NOREα-CD The above sequence revealed that the ISOP
 drug formed more stable inclusion complexes with β-CD in comparison to that of other CD
 complexes
 Further studies on the geometrical structures of the inclusion complexes were also
 made in order to explore the stability of these complexes From Figs 310 and 311 it can be
 seen that the drugs are almost encapsulated in the cavity of CD molecules In addition there
 are several intermolecular H-bondings present in the complex structures Here the H-
 bondings are defined as CminusHO or CminusHN with the distance dHO or dHN less than 30 Aring
 [142] These findings indicated that intermolecular H-bonds played a crucial role in the
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
 Tra
 nsm
 ittan
 ce
 40000 20000 10000 4000 Wavenumber (cm-1)
 (a)
 (b)
 3383
 45
 2926
 28
 1645
 43
 1421
 67
 1366
 23
 1155
 46
 707
 94
 578
 70
 3379
 59
 2924
 35
 1417
 81
 1371
 67
 1159
 32
 709
 87
 572
 91
 1651
 22
 1028
 15
 1027
 28
 (c)
 (d)
 603
 77
 765
 81
 3153
 90 11
 250
 6
 1640
 53
 3393
 51 59
 822
 57
 631
 2966
 47
 1442
 88
 1358
 01
 1224
 91
 1282
 78
 3402
 74 29
 282
 1 1647
 50
 1410
 09
 1367
 65
 1157
 39
 711
 80
 570
 98
 3400
 81
 2926
 28
 1647
 35
 1419
 71
 1365
 72
 1157
 42
 698
 29
 568
 27
 (e)
 1516
 19
 1030
 15
 1030
 20
 1080
 24
 1078
 30
  78
 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 stability of these inclusion complexes Considering the shape and dimensions of the host the
 guests may not be completely embedded into the CD cavity Since the vertical distance and
 length of the guests were greater than the dimensions of the host the guest molecules cannot
 be completely accommodated within the CD cavity Further the optimized theoretical
 structures of the guestCD inclusion complex also confirm that the guest molecules were
 partially included in the CD cavity
 The geometrical parameters namely bond distance bond angle and dihedral angle of
 the above drug molecules before and after complexation in α-CD and β-CD obtained from
 the PM3 optimized most stable structures are presented in Tables 38 and 39 The calculated
 parameters evidently showed that the geometry of the guest is distorted It was also found
 that a great distortion in dihedral angles when compared to other parameters This indicates
 that the drugs adopt a specific conformation to form stable inclusion complex However the
 CD cavity also distorted to a greater extent upon complexation
 In all the cases ΔE was attributed to bonded and non-bonded interactions such as
 hydrogen bondings electrostatic forces and van der Waals interactions The van der Waals
 interactions were the predominant driving force in the drugCD complex which is supported
 by the results reported in literature [141 142] The results in Tables 36 and 37 revealed that
 the non-bonded interaction played an important role in the stability of the drugCD complex
 which was also essential for the complex formation
 To investigate the thermodynamics of the inclusion process statistical
 thermodynamic calculations were carried out at 1 atm pressure and 298 K temperature
 From Tables 36 and 37 it is noticed that complexation reactions of all the four drugs with
 CD are exothermic which is judged from the negative enthalpy changes (-ΔH) and negative
 entropy changes (-ΔS) Hence these inclusion processes are enthalpy driven process It
 should be noted that ΔH and ΔS values were contributions from (i) release of water
 molecules from the CD cavity (ii) partial destruction of hydration shells of the reagents
 (iii) non covalent interactions like van der Waals hydrophobic and hydrogen bonding and
 (iv) hydration of the inclusion complexes All the above process should be taken into
 account while discussing thermodynamic parameters of complex formation It has been
 reported that the entropy of complexation depends on the insertion of the drug molecules
 and the concurrent displacement of water molecules that are trapped within the CD cavity
 Experimental results from X-ray [143] and neutron diffraction [125] as well as theoretical
 studies [144] have indicated that there are seven water molecules on an average within
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
  73
 Fig 313
  74
 Fig 314
  75
 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
 (d)
 (c)
 (b)
 (a)
 (g)
 (f)
 (e)
  86
 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
 (b)
 (a)
 (c)
 (e)
 (d)
 (f)
  87
 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 (g)
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 (e)
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 Fig 312
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
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 Fig 312
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
  73
 Fig 313
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 Fig 314
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Page 32
                        

68
 Tables 39
  69
 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
  73
 Fig 313
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 Fig 314
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
 (c)
 (b)
 (a)
 NH HO
 HO CH
 OH
 CH2 CH
 CH3
 CH3
 k
 m c
 a d
 f e
 j g
 k b
 l m
 m
 a
 b c
 d e
 f g j
  89
 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
 (c)
 (b)
 (a)
 NH2
 HO
 HO CH2
 C
 H3C
 C
 O
 OH
 a
 b c
 de
 f
 a b c
 d e
 f
  90
 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 the CD cavity when it is in aqueous medium
 The enthalpy change for the ISOPβ-CD inclusion complex was more negative
 (ndash1677 kcal mol-1) than that of other inclusion complexes which is certainly attributed to
 more tightly van der Waals interactions between CD and guest [141 142] Thus we can
 conclude that the effect of methyl groups upon the complexation is too strengthening the van
 der Waals interactions The negative enthalpy changes together with the negative entropy
 changes suggest that all the inclusion processes are enthalpy driven in nature
 The theoretical free energy change (ΔG) values for the inclusion complexes were
 different from the experimental findings This can be explained by the solvent effect The
 actual experiments are conducted in aqueous medium but the computational work was done
 at vacuum phase Unfortunately because of limitations in the calculation ability of our
 computer and the large molecular size of CD the theorietical calculations for these
 insclusion systems could not be performed for aqueous solutions as well as in excited state
 However it was observed that the solvent effect on the host-guest interactions easily
 changes the inclusion reaction from a nonspontaneous process in the gas phase to a
 spontaneous one in the aqueous phase Further the host-guest interaction causes an
 enthaply-entropy compensating process in the gas phase whereas the same interaction
 causes an enthalpy-entropy codriven process in aqueous solution because inclusion
 complexation releases a number of water molecules from the cavity of CD
 In addition from PM3 calculations we also noticed that the dipole moment values of
 free drugs increase when the guest enters into the CD cavity Further the variation in the
 dipole moment of different complexes indicates a strong correlation of the polarity with the
 inclusion process
 362 HOMO and LUMO analysis
 Molecular descriptors that are commonly used for elucidating the chemical
 properties of molecules in terms of its stability and reactivity [145] included the energy of
 the highest occupied molecular orbital (HOMO) the energy of the lowest unoccupied
 molecular orbital (LUMO) and the energy difference of HOMO and LUMO which is also
 known as energy gap (EHOMOndashELUMO) The former represents the electron-donating ability
 while the latter represents the electron-withdrawing ability of the molecules The electronic
 distribution of the excited state can be qualitatively predicted by examining changes in
 HOMO or LUMO coefficients since the simplest picture of an electronically excited state
 can be visualized as being obtained by promotion of an electron from HOMO to LUMO As
  70
 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
  72
 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
  73
 Fig 313
  74
 Fig 314
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
  76
 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 sketched in Fig 312 the electronic density in HOMO is mainly localized on the phenyl ring
 and hydroxyl group and in LUMO is accumulated on CminusC bond of the phenyl ring Based
 on the above simple argument one would predict that for all the drugs the extent of charge
 transfer to the aliphatic chain would be small if any and that most of the charge migration
 from the phenol ring ends up on the C7 atoms The PM3 calculations revealed that as the
 aliphatic chain length increases both HOMO and LUMO energy level boosted significantly
 as well as the energy gap also increased except for EPIN (-916 eV) where the gap is
 dropped (Tables 36 and 37) Furthermore the energy differences between HOMO and
 LUMO level represent the stability and chemical reactivity of a molecule ie larger value
 indicates high molecular stability and low chemical reactivity while small value gives rise to
 low molecular stability and high chemical reactivity Therefore the EHOMOndashELUMO gap can
 be used as a relative index for the degree of interaction strength between templates and
 monomers in which lower values indicate higher strengths of interaction The energy gap of
 ISOPβ-CD or MDOPβ-CD is more than those of other complexes Consequently β-CD
 formed more favorable complexes with the drug molecules in comparison to that of α-CD by
 the energy gap values which are in good agreement with the calculated results of energy
 Conversely in the case of EPIN and NORE both CD complexes are similar to each other
 may be due to the similar electronic structure of the guests
 For the most stable complex the physical parameters such as electronic chemical
 potential (micro) hardness (η) softness (S) and electrophilicity (ω) values are determined from
 HOMO and LUMO energy of the systems using the Eqns (28 29 210 and 211)
 respectively S has been known as an indicator of overall stability of a chemical system On
 comparing micro values of complexes in Tables 36 and 37 remarkable changes were observed
 from the isolated guest and host molecules The guest molecules have higher micro value than
 that of CDs therefore the guest molecules are expected to act as electron donor in the
 inclusion complexation In the case of both η and S values significant differences are
 observed when compared with the isolated host molecules but lies within the range that of
 the guest oneThe overall PM3 results are in good agreement with the experimental results
 37 Solid inclusion complex studies
 It has been extensively demonstrated that the coprecipitation method used for the
 preparation of drug-CD solid inclusion complexes can significantly affect the
 physicochemical as well as dissolution properties of the solid systems In this regard
 equimolar solid inclusion systems of NORECD EPINCD ISOPCD and MDOPCD
  71
 Fig 312
  72
 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 Fig 313
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 Fig 314
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
 Exo
 ther
 mic
 (mW
 mg)
 40 60 80 100 120 140 160 180 200 220
 (a)
 (b)
 (c)
 Temperature (oC)
 1698degC
 1166degC 1166degC
 1166degC
 1166degC
 Temperature (oC) 250 300
 (d)
 (e)
 (f)
 1326degC
 638degC
 1242degC
 1092degC
 1031degC
 Exo
 ther
 mic
 (mW
 mg)
 50 100 150 200
  85
 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 have been prepared and the encapsulated drugs were carefully characterized by SEM TEM
 FTIR DSC XRD and 1H NMR methods
 371 Scanning electron microscopy (SEM)
 In order to study the morphological changes the images of powdered form of isolated
 drugs and CDs are recorded by SEM and then observed the images of powdered form of
 inclusion complexes SEM microphotographs of α-CD β-CD NORE EPIN ISOP MDOP
 and their inclusion complexes are displayed in Fig 313 These pictures clearly elucidated the
 difference between the pure drugs and their inclusion complexes It is very clear from the
 SEM images that (i) α-CD particles presents prismatic with well-developed faces whereas
 plated shape was observed for β-CD particles (ii) drugs are present in different form from
 their inclusion complexes The difference in the structure of pure drugs and the inclusion
 complexes support the presence of solid inclusion complex Morphological changes of these
 structures can be taken as a proof for the formation of new inclusion complexes
 372 Transmission electron microscopy (TEM)
 TEM photographs are usually employed to investigate the self-aggregate
 nanostructures such as nanotubes nanorods and vesicles in aqueous solution [28 73 74 146]
 Therefore in the present study the morphology of freshly prepared drugCD inclusion
 complexes was observed using TEM (Fig 314) Significant differences in size and shape
 among the four encapsulated drugs with CDs were observed that is for the freshly prepared
 NORECD complexes nano-sized particles approximately in the range of 45minus110 nm was
 observed Interestingly in the case of EPINCD complexes a beautiful aggregation of the
 nanoparticles (flower-like structure) with halo space was observed in water as shown in
 Figs 314c and d The analogous flower-like structures without halo space were observed for
 ISOPCD complexes (Figs 314e and f) The inset in Figs 314d and f clearly illustrates that
 such kind of structure is actually assembled by several smaller nanoparticles While spherical
 vesicular structures with diameters of about 220-230 nm were obtained from the inclusion
 complex of MDOPCD From the standpoint of surface morphology related to physical
 stability MDOPα-CD complex was more agglomerated (Fig 314g) compared with
 MDOPβ-CD (Fig 314h) These observations are similar to those obtained by Sun et al [147]
 for the inclusion complex of carboxymethyl-β-cyclodextrin (CMβ-CD) with NNrsquo-bis
 (ferrocenylmethylene)diaminohexane (BFD) and Darcy and coworker [148] for hydrophobic
 modified CDs with alkyl chains
  73
 Fig 313
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 Fig 314
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
 40000 30000 20000 10000 4000 Wavenumber (cm-1)
 1222
 98
 1277
 01
 Tra
 nsm
 ittan
 ce
 (a)
 (b)
 (c)
 632
 71
 779
 31
 3020
 80
 1140
 03
 1640
 53
 3331
 37
 597
 99 534
 33
 2714
 09
 1486
 90
 1419
 74 252505
 3383
 45 29
 262
 8 1645
 43
 1421
 67
 1366
 23
 1155
 46
 707
 94
 578
 70
 3379
 59 29
 243
 5
 1417
 81
 1371
 67
 1159
 32
 709
 87
 572
 91
 1651
 22
 1030
 15
 1029
 28
 (d)
 (e)
 (f)
 3216
 61
 2970
 64
 2793
 18
 1606
 85
 1537
 40
 1460
 25
 1385
 01
 1294
 35
 1248
 06 1134
 25
 1041
 65
 941
 35
 869
 97
 819
 82
 787
 03
 644
 28 52
 469
 42
 058
 3387
 31
 2926
 28
 1647
 36
 1417
 81
 1369
 58
 1157
 39
 1080
 23
 1030
 15
 947
 13
 860
 33
 758
 09
 707
 94
 578
 70
 3400
 81
 2926
 28
 1647
 35
 1419
 71
 1365
 72
 1157
 42
 698
 29
 568
 27
 1030
 55
 711
 80
 740
 73
 3161
 25
  79
 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
  77
 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 A mechanism is assumed for the formation of vesicles from the inclusion complex
 systems of α-CD or β-CD with MDOP in aqueous phase which is illustrated in Fig 315 As
 mentioned earlier the drug molecule formed inclusion complex with CD in a 11 molar ratio
 at much lower concentration of CD In 11 CDMDOP inclusion complexes the ‒COOH
 groups of the drug molecules could form strong hydrogen bonds with each other and thereby
 enhance the stability of the supramolecular complex for the formation of vesicles in the
 presence of water The vesicle formation is highly assisted by numerous water molecules
 The role of water molecules in the formation of vesicles is verified by the addition of small
 amount of alcohol was added to the same samples After the addition of alcohol the stability
 of vesicles is decreased and thus the well defined surface collapsed These observations are
 similar to those obtained by Lo Meo and coworkers [149] for β-CD with
 p-nitroaniline derivatives Further Lizhen Sun and coworkers [147] demonstrated that the
 12 stoichiometry between BFD and CM-β-CD turned into 11 molar ratio by the addition of
 alcohol to the water However the vesicles are observed with relatively weak stability in the
 waterethanol mixture (12 vv) than those obtained in water
 Fig 315 Proposed mechanism for the formation of vesicles from MDOPβ-CD inclusion complex in water
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 (e)
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 373 FTIR spectral studies
 The complexation between the drugs and CD was investigated by using FTIR The
 FTIR spectra of α-CD β-CD drugs (ie NORE EPIN ISOP and MDOP) and their
 corresponding inclusion complexes are presented in Figs 316-318 The CD showed
 prominent peaks around at ~3380 1645 1028 and 572 cm-1 as related in the literature In the
 spectra of both CDs none of the bands in the wavenumber range 500-1500 cm-1 arise from a
 single type of molecular vibration due to strong coupling of vibrations from the macrocyclic
 ring caused by similar frequencies of neighboring bonds vibrations
 NORE showed a strong absorption band at 3393 cm-1 for NH stretching vibration
 (Fig 316c) The band at 3153 cm-1 was noticed for stretching vibration of phenolic ndashOH
 groups The vibration peaks at 1516 1442 and 1640 cm-1 were corresponding to the C=C
 stretching in the aromatic ring and the NH2 deformation vibration The bands corresponding
 to CndashOH in-plane bending vibration and OndashH out-of-plane deformation were observed at
 1358 1282 and 603 cm-1 respectively Further the band at 2966 cm-1 was obtained for CH
 stretching of methylene group The spectra of inclusion complexes NORECD did not show
 any new peaks suggesting no chemical bonds were formed in the complex However the
 spectra of inclusion complexes whose band altered with the peak at 3383 cm-1 was largely
 moved to 3402 in α-CD complex and 3400 cm-1 in β-CD complex indicated that the amino
 group of NORE is entrapped into the CD nanocavities during complex formation This is
 confirmed by the NH2 deformation vibration at 1640 cm-1 shifted to 1647 cm-1 for α-CD
 complex and 1647 cm-1 for β-CD complex due to the aliphatic chain entrapped into the CD
 cavity The aromatic ring C=C stretching vibration (1516 cm-1) disappeared in the inclusion
 complex and the intensity of CH2 deformation (1442 cm-1) reduced and shifted to 1410 cm-1
 and 1419 cm-1 Further the CH stretching of methylene group also shifted in the spectra of
 inclusion complexes (Figs 316d and e) These results indicated that the vibration mode of
 NORE molecule is restricted due to the formation of inclusion complex and the aliphatic
 chain is inserted deeply into the CD cavity
 In EPIN and ISOP (Fig 317) the NH stretching vibrations (3331 and 3216 cm-1)
 shifted to higher frequencies in the inclusion complexes The NH deformation vibrations
 appeared at 711 and 740 cm-1 but these peaks shifted to ~707 cm-1 in the inclusion
 complexes The CndashNndashC bending vibrations (508 and 484 cm-1) were not observed in the
 inclusion complexes The phenolic OH out-of-plane deformation vibrations for the above
 drugs appeared at ~650 and 632 cm-1 shifted to the shorter frequencies The minusOH stretching
  77
 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 316 FTIR spectra of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex and (e) NOREβ-CD complex
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 317 FTIR spectra of (a) EPIN (b) EPINα-CD complex (c) EPINβ-CD complex (d) ISOP (e) ISOPα-CD complex and (f) ISOPβ-CD complex
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 318 FTIR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOPβ-CD complex
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 frequencies at 3020 cm-1 (EPIN) and 3161 cm-1 (ISOP) also shifted to longer frequencies in
 the inclusion complexes The bands corresponding to the overtones and combinations of
 aromatic ring appeared at 1842 and 1738 cm-1 but these two bands disappeared in the
 inclusion complexes The four bands in the region 1625-1430 cm-1 for aromatic C=C
 stretching also moved in the complex to longer frequencies Also the aromatic ring
 deformation at 534 cm-1 (in EPIN) and 524 cm-1 (in ISOP) moved to lower frequency (~510
 cm-1) in the inclusion complex However the frequency intensities of the inclusion
 complexes were also significantly varied from free drugs (Fig 317) The above results
 confirmed that the drug molecules were included into the CD nanocavity
 The FTIR spectrum of MDOP showed prominent absorption bands at 3479 cm-1 (for
 NndashH stretching vibrations) 3219 cm-1 (for OndashH stretching vibrations) 1132 cm-1 (for CndashN
 stretching vibration) and 543 536 cm-1 (for CndashC=O bending vibrations) The occurrence of
 peak at 702 and 644 cm-1 in the spectrum was attributed to the OH out-of-plane
 deformations and the peak corresponding to CminusOH deformations observed at 450 cm-1
 (Fig 318a) The peak at 702 cm-1 was attributed to the NH deformation vibrations The CH
 in-plane bending and out-of-plane bending vibrations appeared at 1217 1150 1124 and 730
 cm-1 respectively However the FTIR spectra of the MDOPCD complexes did not show
 any features similar to pure MDOP (Figs 318b and c) The bands located at 3479 3219
 1132 1217 1150 1124 730 543 and 536 cm-1 of MDOP totally disappeared in the
 MDOPCD complexes The MDOP bands were almost completely obscured by intense and
 broad CD bands Further the bands at 3390 and 2929 cm-1 of β-CD shifted towards the
 lower frequencies at 3383 and 2924 cm-1 of MDOPβ-CD complex respectively whereas
 those band shifted to higher frequencies (3404 and 2930 cm-1) in MDOPα-CD These
 changes might be related to the formation of intermolecular hydrogen bonding between
 MDOP and CD The overall FTIR results confirmed the formation of inclusion complex
 and inclusion of the aliphatic chain into the nanocavity of CD which is in accordance with
 the NMR results
 374 Differential scanning calorimetry (DSC)
 DSC represents an effective and inexpensive analytical tool for an accurate
 physicochemical characterization of encapsulation (drug-CD) systems in the solid state It is
 widely used for a rapid preliminary qualitative investigation of the thermal behaviour of the
 single components and the solid inclusion complexes prepared according to a standard
 procedure such as coprecipitation [150]
  81
 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
  83
 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 DSC analysis provides evidence for the formation of inclusion complexes between
 the drugs and CDs which shows the difference between the isolated materials and the
 inclusion complexes The DSC profiles of α-CD β-CD NORE EPIN ISOP MDOP and
 their inclusion complexes are presented in Figs 319 and 320 It could be seen in
 Figs 319c 319f and 320a that NORE EPIN and ISOP exhibited sharp endothermic peaks
 at 2174 2116 and 1698 ordmC respectively This phenomenon was caused by the melting
 point of drugs The DSC thermogram obtained for the analysis of pure MDOP shows an
 endothermic peak at about 1242 degC which corresponds to the loss of water of crystallization
 (sesquihydrate) The exothermic decomposition peak observed at about 300 degC is assigned
 to the melting of MDOP The DSC profile of α-CD showed three endothermic peaks at
 ~792 1092 1375 degC and a broad endothermic peak at ~1286 degC is observed for β-CD
 These endothermic effects are mostly associated to crystal water losses from CD cavities In
 contrast the DSC curves of inclusion complexes differed from those of pure components
 However the endothermic peaks corresponding to free drugs disappeared in the inclusion
 complexes coinciding with the shift of the endothermic peaks corresponding to free CDs
 dehydration process to lower temperatures These observations indicated that the formation
 of drug-CD inclusion complexes retarded the melting of EPIN NORE ISOP and MDOP
 during heating suggesting the thermal stability of drug molecules improved when it was
 encapsulated by host CD molecules
 375 XRD analysis
 Powder X-ray diffractometry (XRD) is a useful technique for the detection of CD
 encapsulation and it has been used to assess the degree of crystallinity of the given sample
 When a true complex was formed the overall numbers of crystalline structure may be
 reduced and more number of amorphous structures may be increased [151] Hence the solid
 complexes exhibit less number as well as less intense peaks This shows that overall
 crystallinity of complex has decreased and due to amorphous halo nature the solubility has
 increased Therefore the XRD patterns of α-CD β-CD EPIN NORE ISOP and MDOP as
 well as their inclusion complexes in powder form were collected at diffraction angles (2θ)
 from 5ordm to 50ordm and the patterns are illustrated in Figs 321 and 322 As indicated in Figs
 321e 322a and 322d the drugs were in a well crystalline form The XRD pattern of α-CD
 showed characteristic peaks at 2θ values of 946deg 1182deg 1419deg 1793deg 2157deg and 2712deg
 (Fig 321a) However the diffractogram of β-CD exhibited important peaks at 2θ values of
 895deg 1056deg 1246deg 1875deg 2257deg 2703deg 3186deg and 3459deg (Figs 321b) However the
  82
 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
 (c)
 (b)
 (a)
 NH HO
 HO CH
 OH
 CH2 CH
 CH3
 CH3
 k
 m c
 a d
 f e
 j g
 k b
 l m
 m
 a
 b c
 d e
 f g j
  89
 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 XRD of the EPINα-CD and EPINβ-CD complexes (Figs 322b and c) are amorphous and
 show halo patterns which are quite different from the pure components ie EPIN α-CD
 and β-CD indicating the formation of inclusion complex between α-CD (or β-CD) and
 EPIN Similar phenomena were found in NORE ISOP MDOP and their inclusion
 complexes (Figs 321 and 322) The intensity of peaks at 2θ values of 918deg 1474deg 2457deg
 in ISOP and 1492deg 1564deg 1856deg 2262deg 2384deg in MDOP were reduced significantly in
 the diffraction patterns of inclusion complexes which suggests reduction in crystallinity of
 drugs In addition some of the low intensity peaks of the drugs were absent after
 complexation with CDs Further most of the crystalline diffraction peaks of α-CD and β-CD
 disappeared after complexation with drugs indicating the complexation of drugs oriented
 the CD nanocavity to some extent
 376 1H NMR spectral studies
 Proton nuclear magnetic resonance (1H NMR) spectroscopy has proved to be a
 powerful tool in the study of inclusion complexes [152] 1H NMR spectroscopy provides an
 effective means of assessing the dynamic interaction site of CD with that of the guest
 molecules The basis of information gained from NMR spectroscopy is located in this shifts
 loss of resolution and broadening of signals observed for the protons of host and guest [152]
 To analyze the interactive behavior of the above drugs with hydrophobic CD nanocavities 1H NMR spectra for the drugs and their inclusion complexes were recorded (Figs 323-
 325) The resonance assignments of the protons of CD are well established [152a] and
 consist of six types of protons The chemical shift of CD protons reported by different
 authors [152] are very close to those observed in this work The H-3 and H-5 protons are
 located in the interior of the CD cavity and it is therefore the interaction of the guest with
 inner side of the CD cavity will affect the chemical shifts of those protons A minor shift is
 observed for the resonance of H-1 H-2 and H-4 located on the exterior of CD [152]
 The assignations of protons of the drugs EPIN ISOP and MDOP are shown as inset
 in Figs 323-325 Table 310 shows the chemical shift (δ in ppm) of the pure drugs and the
 changes of chemical shift (Δδ) observed upon complexation with CDs All the drugs showed
 evidence of inclusion by α-CDβ-CD with substantial changes in chemical shift caused by
 the presence of the CD Here the formation of inclusion complex could be proved from the
 comparison of the chemical shifts of drugs before and after interaction with CD which was
 calculated by using the Eqn (215) In the CD complexes as expected the resonance signals
 of aliphatic as well as aromatic protons were significantly decreased and the signals of
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 319 DSC thermograms of (a) α-CD (b) β-CD (c) NORE (d) NOREα-CD complex (e) NOREβ-CD complex (f) EPIN (g) EPIN α-CD complex and (h) EPINβ-CD complex (25-230 oC at 10 oCmin)
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
 (c)
 (b)
 (a)
 NH HO
 HO CH
 OH
 CH2 CH
 CH3
 CH3
 k
 m c
 a d
 f e
 j g
 k b
 l m
 m
 a
 b c
 d e
 f g j
  89
 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
 (c)
 (b)
 (a)
 NH2
 HO
 HO CH2
 C
 H3C
 C
 O
 OH
 a
 b c
 de
 f
 a b c
 d e
 f
  90
 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 320 DSC thermograms of (a) ISOP (b) ISOPα-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex (25-300 oC at 10 oCmin)
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 321 Powder XRD patterns of (a) α-CD (b) β-CD (c) NOREα-CD complex (d) NOREβ-CD complex (e) EPIN (f) EPINα-CD complex and (g) EPINβ-CD complex
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 322 Powder XRD patterns of (a) ISOP (b) ISOP α-CD complex (c) ISOPβ-CD complex (d) MDOP (e) MDOPα-CD complex and (f) MDOPβ-CD complex
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
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 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 323 1H NMR spectra of (a) EPIN (b) EPINα-CD complex and (c) EPINβ-CD complex Inset Fig Assignation of protons of EPIN
 NH
 HO
 HO CH
 OH
 CH2
 CH3
 (c)
 (b)
 (a)
 a
 b c
 d e
 f
 a b c
 d
 e f
  88
 Fig 324 1H NMR spectra of (a) ISOP (b) ISOPα-CD complex and (c) ISOPβ-CD complex Inset Fig Assignation of protons of ISOP
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Fig 325 1H NMR spectra of (a) MDOP (b) MDOPα-CD complex and (c) MDOP β-CD complex Inset Fig Assignation of protons of MDOP
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 Table 310
  91
 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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 CD protons were shifted and merged which indicates that the guests were entrapped inside
 the CD cavity and that their flexibility was affected by non-covalent interactions [153] The
 guest within the CD cavity obviously experienced a shielding effect In all the drugs with the
 additional side chain of methyl group at N9 or C8 (in MDOP) the protons Hg (for EPIN) Hm
 (for ISOP) and Hf (for MDOP) had the largest Δδ value in the inclusion complexes The Δδ
 values for aromatic protons Hb (for EPIN and MDOP) and Ha Hb He (for ISOP) are small or
 insignificant in the inclusion complexes Although in the case of EPIN and ISOP the Δδ
 value could not be measured for He Hf and Hl protons in former and later molecule
 respectively because the shifted signal was obscured by CD or solvent peaks It can also be
 observed from Table 310 that the signals were shifted to a lesser extent with α-CD than
 when β-CD was added and the direction of the shift was almost similar in all cases
 However the broadening of the proton signals of guest in the presence of CD suggested that
 the motions of these protons were restricted [152] As mentioned above the significant shifts
 were observed in the aliphatic chain protons of the drugs upon complexation with CDs and
 are consistent with inclusion of this part of the drug molecules in the CDs nanocavities
 38 Conclusion
 The inclusion complexes prepared from α-CD and β-CD with NORE EPIN ISOP
 and MDOP were investigated by absorption fluorescence time-resolved fluorescence
 FTIR DSC XRD 1H NMR and PM3 methods Solvent studies revealed that the above
 drugs do not show any significant spectral shifts in the non-polar and polar solvents The
 absorption and fluorescence data confirmed the formation of inclusion complex and
 indicated an unconventional complex stoichiometry of 11 (CD-drug) in lower concentration
 of CD and 12 (CD-drug2) with higher concentration of CD Both experimental and
 theoretical methods proved that the drugs were partially included in the hydrophobic CD
 nanocavity with the aliphatic chain located nearer at the primary rim and the phenyl ring
 nearer at secondary rim The formation of self-assemblies in nanoscale by CDs with NORE
 EPIN ISOP and MDOP was demonstrated in the presence of water TEM analysis showed
 that self-aggregate of the NORECD EPINCD and ISOPCD complexes were nano-sized
 particles while vesicles were observed for MDOPCD PM3 calculations confirmed that the
 hydrogen bonds were the driving force for the inclusion process and also responsible for the
 stability of inclusion complexes The negative enthalpy change (ΔH) suggested that all the
 inclusion processes were exothermic The thermodynamic parameters (ΔE ΔH ΔG and ΔS)
 analysis suggested that the complexation processes are enthalpically favourable in nature
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