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Abstract 
The studies on host-guest chemistry give a broad idea of intermolecular 

interactions where covalent bonds are not likely to form between the interacting 

species. Thus, most of this interaction has been performed by host-guest interaction. 

Among the host molecules, cyclodextrin seems to be the most promising to form 

inclusion complexes, especially with various guest molecules with suitable polarity and 

dimensions. In host-guest chemistry, an inclusion compound is a complex in which one 

chemical compound (the "host") forms a cavity in which molecules of a second "guest" 

compound are located. The definition of inclusion compounds is very broad, in 

molecular encapsulation; a guest molecule is actually trapped inside host molecule.  

 Solvation effect is an imperative branch of the physical chemistry, which deals the 

change in properties that arise when one substance dissolves in another substance. The 

investigation have been done for the solubility of substances and studied how it is 

affected in both the physical and chemical nature for the solute and solvent. There are 

three types of approach have been made to estimate the extent of solvation in physical 

chemistry. The first one involves the studies of transport properties as conductance, 

ionic mobility etc., of the electrolytes in aqueous and non-aqueous solvents and the 

derivation of various factors associated with ionic salvation; the second one is the 

thermodynamic approach by measuring the free energies, enthalpies and entropies of 

solvation of ions from which factors associated with solvation can be explain; and the 

third one is to use spectroscopic study where the spectral line shifts or the chemical 

shifts of the functional group of electrolytes or non-electrolytes in solvents has bee has 

been resolved qualitatively and quantitatively with their nature/mode of interactions.  
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Any compound which is very much important and essential to our environment 

systems is called the vital compound.  In my work different kinds of Drugs, Amino acids 

and Ionic liquids are considered as vital compounds. 

My Thesis is entitled as “EXPLORATION OF INCLUSION COMPLEXES BETWEEN HOST 

AND GUEST MOLECULES AND SOLVATION EFFECT OF SOME VITAL MOLECULES IN 

VARIOUS ENVIRONMENTS” and the summery of my research works are - 

 

CHAPTER I  

 This chapter includes the objective, importance and applications of the research 

work, the reasons for choosing the host, guest molecules, vital molecules, solvents and 

methods of investigation. This also occupies the summery of the works done in this 

thesis. 

 

CHAPTER II  

This chapter covers the general introduction of the thesis and forms a strong 

background of the works embodied in the thesis. A brief review of notable works in the 

field of host-guest chemistry and salvation effect has been given. Various derived 

parameters dependent on conductance, density, surface tension, UV-Vis spectroscopy, 

FTIR spectroscopy, fluorescence spectroscopy, NMR (1HNMR, 2D ROSEY, 13 CNMR, 

powder XRD, mass analysis, TGA and SEM analysis along with their importance in case 

of molecular interaction as well as ionic interaction (ion-solvent/solute-solvent and ion-

ion/solute-solute interactions) in solution and in the field of inclusion chemistry have 

been discussed.  
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CHAPTER III  

This chapter contains the experimental section 

which mainly involves the elementary information 

such as: structure, source, purification and 

application of the compounds and usefulness of the 

solvents used in the research work and the details of 

the instruments used for the study of the supramolecular host-guest chemistry and 

solution chemistry. 

 

CHAPTER IV 

In this chapter, I have investigated the inclusion behavior of guest Diethyl 

phenylmalonate (DEPM) with beta cyclodexrin.  The aim of this present work is to 

make soluble DEPM in aqueous medium through the formation inclusion complex into 

the hydrophobic hollow space of β-cyclodextrin (β-Cyd) which will provide a novel 

approach for designing drug delivery system in aqueous medium. The study of 

supramolecular complexation 

of DEPM with β-Cyd has been 

designed in both solution and 

solid state. In solution phase 

the evidences of the presence 

of non-covalent interactions 

in inclusion complex with 1:1 stoichiometry behaviour are obtained by investigating 

the UV-spectroscopy. The resultant solid of DEPM and β-Cyd is established by 1H NMR, 

FTIR, powder XRD and SEM techniques. So, β-Cyd has the ability to encapsulate DEPM 
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into their core without formation any covalent bonds and also increases the 

bioavailability of the water insoluble DEPM drug. 

 

CHAPTER V 

 In  this section complexation process of the selected macrocyclic crown 

compound viz. 18C6 and DB18C6 with 1-ethyl-1-methylpyrrolidinium 

hexafluorophosphate as a guest 

molecule have been intended in 

acetonitrile medium at by 

conductometry (three different 

temperatures), 1HNMR and mass 

spectra. The formation constants of 

the complexes are evaluated in 

solution phase from the molar 

conductance-mole ratio values. The result shows that the stability of the resulting 

complexes with the same inward cationic moiety follows in the order 18C6:[EMPyrr]+> 

DB18C6:[EMPyrr]+ and based on the character of the crown ethers.  The calculated 

thermodynamic parameters support this Complexation process. The host-guest 

complexations of the five-membered nitrogen containing cation with two different 

macrocyclic polyethers are supported by studying 1HNMR. The electrospray mass 

spectrometry has been used to support the complexation process with proper 

stiochiometry ratio.  The solid complex formation between the selected two crown 

ethers and the ionic liquid are established by FTIR study. 
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CHAPTER VI 

This chapter entails the 

Molecular interactions of two 

ionic liquids (ILS) 1-butyl-3-

methylimidazolium octylsulphate 

[BMIM][C8SO4] and 1-methyl-3-

octylimidazolium chloride 

[MOIM]Cl with amino acids (AA) 

(AA= L-tyr, L-phe) in aqueous 

medium have been investigated by molar conductivities (Ʌ) at three different temperatures.  

Spectroscopic studies such as Uv-vis and fluorescence have been performed to investigate 

the association behavior order between the ILs and the selected amino acids and the 

spontaneity of this process. The 1HNMR spectroscopy has also been carried out to expose 

the change in electronic conditions of various protons of ILs in the presence of different 

amino acids. All the results that have been interpreted on the light of possible molecular 

interactions (non-covalent) operating in the ternary system and followed the interaction 

order of ([BMIM][C8SO4] + L-tyr)> ([MOIM]Cl + L-tyr)> ([BMIM][C8SO4] + L-phe)> 

([MOIM]Cl + L-phe) in water. 

  

CHAPTER VII 

This chapter’s study is related to characterise the formation, mechanism 

behaviour and importance of the complexation between nortriptyline hydrochloride 

(NTHCL), a class of tricyclic antidepressant (TCA) drug and also having neuroprotective 

effects, with β-cyclodextrin (β-Cyd) acts as an excellent drug-receptor. The continuous 

various method (Job plot), UV-spectroscopy, fluorescence measurements and powder 

XRD have been reported to confirm the inclusion complex with 1:1 stiochiometry with 
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the TCA aliphatic tail. A variant view of NTHCL/β-CD complex where the interaction of 

tricyclic ringring with β-Cyd cavity is presented in this work using 1HNMR, 13C NMR 

and FTIR spectroscopy. The most 

considerable evidence for inclusion 

of nortriptyline tricyclic ring and 

the protons located inside the β-

Cyd cavity is the 2D NMR ROESY 

cross-peaks. Changes in chemical 

shifts in 1H NMR and behaviour of 

2D ROESY cross peak suggest the 

inclusion complex formation. 

 

CHAPTER VIII 

This chapter includes the 

exploration of the formation of 

inclusion complexes between water 

insoluble drug padimate O with α 

and β-cyclodextrin. The solubility of 

padimate O is enhanced by forming 

inclusion complex with these two 

cyclodextrins. The stoichiometry of the inclusion complex was determined with Job’s 

plot method by UVVisible spectroscopy and found to be 1:1 stoichiometry. Mass spectra 

also support the inclusion process with 1:1 stoichiometry. The resultant solid of 

PMO/α-CD and PMO/β-CD has been established by FTIR and powder XRD techniques. 
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CHAPTER IX 

This chapter includes the 

inclusion behaviour between β-

cyclodextrin and amino acids (viz., 

L-Methionine, L-Proline and L-

Glutamine) are established in 

aqueous medium. Such 

complexation of amino acids in 

aqueous medium without using 

any organic solvent provides great ideas in different industries. The complexes are 

characterized by 1H NMR which proves the formation of inclusion complex. The 

interactions of β-CD with amino acids are analyzed by means of surface tension and 

density. Contributions of different groups of the guest molecules to the limiting 

apparent molar volume are determined. Additionally, the stoichiometry of the inclusion 

complexes is also determined to be 1:1 in all the three cases. The solid inclusion 

complex formations of β-CD with amino acids are confirmed by PXRD analysis. 

 

CHAPTER X 

This chapter contains the concluding remarks of the works related to the thesis. 
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PREFACE 

The research work of my thesis entitled “EXPLORATION OF INCLUSION 

COMPLEXES BETWEEN HOST AND GUEST MOLECULES AND SOLVATION 

EFFECT OF SOME VITAL MOLECULES IN VARIOUS ENVIRONMENTS " was 

started in December 2013 under the supervision of Dr. Mahendra Nath Roy, Prof. of 

Chemistry in the Department of Chemistry, University of North Bengal. This 

research work was recognized within the framework of the Programme: ‘‘UGC-

BSR Research Fellowship in Science for Meritorious Students, Ref. 

No. F.25-1/2013-14(BSR)/7-133/2007(BSR): Dated 30th May, 2014.    

This work investigates the host-guest inclusion phenomena and molecular 

interactions of some vital molecules such as- drug molecules, ionic liquids and 

amino acids in solution as well as in solid phase by studying their physicochemical, 

transport and spectral properties.    

During my research work, I have participated and presented my research work 

in several meets and seminars across the country. I was highly inspired by listening 

and interacting with renowned researchers, experts, reviewers and scientists. I was 

even fortunate enough to publish the works in the thesis in International and 

national Journals of repute.   

 In observance with general practice of reporting scientific observation, due 

acknowledgement has been made whenever the work described was based on the 

finding of other investigators. I must take the responsibility of any unintentional 

omissions and errors, which might have crept in spite of insurances. 



 
(xiii) 

 

ACKNOWLEDGEMENT 

After a long intensive period of hard work and dedication, today is the day: writing this 

note of thanks is the finishing of my PhD thesis. This PhD thesis has been the most 

challenging academic task I have ever faced and it has been a period of intense learning for 

me, not only in scientific arena, but also on a personal level. Writing this PhD thesis has had 

a big impact on me.  At this moment, I would like to express my gratitude to all those who 

gave me the possibility to complete my accomplishments.        

Firstly, I would like to definite my deepest sense of gratitude to my respected 

supervisor, Dr. Mahendra Nath Roy, Professor, Department of Chemistry, University of 

North Bengal, Darjeeling, West Bengal, India. Throughout my research period, I have 

received constant guidance, valuable suggestions and inspiration from him. He deserves 

special thanks since he has not only offered me his kind guidance but also motivated and 

encouraged me to go that extra mile during this journey. Without his loving care, dependable 

guidance, and precious supervision, it would have been impossible for me to bring the 

present contour to this thesis. Eventually, it‟s my fortunate to have him as my guide.      

 I also express my sincere thanks and regards to the honorable faculty members, Department 

of Chemistry, University of North Bengal for their priceless assistance and continued 

inspiration during the course of my research. I am grateful to the University authority for 

providing laboratory facilities, especially University Scientific Instrumentation Centre, 

University of North Bengal for helping me in my research.      

 I would like to thank my  all research labmates Dr. Deepak Ekka, Dr. Milan Chandra 

Roy, Subhadeep Saha, Siti Barman, Biraj Kumar Barman, Koyeli Das and to all my other 

research laboratory colleagues or their help and encouragement during the period of my 

work. I offer my special thanks to my dear friends Nivedita Sikdar and Sashi Debnath for 

their cordial helps.  

   I am constantly aware of what a huge debt I owe to the sources of the information 

required for my research work: the numerous books, monographs, articles, computer website, 



 
(xiv) 

 

etc. I put on record some measure of my gratitude to those whose references I have cited in 

this thesis.    

I am deeply indebted to my mother, Smt. Lakshmi Kundu and my father, Sri Bikash Kr. 

Kundu for their loving support and endless encouragement. I am also thankful to my elder 

sister, Mrs. Kalyani Kundu and brother-in-law, Mr. Manas Kar for their constant prayers, 

continual encouragement and supports throughout my research work. I would like to 

acknowledge my beloved husband, Mr. Devjyoti Das for his whole-hearted cooperation, 

constant unconditional encouragement and whose inspiration went a long way to the 

completion of this thesis. I would like to thank my father-in-law, Sri Amar ch. Das and 

mother-in-law, Smt. Sadhana Das for their whole-hearted cooperation.  

 

Finally, I would like to express my acknowledgement to the University Grants 

Commission for sanctioning me the “UGC-BSR Research Fellowship in Science for 

Meritorious Students”, Ref. No. F.25-1/2013-14(BSR)/7-133/2007(BSR): Dated 30th May, 

2014 and financial assistance in order to continue this research work. I am also thankful to 

UGC „ONE TIME GRANT‟ Ref No.F.4-10/2010 (BSR) awarded to my Supervisor, Prof. M. 

N. Roy, under Basic Scientific Research (BSR), UGC, New Delhi for financial and 

instrumental assistance in connection with my research works.  

  

      

                                                              

Mitali Kundu 

UGC-BSR Research Scholar                                                        

Department of Chemistry                                                        

University of North Bengal, 

Darjeeling: 734013, WB, INDIA  

Date: 



TABLE OF CONTENTS 

Subject Page No. 

Declaration (iii) 

Certificate (iv) 

Abstract (v-xi) 

Preface (xii) 

Acknowledgement (xiii-xiv) 

List of Tables 1-4 

List of Figures 5-9 

List of Schemes 10-11 

List of Appendices  

Appendix A: List of Publications 12-14 

Appendix B: List of Seminars/Symposiums Attended  15-16 

CHAPTER I                                                                                    Page: 17-30                                                                                                                                 

Necessity of the Research Work  

I.1.   Objective, Importance and Application of the Research   

Work 

I.2.   Selection and Importance of  Chemicals use 

I.3.   Methods of Investigations 

I.4.   Physicochemical Parameters and their Significance 

I.5.   References 

 

 

 



                          Table of contents 

 

CHAPTER II                                                                                

General Introduction (Review of the Earlier Works) 

 Page: 31-60 

II.1.   Host-guest chemistry 

II.2.   Solvation Effect 

II.3.   Forces of Attraction 

II.4.   Interaction in Solution Phase 

II.5.   Density 

II.6.   Conductance 

II.7.   Molecular association 

II.8.   Thermodynamic Parameters 

II.9.   Surface Tension 

II.10.   FTIR Spectroscopy 

II.11.   UV-Visible  Spectroscopy 

II.12.   Fluorescence Spectroscopy 

II.13.   NMR Spectroscopy 

II.14.   Powder X-ray Diffraction 

II.15.   Scanning Electron Microscopy 

II.16.   Mass Analysis 

II.17.   Thermogravimetric Analysis 

II.18.   References 

 

CHAPTER III                                                                                                                           

Experimental Section 

Page: 61-88  

III.1.   Name, Structure, Physical properties, Purification and             

Applications of chemicals used in the research work  

III.2.   Experimental Methods 

III.3.   References 

 

 

 



                          Table of contents 

 
 

CHAPTER IV                                                                                                       Page: 89-106 

Subsistence of Inclusion Complex via Assembly of a Drug into cyclic Oligosaccharide: Its 

Formation, Mechanism, Behaviour and Importance  

*Published in Spectrochimica Acta Part A: Molecular and Biomolecular 

Spectroscopy183 (2017) 332–338. 

IV.1.   Highlights 

IV.2.   Introduction 

IV.3.   Experimental Methods 

IV.4.   Results and Discussions 

IV.5.   Conclusion 

IV.6.   References 

 

CHAPTER V                                                                                                         Page:107-126 

Supramolecular assembly of ionic liquid with cyclic polyethers to form Inclusion 

Complexes  

*Published in Indian Journal of Advances in Chemical Science 5(2) (2017) 92‑ 101. 

V.1.   Highlights 

V.2.   Introduction 

V.3.   Experimental Methods 

V.4.   Results and Discussions 

V.5.   Conclusion 

V.6.   References 

 

CHAPTER VI                                                                                                        Page:127-147 

Exploration of Solvation Consequence of Ionic Liquids ([BMIM][C8SO4] and [MOIM]Cl) 

in Aqueous Amino Acids Solutions by Physicochemical Contrivance 

*Commnicated 

VI.1.   Highlights 

VI.2.   Introduction 

VI.3.   Experimental Methods 

VI.4.   Results and Discussions 

 



                          Table of contents 

 

VI.5.   Conclusion 

VI.6.   References 

 

CHAPTER VII                                                                                                      Page: 148-166 

Preparation, Interaction and Spectroscopic Characterization of Inclusion complex of a 

Cyclic Oligosaccharide with an Antidepressant Drug 

*Published in Journal of Inclusion Phenomena and Macrocyclic Chemistry (2017) 

89:177–187.  

VII.1.   Highlights 

VII.2.   Introduction 

VII.3.   Experimental Methods 

VII.4.   Results and Discussions 

VII.5.   Conclusion 

VII.6.   References 

 

CHAPTER VIII                                                                                                    Page: 167-185 

Formation of inclusion complexes between a drug padimate O and cyclic host 

molecules explored by the study of UV-Vis, FTIR, Mass and XRD methods  

* Communicated 

VIII.1.   Highlights 

VIII.2.   Introduction 

VIII.3.   Experimental Methods 

VIII.4.   Results and Discussions 

VIII.5.   Conclusion 

VIII.6.   References 

 

 

 



                          Table of contents 

 

CHAPTER IX                                                                                                                 Page: 186-210 

Evidences for complexations of β- cyclodextrin with some amino acids by 1H NMR, 

Surface Tension, Volumetric Investigations and XRD  

*Published in Journal of Molecular Liquids 240(2017) 570–577. 

IX.1.    Highlights 

IX.2.    Introduction 

IX.3.   Experimental Methods 

IX.4.   Results and Discussions 

IX.5.   Conclusion 

IX.6.    References 

 

CHAPTER X                                                                                                                             

Concluding Remarks 

Page:  211-215 

BIBLIOGRAPHY         Page:  216-245 

INDEX        Page:  246-249 

ENCLOSURES 

Reprints of the Published Papers 

 

 

 



 

LIST OF TABLES 

TABLES PAGE NO. 

CHAPTER IV  

Table 1. Data for Job plot obtained from UV-spectroscopy for aqueous 

(neutral)-ethanol β- Cyd -DEPM system at 298.15Ka.  

95 

Table 2. Data for Job plot obtained from UV-spectroscopy for aqueous 

(alkaline)-ethanol β- Cyd -DEPM system at 298.15Ka.  

95 

Table 3. Absorption values of DEPM (Conc. 2× 10-4 M) at different 

concentrations of β-Cyd in pH=7.0±0.5 and pH=9.2±0.5 buffer 

solutions at 298.15Ka. 

97 

Table 4. 1H NMR chemical shift displacements of β-Cyd, DEPM and β-

Cyd/ DEPM at 1:1 molar ratio at 298.15Ka.  

101 

CHAPTER V  

Table 1: Conductivity values for the [EMPyrr]++18C6 system at three 

different temperatures (Ka). 

114 

Table 2: Conductivity values for the [EMPyrr]++DB18C6 system at 

three different temperatures (Ka). 

115 

Table 3. Values of the mole ratio of [H]/ [EMPyrr]+ for 18C6 and 

DB18C6 at three different temperatures (Ka). 

116 

Table 4: log Kf values of 18C6:[EMPyrr]+and DB18C6:[EMPyrr]+ 

complexes in acetonitrile medium at different temperatures (Ka). 

117 

Table 5: Values of the thermodynamic parameters (ΔH°, ΔS°, ΔG°) are 

calculated from Van’t Hoff equation of the complexes.  

118 

Table 6. Frequencies (v Cm-1) of ether linkage in IR spectra of free 

crown ethers and the complexed crown ethers. 

125 

 



List of tables 

 

 

2 

 

CHAPTER VI  

Table 1: Brief description of the chemicals. 
130 

Table 2: Conductivity values for the [BMIM][C8SO4] and [MOIM]Cl IL  

with L-tyr in aqueous  at three different temperatures(Ka). 

134 

Table 3: Conductivity values for the [BMIM][C8SO4] and [MOIM]Cl IL  

with L-phe in aqueous  at three different temperatures(Ka). 

134 

Table 4: Data for the Benesi-Hildebrand double reciprocal plot 

obtained from UV-Vis spectroscopy for aqueous [BMIM][C8SO4] and 

[MOIM]Cl ILs  with L-tyr system at 298.15Ka. 

139 

Table 5: Data for the Benesi-Hildebrand double reciprocal plot 

obtained from UV-Vis spectroscopy for aqueous [BMIM][C8SO4] and 

[MOIM]Cl ILs  with L-phe system at 298.15Ka. 

140 

Table 6: Data for the Benesi-Hildebrand double reciprocal plot 

obtained from fluorescence spectroscopy for aqueous [BMIM][C8SO4] 

and [MOIM]Cl ILs  with L-tyr system at 298.15Ka. 

140 

Table 7: Data for the Benesi-Hildebrand double reciprocal plot 

obtained from fluorescence spectroscopy for aqueous [BMIM][C8SO4] 

and [MOIM]Cl ILs  with L-phe system at 298.15Ka. 

141 

Table 8: 1H NMR chemical shift displacements of [BMIM][C8SO4] and 

[MOIM]Cl in interaction with L-tyr and L-phe   in D2O at 298.15 Ka.  

145 

CHAPTER VII 
 

Table 1: Data for Job plot obtained from UV-spectroscopy for aqueous 

β- Cyd -NTHCL system at 298.15Ka.  

153 

Table 2: Data for the Benesi-Hildebrand double reciprocal plot 

performed by UV-Vis and fluorescence spectroscopy for aqueous 

NTHCL-β-CD system at 298.15Ka. 

154 



List of tables 

 

 

3 

 

Table 3: 13C NMR- chemical shift displacements of β-Cyd, NTHCL and 

β-Cyd/ NTHCL at 1:1 molar ratio in D2O at 298.15Ka. 

163 

CHAPTER VIII 
 

Table 1: Data for Job plot obtained from UV-spectroscopy for aqueous 

α- Cyd –PMO system at 298.15Ka.  

172 

Table 2: Data for Job plot obtained from UV-spectroscopy for aqueous 

β- Cyd -PMO system at 298.15Ka.  

173 

Table 3:  Data for the Benesi-Hildebrand double reciprocal plot 

performed by UV-Vis spectroscopy for PMO-α-CD system. 

174 

Table 4: Data for the Benesi-Hildebrand double reciprocal plot 

performed by UV-Vis spectroscopy for PMO-β-cyd system. 

175 

Table 5: Association constant (Kɑ) and thermodynamic parameters of 

different PMO/cyclodextrin complex systems.   

177 

Table 6: The observed peaks at different m/z with corresponding ions 

for the solid inclusion complexes. 

182 

CHAPTER IX 
 

Table 1: Experimental values of surface tension (γ) of selected amino 

acids in deferent mass fraction of β-cyclodextrin mixtures at 298.15 Ka. 

191 

Table 2. Values of Surface Tension (γ) at the break point with 

corresponding concentration of aqueous β-cyclodextrin at 298.15 Ka. 

194 

Table 3. Experimental values of density (ρ) in different mass fraction 

of aqueous β-cyclodextrin mixtures at 298.15 K. 

197 

Table 4: Experimental values of density (ρ) of chosen amino acids in 

deferent mass fraction of β-cyclodextrin mixtures at 298.15 Ka. 

197 

Table 5:  The changes of apparent molar volume (ϕv) with squar root 

molal concentration (√m) of selected amino acids in different mass 

fractions of aqueous β-CD mixture at 298.15Ka. 

199 



List of tables 

 

 

4 

 

Table 6: Limiting apparent molar volume (ϕV 
o), experimental slope 

(SV
*), of amino acids in different mass fractions of aqueous α and β-

cyclodextrin mixtures at 298.15 Ka. 

201 

Table 7.  Contribution of zwitter ionic group, CH, CH2 ,  group, and end 

group to the limiting apparent molar volume ϕv
⁰ for amino acids in 

different mass fraction of aqueous β-cyclodextrin. 

202 

Table 8. Change in Chemical shifts (ppm) of the H3 and H5 protons of 

β-cyclodextrin in inclusion complexes in D2O at 298.15 K. 

208 

 

 

 

 

 

 

 

 

 

 

 

 



 

LIST OF FIGURES 

FIGURES PAGE NO. 

CHAPTER IV  

Figure 1. Job plot of DEPM-β- Cyd systems at 298.15K in neutral (pink, 

●) and alkaline (blue, ■) medium. 
94 

Figure 2.  Adsorption spectra of DEPM (2 x 10-4 M) in (a) pH=7.0±0.5 

and (b) pH=9.2±0.5 at different concentration of β-Cyd (1) absence of 

β- Cyd, (2) 0.002M, (3) 0.004M, (4) 0.006M, (5) 0.008M, (6) 0.010M, 

(7)0.012M. 

96 

Figure 3. Benesi-Hildebrand plot of 1/A-Ao
 vs. 1/ [β-CD] for DEPM in 

pH=7.0±0.5 and pH=7.0±0.5 at 298.15K. 
98 

Figure4. 1HNMR spectra of (a) β- Cyd, (b) 1:1 molar ratio of β-

CD:DEPM IC in D2O and 1HNMR spectra of (c) DEPM in DMSO-D6 at 

298.15 K. 

101 

Figure 5.  FT-IR spectra of (a) β- Cyd (in KBr), (b) DEPM and (c) 

DEPM: β- Cyd (1:1 molar ratio) solid complex (in KBr). 
104 

Figure 6.  Powder X-ray diffraction pattern of (a) β-Cyd and (b) DEPM: 

β-Cyd (1:1 molar ratio) inclusion complex. 
105 

Figure7. Scanning electron microscope (SEM) morphology of (a) β-

Cyd and (b) DEPM: β- Cyd (1:1 molar ratio) inclusion complex.  
106 

CHAPTER V  

Figure 1. Molar conductance vs mole ratio of [H]/[EMPyrr]+ of 

18C6+IL at 293.15K (pink), 298.15K (blue) and 303.15K (orange). 
114 

Figure 2. Molar conductance Vs mole ratio of [H]/[EMPyrr]+ of 

DB18C6+IL at 293.15K (green), 298.15K (red) and 303.15K (violet). 
114 

Figure 3. logKf Vs 1000/T for 18C6:IL (█) and DB18C6:IL (●) 

complexation. 
117 



List of figures 

 

 

6 

 

Figure 4. 1H NMR spectra of (a) 1-ethyl-1 methylpyrrolidinium 

hexafluorophosphate  and (b) 1:1 molar ratio of 18C6:[EMPyrr]+  in 

D2O at 298.15K. 

120 

Figure 5. 1H NMR spectra of (a) 1-ethyl-1 methylpyrrolidinium 

hexafluorophosphate  and (b) 1:1 molar ratio of DB18C6:[EMPyrr]+  in 

D2O at 298.15K. 

120 

Figure 6. Electrospray mass spectra of equimolecular mixture of IL 

with (a) 18-crown-6 and (b) dibenzo 18-crown-6. 
123 

Figure 7.  IR spectra of 18-crown-6 (blue) and the resulting complex I 

(18C6:[EMPyrr]+)  

(red). 

124 

Figure 8.  IR spectra of Dibenzo-18-crown-6 (blue) and the resulting 

complex II (DB18C6:[EMPyrr]+) (violet). 
125 

CHAPTER VI  

Figure 1. Molar conductivity of (a) [BMIM][C8SO4] in aqueous solution 

with L-tyr and (b)  [MOIM]Cl in aqueous solution with L-tyr at three 

different tempetarures.  

133 

Figure 2. Molar conductivity of (a) [BMIM][C8SO4] in aqueous solution 

with L-phe and (b)  [MOIM]Cl in aqueous solution with L-phe at three 

different tempetarures. 

133 

Figure 3. Adsorption spectra of (a) [BMIM][C8SO4] and (b) [MOIM]Cl at 

different concentration of L-tyrosine (1) absence of L-tyrosine, (2) 

0.0004 M, (3) 0.0008 M, (4) 0.0012 M, (5) 0.0016 M, (6) 0.0018 M, 

(7)0.002 M respectively. 

136 

Figure 4. Adsorption spectra of (a) [BMIM][C8SO4] and (b)[MOIM]Cl at 

different concentration of L-phenylalanine (1) absence of L-

phenylalanine, (2) 0.0004 M, (3) 0.0008 M, (4) 0.0012 M, (5) 0.0016 M, 

(6) 0.0018 M, (7)0.002 M respectively. 

136 

Figure 5. Fluorescence spectra of (a) [BMIM][C8SO4] and (b) [MOIM]Cl 

at different concentration of L-tyrosine (1) absence of L-tyrosine, (2) 
137 



List of figures 

 

 

7 

 

0.0003 M, (3) 0.0006 M, (4) 0.0009 M, (5) 0.0012 M, (6) 0.0015 M, 

(7)0.0018 M respectively. 

Figure 6. Fluorescence spectra of (a) [BMIM][C8SO4] and (b) [MOIM]Cl 

at different concentration of L-phenylalanine (1) absence of L-

phenylalanine, (2) 0.0003 M, (3) 0.0006 M, (4) 0.0009 M, (5) 0.0012 M, 

(6) 0.0015 M, (7)0.0018 M respectively. 

137 

Figure 7. Benesi-Hildebrand plot of 1/ΔA vs. 1/ [AA] in UV-vis 

spectroscopy for (a) [BMIM][C8SO4] and (b) MOIM]Cl in L-tyr and for 

(c)[BMIM][C8SO4] and (d) MOIM]Cl in L-phe at 298.15Ka. 

142 

Figure 8.  Benesi-Hildebrand plot of 1/ΔA vs. 1/ [AA] in fluorescence 

spectroscopy for (a) [BMIM][C8SO4] and (b) MOIM]Cl in L-tyr and for 

(c)[BMIM][C8SO4] and (d) MOIM]Cl in L-phe at 298.15Ka. 

142 

Figure 9. 1H NMR spectra of (a) [BMIM][C8SO4], (b) ([BMIM][C8SO4]+ L-

tyr) system and (c) ([BMIM][C8SO4] + L-phe) system in D2O at 298.15K. 
144 

Figure 10. 1H NMR spectra of (a) [MOIM]Cl, (b) ([MOIM]Cl+ L-tyr) 

system and (c) ([MOIM]Cl + L-phe) system in D2O at 298.15K. 
144 

CHAPTER VII  

Figure 1. Job plot of NTHCL/β- Cyd systems at 298.15K. 153 

Figure 2. Fluorescence spectra of NTHCL in different β-Cyd 

concentrations (µM): (1) 0, (2) 20, (3)30, (4) 40, (5) 50, (6) 60, (7) 70 

and (8) 80. 

155 

Figure 3. Benesi-Hildebrand double reciprocal plot of 1/I-Io vs. 1/[β-

Cyd] for NTHCL in (a) UV-absorption and (b) fluorescence at 298.15K. 
158 

Figure 4. 1HNMR spectra of (a) β- Cyd, (b) 1:1 molar ratio of 

NTHCL/β-Cyd inclusion complex and (c) NTHCL  in D2O at 298.15 K. 

 

159 

Figure 5. 2D ROESY spectra of solid inclusion complex of NTHCL and 

β-CD in D2O (correlation signals are marked by green circles). 
161 



List of figures 

 

 

8 

 

Figure 6. . 13 CNMR spectra of (a) β- Cyd, (b) 1:1 molar ratio of solid  

NTHCL/β-Cyd inclusion complex and (c) NTHCL  in D2O at 298.15 K. 
162 

Figure 7. FT-IR spectra of (a) β- Cyd (in KBr), (b) NTHCL and (c) 

NTHCL/β- Cyd (1:1 molar ratio) solid complex (in KBr). 
164 

Figure 8. Powder X-ray diffraction pattern of (a) β-Cyd, (b) NTHCL 

and (C) NTHCL/β-Cyd (1:1 molar ratio) inclusion complex. 
166 

CHAPTER VIII  

Figure 1. Job plot of (a) PMO/α- CD and (b) PMO/β-CD systems at 

298.15K. 
173 

Figure 2: Benesi-Hildebrand double reciprocal plot for the effect of α-

Cyd on the absorbance of PMO (308 nm) at different temperatures. 
177 

Figure 3: Benesi-Hildebrand double reciprocal plot for the effect of β-

Cyd on the absorbance of PMO (308 nm) at different temperatures. 
177 

Figure 4. Plot of lnKɑ vs. 1/T for the interaction of CDP with α-CD (∎) 

and β-CD (∎). 
178 

Figure 5. FTIR spectra of (a) PMO, (b) α-cyd and (c) PMO/α-cyd (1:1 

molar ratio) solid inclusion complex in KBr. 
179 

Figure 6. FTIR spectra of (a) PMO, (b) β-cyd and (c) PMO/β-cyd (1:1 

molar ratio)  solid inclusion complex in KBr. 
181 

Figure 7. ESI mass spectra of (a) PMO/α-CD inclusion complex and (b) 

PMO/β-CD inclusion complex. 
182 

Figure 8.  Powder X-ray diffraction pattern of (a) α-CD, (b) PMO/α-CD 

(1:1 molar ratio), (c) β-CD and (d) PMO/ β-CD (1:1 molar ratio) 

inclusion complex. 

183 

Figure 9. TGA profiles of (a) α-cyd ; PMO/α-cyd and (b) β-cyd; PMO/β-

cyd inclusion complex systems. 
184 

CHAPTER IX  

Figure 1. Variation of surface tension of aqueous (A) L-Methionine 

solution, (B) L-Proline solution, and (C) L-Glutamine solution 
193 



List of figures 

 

 

9 

 

respectively with increasing concentration of β-CD.  

Figure 2.  Plot of limiting molar volume (ϕv
o) against mass fraction (w) 

of β-CD for L-Methionine (blue), L-Proline (brown) and L-Glutamine 

(green) respectively at 298.15 Ka (a Standard uncertainties u is: 

u(T)=0.01 K ). 

196 

Figure 3.  1H NMR spectra of (a) β-CD, (b) L-Methionine and (c) 1:1 

molar ratio of β-CD & L-Methionine in D2O at 298.15 Ka (a Standard 

uncertainties u is: u(T)=0.01 K).  

205 

Figure 4. 1H NMRspectraof(a)β-CD, (b) L-Prolineand (c)1:1 M ratio of 

β-CD & L-Proline in D2O at 298.15 Ka (a Standarduncertainties u is: 

u(T) = 0.01 K). 

206 

Figure 5.  1H NMR spectra of (a) β-CD, (b) L-Glutamine and (c) 1:1 

molar ratio of β-CD & L-Glutamine in D2O at 298.15 K. 
207 

Figure 6.  Powder X-ray diffraction pattern of (a) β-CD, (b) methionine 

(Met), (c) proline (Pro), (d) glutamine(Glu), (e) β-Cyd: Met, (f) β-CD: 

Pro and (g) β-CD: Glu  (1:1 molar ratio) inclusion complex. 

209 

 

 

 

 

 

 

 

 

 

 

 



 

LIST OF SCHEMES 

SCHEMES PAGE NO. 

CHAPTER IV  

Scheme 1.  Geometry of  β- Cyd (a) and Ball & stick representation of 

(b) β- Cyd and (c) DEPM; blue for carbon and red for oxygen. 

92 

Scheme 2.  The probable mechanism of the reaction of the inclusion 

complex of DEPM with β- Cyd.  

100 

CHAPTER V  

Scheme 1. Structures of selected ionic liquid (a), 18-Crown-6 (b) 

and dibenzo 18-Crown-6 (c). 

109 

Scheme 2. Schematic representation of complexation of 1-ethyl-1-

methylpyrrolidinium hexafluorophosphate with 18-Crown-6 (18C6) 

and dibezo-18-crown-6 ( DB18C6). 

121 

CHAPTER VI  

Scheme.1: Ball & stick representation of (a) L-tyrosine, (b) L-

phenylalnine, (c) 1-butyl-3-methylimidazoliumoctylsulphate 

[BMIM][C8SO4] and (d) 1-methyl-3-octylimidazolium chloride [MOIM]Cl 

respectively. 

130 

Scheme 2: Schematic representation of interactions between (a) 

([BMIM][C8SO4] +L-tyr ) (b)([MOIM]Cl +L-tyr) (c) ([BMIM][C8SO4]+ L-

phe) and (d) ([MOIM]Cl +L-phe) systems in aqueous solution respectively.  

145 

CHAPTER VII  

Scheme 1.  Geometry of (a) β-cyclodextrin molecule and (b) 

Nortriptyline hydrochloride (NTHCL). 

151 

Scheme 2.  The probable mechanism of the association phenomenon 

of the complexation for NTHCL with β-cyclodextrin. 

157 

 



List of schemes 

 

 

11 

 

CHAPTER VIII  

Scheme 1.  Geometry of (a) Padimate O [2- ethylhexyl 4-

(dimethylamino) benzoate] (PMO) and (b) cyclodextrin molecule (n=6 

for α- Cyd and n=7 for β- Cyd). 

170 

Scheme 2. The probable mechanism of the association phenomena of 

the complexation process for PMO with cyclodextrin with 1:1 

stoichiometry. 

180 

CHAPTER IX  

Scheme 1. The molecular structure of the selected amino acids in 

aqueous solutions (A) and the structure of β- CD (B) (host molecule). 

189 

Scheme 2. Schematic representation of formation of inclusion 

complexes between amino acid and β-CD in aqueous medium at 

298.15 K. 

193 

Scheme 3.  Different possibilities of host-guest ratio for inclusion 

complex. 

194 

Scheme 4. Schematic representation of formation of inclusion 

complexes of L-Methionine, L-Proline and L-Glutamine with β-CD. 

195 

Scheme 5.  Stereo-chemical configuration (A), truncated conical 

structure of β- cyclodextrin with interior and exterior protons. 

203 

 

 

 

 

 

 

 

 

 



 

LIST OF APPENDICES 

APPENDIX A: 

LIST OF PUBLICATIONS/COMMUNICATIONS 

 

 

1. Subsistence of Inclusion Complex via Assembly of a Drug into cyclic 

Oligosaccharide: Its Formation, Mechanism, Behaviour 

and Importance.  

(Included in the Thesis). 

* Published in Spectrochimica Acta Part A: Molecular 

and Biomolecular Spectroscopy183 (2017) 332–338. 

 

 

2. Supramolecular assembly of ionic liquid with cyclic polyethers to 

form Inclusion Complexes.  

(Included in the Thesis). 

* Published in Indian Journal of Advances in Chemical 

Science 5(2) (2017) 92‑ 101. 

 

 

3. Exploration of Solvation Consequence of Ionic Liquids ([BMIM][C8SO4] 

and [MOIM]Cl) in Aqueous Amino Acids Solutions by Physicochemical 

Contrivance.  

(Included in the Thesis). 

 * Communucated. 

 

 



List of appendices 

 

 

13 

 

4. Preparation, Interaction and Spectroscopic Characterization of 

Inclusion complex of a Cyclic Oligosaccharide with an 

Antidepressant Drug. 

(Included in the Thesis). 

* Published in Journal of Inclusion Phenomena and 

Macrocyclic Chemistry (2017) 89:177–187. 

 

 

5. Formation of inclusion complexes between a drug padimate O and 

cyclic host molecules explored by the study of UV-Vis, FTIR, Mass and 

XRD methods. 

(Included in the Thesis). 

* Communicated. 

 

 

6. Evidences for complexations of β- cyclodextrin with some amino acids 

by 1H NMR, Surface Tension, Volumetric Investigations 

and XRD 

(Included in the Thesis). 

* Published in Journal of Molecular Liquids 240(2017) 

570–577. 

 

 

 

 



List of appendices 

 

 

14 

 

7. Study of Solvation Consequences of 1-Butyl-1-Methylpyrrolidinium 

Bromide and Chloride Prevailing in Protic Solvent 

System. 

* Published in Indian Journal of Advances in Chemical 

Science 3(4) (2015) 304-314.  

 

8. Exploration of inclusion complexes of neurotransmitters with β-

cyclodextrin by physicochemical techniques. 

* Published in Chemical Physics Letters 655-656 (2016) 

43–50. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of appendices 

 

 

15 

 

APPENDIX B: 

LIST OF SEMINARS /SYMPOSIUMS ATTENDED 

 

 SCIENCE ACADEMIES’ LECTURE WORKSHOP ON SPECTROSCOPY 

OF EMERGING MATERIALS organised by the Department of Chemistry, 

University of North Bengal on November 26-27, 2014. 

 

 POSTER PRESENTATION: NATIONAL SEMINAR ON FRONTIERS IN 

CHEMISTRY - 2015 Funded by University Grants Commission and SAP (DRS-

III) New Delhi, organized by the Department of Chemistry, University of North 

Bengal on February 17-18, 2015.  

 

 22ND WEST BENGAL STATE SCIENCE & TECHNOLOGY CONGRESS-

2015 Organized by Department of Science and Technology, Govt. of West Bengal, 

West Bengal State Council of Science and Technology and University of North 

Bengal, Raja Rammohanpur, Darjeeling-734013 on February 28 & March 1, 2015. 

 

 RECENT DEVELOPMENT ON THE THEORETICAL AND 

EXPERIMENTAL ASPECTS OF ADVANCED METERIALS Organized by the 

Department of Chemistry, University of North Bengal, Darjeeling-734013 on 

September 18-19, 2015. 

 

  POSTER PRESENTATION: 19th CRSI NATIONAL SYMPOSIUM IN 

CHEMISTRY-2016 Organized by Department of Chemistry, University of North 

Bengal, Raja Rammohanpur, Darjeeling-734013 on July 14th to 16th ,2016. 

 

  POSTER PRESENTATION: 20th CRSI NATIONAL SYMPOSIUM IN 

CHEMISTRY-2017 Organized by Department of Chemistry,  Gauhati University, 

Guwahati  on February 3rd  to 5th  ,2017. 



List of appendices 

 

 

16 

 

 ORAL PRESENTATION: NATIONAL SEMINAR ON FRONTIERS IN 

CHEMISTRY - 2017 Funded by University Grants Commission and SAP (DRS-

III) New Delhi, organized by the Department of Chemistry, University of North 

Bengal on February 20-21, 2017. 

 

 CURRENT TRENDS IN UNIVERSITY- INDUSTRIES LINKAGES Funded by 

University Grants Commission and Organized by Department of Chemistry, 

University of North Bengal, Darjeeling-734013, W.B, India on March 24, 2017. 

 

 NATIONAL SEMINAR ON FRONTIERS IN CHEMISTRY – 2017-18 Funded 

by University Grants Commission New Delhi, organized by the Department of 

Chemistry, University of North Bengal on September 14, 2017. 

 

 

 

 

 

 

 



 

 

 
 
 
 
 
 

CHAPTER I   
 
 
 

Necessity of the Research 

Work 

 

 



Chapter I: Necessity of the Research work 

 

 

18 

 

I.1. OBJECTIVE, IMPORTANCE AND APPLICATION OF THE RESEARCH WORK 

In host-guest or suppramolecular chemistry, an inclusion complex is a 

compound in which one chemical compound that known as “Host” having cavity like 

character in which molecules of a second “Guest” compound can be encapsulated  [1-

2]. Host-guest chemistry describes about the complexes that are held together in 

unique structural relationship by some non-covalent bonds rather than full covalent 

bonds. There are four commonly mentioned types of non-covalent 

interactions: hydrogen bonds, ionic- bonds, vander Waals forces, and hydrophobic 

interactions [3]. 

The studies on supramolecular chemistry give a broad idea about the 

formation of inclusion complex between the host and the guest molecules. Thus, 

most of this interaction has been performed by host-guest interaction. Among the 

host molecules, cyclodextrin seems to be the most promising to form inclusion 

complexes, especially with various guest molecules (drugs, amino acids, ionic 

liquids, vitamins, etc.) with suitable polarity and dimensions. Here I have 

investigated the inclusion behavior of some drug molecules, amino acids, ionic liquid 

(guest) with β-cyclodextrin, α-cyclodextrin and crown ethers in my various works. 

Cyclodextrins (CDs) are cyclic oligosaccharide of glucopyranose units that play 

an important role as a host in inclusion complexes, where non-covalent interactions 

are involved. Cyclodextrins (cyds) are well known non-toxic truncated macrocyclic 

host molecules, consisting of (α-1, 4) linked by glucopyranose units [4]. Cyds are 

commercially accessible in the form of α, β and γ with varying the number of glucose 

units namely six, seven and eight respectively. Cyds with lipophilic inner cavities 

and hydrophilic outer surfaces are capable of interacting with a large variety of 

https://en.wikipedia.org/wiki/Ionic_bond
https://en.wikipedia.org/wiki/Hydrophobic_effect
https://en.wikipedia.org/wiki/Van_der_Waals_forces
https://en.wikipedia.org/wiki/Hydrophobic_effect
https://en.wikipedia.org/wiki/Hydrophobic_effect
https://en.wikipedia.org/wiki/Hydrogen_bond
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polar and non-polar guest molecules to form inclusion complexes. No covalent 

bonds are formed or broken during complex formation and in aqueous solution, the 

complexes are readily dissociated and free guest molecules are in equilibrium with 

the molecules bound within the cyd cavity. This is a dynamic process whereby the 

guest molecule continuously associated and dissociated from the host cyd. Cyds are 

proficient enough to form water soluble inclusion complexes with many lipophilic 

water insoluble guest molecules and also improve the physicochemical properties of 

guest molecules [5-7]. CDs have been widely employed for encapsulation of several 

substances, being used in food, cosmetic and pharmaceutical industries, pesticides, 

toilet articles, textile processing and other industry, supramolecular and host-guest 

chemistry, models for studying enzyme activity, molecular recognition and 

molecular encapsulation, studying intermolecular interactions and chemical 

stabilization. In addition, cyclodextrins can be used to reduce gastrointestinal drug 

irritation, convert liquid drugs into microcrystalline or amorphous powder, and 

prevent drug–drug and drug–excipient interactions. 

 

Crown ethers are the macrocyclic polyether and one of the most prominent 

molecules in host−guest chemistry, often called the simplest benchmark substrates 

resembling the general features of key-pocket inclusion complexes [8]. The most 
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significant and exceptional property of the macrocyclic “crown compounds” is their 

affinity to form complexes with various class of guest species e.g. metal ions, amino 

acids, ionic liquids [9-13]. Crown compounds have many applications in analytical 

chemistry. Cyclic polyethers have been used largly in the determination and 

separation of first and second main group elements of the periodic table [14-16]. 

Applications of crown ethers such as phase transfer catalyst [17-18], photo-

switching devices [19] and drug carrier [20] have been in progress on the basis of 

the inclusion phenomana. Different ring sizes as well as type, number, ring 

substitution(s), and position of the donor atoms in the ring also allow adapting a 

heterocyclic carbocation through the developing of π-stacking, charge-transfer, H-

bonds, ion-dipole interactions between the binding partners [21-24]. 

A “solution” is a homogeneous mixture of two or more substances, i.e. when 

small amount of a substance, called solute (solid, liquid and gas) dissolves to a 

certain limit in liquid or solid substance called solvent. Solvation is the process of 

strong attraction and association of molecules of a solvent with molecules or ions of 

a solute, and the strength and nature of this interaction influences many properties 

of the solute, including stability, solubility, and reactivity in the solution. One may 

also refer to the solvated state, whereby an ion in a solution is surrounded or 

complexed by solvent molecules. Solvation is the process of reorganizing solvent 

and solute molecules into solvation complexes. Solvation involves bond formation, 

hydrogen bonding, and van der Waals forces (which consist of dipole-dipole, dipole- 

induced dipole, and induced dipole- induced dipole interactions). Ion solvation is 

important to many topics of chemical interest, including surface chemistry, 

environmental chemistry, industrial chemistry, engineering field and the study of 

molecules such as surfactants, polyelectrolytes etc. 
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 In “solution Chemistry”, there are three different kinds of methods have been 

used to characterize the salvation behavior. The first method have been used to 

study conductance, density, viscosity, surface tension etc. of electrolytes and the 

derivation of various factors associated with ionic solvation, the second is the 

thermodynamic approach by measuring the free energies, enthalpies and entropies 

of solvation of ions from which factors associated with solvation can be elucidated,  

and the third is to use spectroscopic measurements where the spectral solvent shifts 

or the chemical shifts determine their qualitative and quantitative nature. 

In recent year, there are many interesting works has been reported based on 

the study of interactions and physicochemical properties of solvent-solvent and 

solute-solvent systems. In order to the gain the mechanism of such interactions 

thermodynamics, transport and spectroscopic studies on ternary solvent systems 

are extremely valuable. These properties provide important information about the 

strength and nature of the intermolecular forces operating among mixed 

components [25-29].     

 Drugs, amino acids and Ionic liquids that have been used in my research work 

considered as the vital compounds. The term 'vital' is mostly used for the special 
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case of important compounds. To understand the physicochemical properties of 

these vital compounds in different environments i.e. in solution as well as in solid 

state, I have measured various experiments. 

Drug(s) transport across the biological cell and membranes is dependent on its 

physicochemical properties. But direct study of the physicochemical properties in 

physiological media such as blood, intracellular fluids is difficult to understand. One 

of the well-organized approaches is the study of molecular interactions in both 

solution and solid states by different physicochemical contrivaces are convenient for 

interpreting the intermolecular interactions. The study of thermodynamic and other 

properties such as stability, solubility, bioavailability, etc of a drug in suitable 

medium can be correlated to its therapeutic effects and potentially introduced a new 

prospect and hope in drug delivery systems and also in research field [30-33]. 

Amino acids are the building blocks of proteins and muscles tissue and they 

also play a vital role in physiological process relating to our energy, mood, brain 

function, and muscle and strength gains and also in our quest for fat loss. There are 

23 amino acids 9 of these are classifies as essential or indispensable amino acids 

(IAA) that must be supplied from  our outside neutritional intake. The others are 

termed as non-essential or dispensable amino acids (DAA) as body being able to 

systhesis them itself from other amino acids. Among them six amino acids are 

considered as conditionally essential, meaning their systhesis can be limited under 

special pathophysiological conditions, such as prematurity in the infaint or 

individuals in severe carbolic distress then body demands them in larger amount 

[34-35]. So, careful use of amino acids can slow or temporarily prevent our many 

health problems. In this purpose cyclodextrin may plays an important role as it acts 

as an efficient good and safe drug carrier in human body [36-38].   
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Ionic liquids (ILs) belong to the family of those organic compounds which are nano-

structured molten salts at room temperature and having cationic organic part and 

anionic inorganic/organic part and are liquid at ambident temperature. IL(s) has been 

wildly studied as replacement for volatile organic solvent in various reactions. A 

essentially attractive advantage of ionic liquids is their non-flammability, negligible 

vapor pressure, high electrical conductivity, adjustable polarity, selective catalytic effects, 

ability of dissolving large variety of compounds [39-43] and solvation interactions with 

organic and inorganic compounds can be generated significant interesting applications in 

wide range of industries and science [44-46] and process such as biology, suppra 

molecular chemistry [47-49], separation of amino acids, electrochemistry, synthesis etc 

[50-53]. 

The  understanding  of  the  behavior  of  ILs  and  their  properties  is  vital  for  

any practical application. But the available chemical and physical data are  

unfortunately limited  in comparison to  the  amount  of  already  commercially  

available  ILs.  Moreover, the existing data are often inconsistent. In this work we 

pay attention on the reliable determinaftion of thermodynamic properties of ILs 

using different independent methods.  

The physical and chemical properties between the selected molecules in both 

solution and solid phase are a result of the strength of their intermolecular 

interactions and the forces between molecules arises from the same source: 

different charges on adjacent molecules that lead to electrostatic attractions and 

governed by coulombs law. Partial charges acquired by molecules results in dipole-

dipole forces, dipole-induced dipole interactions, hydrogen bonding, etc. and are 

jointly termed as intermolecular interactions. Intermolecular interactions in a 

solution control their thermodynamic properties that are measurable and 
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understanding of the solvation thermodynamics is essential to the characterization 

and interpretation of any process carried out in the solution phase. We are focusing   

on different binding interactions and trying to develop scientific experiments to 

specify the fundamental origins of these non-covalent interactions by utilizing 

various techniques such as conductance, surface tension, density, NMR 

spectroscopy, fluorenscence and UV-Vis spectroscopy along with powder XRD, SEM, 

TGA methods. The experimental data are used to measure qualitively and 

quantitatively the ion-solvent ion-ion and molecular interaction in diffeterent ion- 

association and host- guest inclusion complex systems and also used to explain 

binding constants Ka, Gibbs free energy (ΔGo), Enthalpy (ΔHo), and  entropy (ΔSo).  

Hence, the main objectives of the present research works are  

 To investigate and understand the formation of inclusion complexes and their 

mechanism, behaviour and importance which may helpful in various field of 

science. 

 To understand the different type of interactions present in the inclusion 

complexes. 

 To perform stability studies on guest and its complex with host. 

 To collect detailed information about the nature and strength of various 

interactions prevailing by physicochemical and transport properties of ionic 

liquids to understand molecular interactions in solutions. 

 

 

 

 

https://en.wikipedia.org/wiki/Gibbs_free_energy
https://en.wikipedia.org/wiki/Enthalpy
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I.2. SELECTION AND IMPORTANCE OF CHEMICALS USEED 

In host- guest phenomena water, acetonitrile, ethanol has been chosen as 

solvent in this research work because these solvents are industrially very important 

and dielectric constants giving us an optimum environment for the study.  

As “Host” I have chosen crown ether (18-Crown-6, Dibenzo-18-Crown-6), alpha 

cyclodextrin, beta cyclodextrin, because they have polar hydrophilic outer shell and 

relatively hydrophobic inner cavity and they can build up stable host–guest 

inclusion complexes by accommodating the non-polar component of the guest 

molecule in their hydrophobic cavity and stabilizing the polar part of the guest 

molecule by their polar part and obviously because of their biocompatibility, 

relatively non-toxicity and relatively low price.  

As “Guest” I have preferred various vital molecules such as: amino acids (L-

Methionine, L-Proline, L-Glutamine); different drugs molecules (Diethyl 

phenylmalonate, nortriptyline hydrochloride, Padimate O), ionic liquid (1-ethyl-1-

methylpyrrolidinium hexafluorophosphate) because of their huge applications in 

pharmaceutical, medicinal and cosmetics industries.  

In solvation effect study I have selected amino acids (L-tyrosine and L- 

phenylalanine) as solute and aqueous solution of ionic liquid (1-butyl-3-

methylimidazolium octylsulphate and 1-methyl-3-octylimidazolium chloride) as solvent 

because both have enormous applications in different field and industries. 

The detailed descriptions have been given in CHAPTER III.  

  

I.3. METHODS OF INVESTIGATIONS 

It is of interest to utilize different experimental techniques to get a better 

approaching into the phenomena of host-guest inclusion complex and different 
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interactions prevailing in solution. I have, therefore, performed the followoing 

important methods to explore the inclusion phenomena and salvation effect. 

 Conductometry 

 Surface tension 

 Densitometry  

 NMR (1HNMR, 2D ROESY and  13CNMR) spectroscopy 

 FTIR spectroscopy 

 UV-Vis  spectroscopy  

 Fluorescence spectroscopy  

 Powder x-ray diffraction (PXRD), 

  Scanning Electron Microscopy (SEM),  

 Mass analysis (ESI-MS) and  

 Thermal gravimetric analysis (TGA)  

I.4. PHYSICOCHEMICAL PARAMETERS AND METHODS OF INVESTIGATIONS 

 Limiting molar conductance (Ʌ0) obtained from specific conductance as well 

as molar conductance gives a central idea about the formation of inclusion 

complexes and interaction of ion-solvent in the solution. More the magnitude of 

conductance of the solution less is the ion-solvent interaction. Another parameter 

obtained from the conductance study i.e. association constant (Ka) gives an idea 

about the binding behaviour of a molecules or ions with solvent molecules.  

 The surface tension experiment has been done by platinum ring detachment 

method using a Tensiometer (K9, KRŰSS; Germany) at the experimental 

temperature. The accuracy of the measurement is within ±0.1 mN∙m−1. Temperature 
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of the system has been maintained by circulating auto-thermostated water through 

a double-wall glass vessel containing the solution.  

 Apparent molar volume (ϕv
o) is calculated from experimental density results. 

The sign and magnitude of apparent molar volume (ϕv
o) provides information about 

the nature and magnitude of solute-solvent interaction while the experimental slope 

(Sv*) provides information about solute -solute interactions.  

 Nuclear Magnetic Resonance (NMR) spectroscopy is a research technique 

that exploits the magnetic properties of certain atomic nuclei. It determines the 

physical and chemical properties of atoms or molecules. It can provide the thorough 

information about the structure, the kinetics or dynamics of molecules, reaction 

state and chemical environment of molecules. NMR spectra are unique, well 

resolved and highly predictable for sample molecules. Thus, NMR spectroscopy 

(1HNMR, 2D ROSEY and 13CNMR) analysis is used to confirm the identity of a given 

sample.  

1HNMR is the application of NMR spectroscopy to hydrogen-1 nuclei within a 

molecule in order to determine the structure of the given molecule. 

2D ROESY (Rotating-frame Overhauser Spectroscopy) experiment is useful for 

determing which signals arise from protons that are close to each other in space 

although they are not bonded. ROESY spectrum contains a diagonal and cross peaks. 

The diagonal consists of the 1D spectrum and the cross peak signals arising from 

protons that are close in space. 

13CNMR is the application of NMR spectroscopy to carbon. It is just analogous 

to 1HNMR spectroscopy and allows the identification of carbon atoms in a given 

sample as the detection of hydrogen atoms in 1HNMR.      

 Fourier transform infrared spectroscopy (FTIR) is a method which is used to 

get an infrared spectrum of absorption or emission of a solid, liquid or gas. An FTIR 

https://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
https://en.wikipedia.org/wiki/Infrared
https://en.wikipedia.org/wiki/Electromagnetic_spectrum
https://en.wikipedia.org/wiki/Emission_(electromagnetic_radiation)
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spectrometer collects high spectral resolution data over a wide spectral range at the 

same time. Infrared spectroscopy involves the interaction of infrared radiation with 

the given sample. It exploits the fact that molecules absorbe frequencies that are 

attribute of their structure. These absorption occure at resonance frequencies i.e. 

the frequency of the absorbed radiation matches the vibrational frequency.  

 Ultraviolet–visible spectroscopy or ultraviolet-visible spectrophotometry 

(UV-Vis) indicates absorption spectroscopy or reflectance spectroscopy in the 

ultraviolet-visible spectral region. This means it uses light in the visible and adjacent 

(near-UV and near-infrared) ranges. The absorption or reflectance in the visible 

range directly affects the supposed color of the chemicals involved. In this region of 

the electromagnetic spectrum, molecules undergo electronic transitions. Molecules 

containing π-electrons or non-bonding electrons (n-electrons) can absorb the 

energy in the form of ultraviolet or visible light to excite these electrons to higher 

anti-bonding molecular orbital. The more easily excited the electrons (i.e. lower 

energy gap between the HOMO and the LUMO), the longer the wavelength of light it 

can absorb. There are four possible category of transitions viz. π-π*, n-π*, σ- σ*, n-σ*. 

The term λmax indicates the wavelength of the most intense Uv-Vis absorption. The 

value of λmax has been used to correlate the types of bonds and functional group(s) in 

a given molecule. The spectrum by itself is not a definite test for any given sample, 

the nature of solvent, pH of solution, temperature, high electrolyte concentrations 

and the presence of interfering subtences can influence the absorption spectrum. 

Thus, these variables must be taken into account for in order to identify the 

absorption for any given sample.         

 Fluorescence spectroscopy (fluorometry or spectrofluorometry) is one kind 

of electromagnetic spectroscopy that analyzeis fluorescence from a given sample. It 

involves using a beam of light, usually ultraviolet light, that excites the electrons 

https://en.wikipedia.org/wiki/Ultraviolet_light
https://en.wikipedia.org/wiki/Electromagnetic_spectroscopy
https://en.wikipedia.org/wiki/Fluorescence
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in molecules of certain compounds and causes them to emit light; typically, but not 

necessarily, visible light. A complementary technique is absorption spectroscopy. In 

the special case of single molecule fluorescence spectroscopy, intensity fluctuations 

from the emitted light are measured from either single fluorophores, or pairs of 

fluorophores. In fluorescence spectra measurement, the wavelength of the excitation 

light is kept constant, preferably at wavelength of high absorption, and the emission 

monochromator scans the spectram.    

 X-ray powder diffraction (PXRD) is a common analytical methods mostly 

applied for phase identification of a crystalline or microcrystalline  material. It can 

provide information on unit-cell dimentions. The diffraction technique is based on 

generation of X-ray in X-ray tube. These X-rays are directed at the sample and the 

defracted X-rays are then detected, processed and counted.  By scanning the sample 

through the range of 2θangles, all probable diffractions of the sample are obtained 

due to the random oriention of the powdered material. The direct proof for the 

complexation between host and guest molecule can be obtained from the analysis of 

powder XRD spectrum.    

  Scanning electron microscope (SEM) is a form of electron microscope that 

creates images of a sample by scanning the surface with a focused beam of electrons. 

The electrons interact with atoms in the sample, producing various signals that 

contain information about the sample's surface topography and composition. The 

electron beam is scanned in a raster scan pattern, and the beam's position is 

combined with the detected signal to produce an image. SEM can achieve resolution 

better than 1 nm (nanometer). Specimens can be observed in high vacuum in 

conventional SEM, or in low vacuum or wet conditions in variable pressure or 

environmental SEM and at a wide range of cryogenic or elevated temperatures with 

https://en.wikipedia.org/wiki/Visible_light
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Fluorescence
https://en.wikipedia.org/wiki/Microcrystalline
https://en.wikipedia.org/wiki/Absorption_spectroscopy
https://en.wikipedia.org/wiki/Molecules
https://en.wikipedia.org/wiki/Topography
https://en.wikipedia.org/wiki/Raster_scan
https://en.wikipedia.org/wiki/Electron_microscope
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specialized instruments. It is very well known technique for analyzing the surface 

morphological texture and particle size of solid materials.  

 Mass spectrometry (MS) is an analytical technique that ionizes chemical 

species and the spectrum is a plot, representing intensity vs. m/z (mass-to-charge 

ratio) of a sample. In simpler terms, a mass spectrum measures the masses within a 

sample. Mass spectrometry is applied in many different fields. It is very useful 

method to characterise the stoichiometry of the systems involving mixed host-guest 

stoichiometry (1:1, 1:2, 2:1) or mixtures of guests competing for a single host 

molecule. These spectra are used to determine the elemental or isotopic signature of 

a sample, the masses of particles and of molecules and to clarify the chemical 

structures of molecules. 

 Thermo (or thermal) gravimetric anaysis (TGA) is a technique of thermal 

analysis in which the mass of a sample is considered over time as the temperature 

changes. This analysis provides information about chemical and physical 

phenomena such as: thermal decomposition, chemisorptions, phase transition, 

absorption and desorption.  TGA is used to evaluate thermal stability of a given 

sample, therefore, in a desired temperature range, if a material is thermally stable, 

there will be no observed mass change. TGA is considered as reliable and relatively 

fast method to measure the thermal properties of host-guest inclusion complex 

materials. 

 

I.5. REFERENCES        

References of CHAPTER I are given in BIBLOGRAPHY (Page: 217-219).      

 

 

https://en.wikipedia.org/wiki/Mass_spectrum
https://en.wikipedia.org/wiki/Chemical_species
https://en.wikipedia.org/wiki/Chemical_species
https://en.wikipedia.org/wiki/Chemical_species
https://en.wikipedia.org/wiki/Isotopic_signature
https://en.wikipedia.org/wiki/Molecule


 

 

 
 
 
 
 
 

CHAPTER II   
 
 
 

      

GENERAL INTRODUCTION   

(REVIEW OF THE                        

EARLIER WORKS) 

 

 



Chapter II: General Introduction   

 

 

32 

 

II.1. HOST-GUEST CHEMISTRY 

In host-guest chemistry, an inclusion compound is a complex in which one 

chemical substance (host) having a cavity like character in which another molecules 

known as "guest" substance are encapsulated. The definition of inclusion 

compounds is very vast, host-guest chemistry illustrates complex that are composed 

of two or more molecules or ions that are bind together by interactions through 

noncovalent bonding (hydrogen bonds, ionic interaction, hydrophobic-hydrophobic 

interactions etc.) rather than covalent bonds. Inclusion complex, which makes use of 

molecules rather than atomic units, provides a new approach to the assembly of new 

substances on multiple length scales [1-9]. Encapsulation properties of “host-guest” 

relationship modify or improve the physical, chemical and biological charecteristics 

of the guest molecules. It has enormous applications in all sectors of industry such 

as: pharmacy, food, cosmetics, drug delivary, agriculture, biotechnology, textiles, etc 

[10]. The inclusion compounds in which the guest molecules is trapped as in a cage 

formed by host or by lattice of host molecules is known as a “clathrate” [11]. 

 The common cyclic compounds such as cyclodextrins, crown ether, 

calixarenes, pillararenes, cucurbiturils, porphyrins, zeolites, cryptophanes etc can be 

used as the “host” molecules. In my research work, I have used cyclodextrins and 

crown ether as host molecules [12-15]. 

Cyclodextrins (cyds) are first isolated in 1891 as cyclic oligosaccharides [16]. 

Cyds are commercially accessible in the form of α, β and γ with varying the number 

of glucose units namely six, seven and eight respectively [17]. These glucopyranose 

units are bound by α-(1–4) linkages forming a truncated conical structure, which 

have a hydrophobic interior and hydrophilic rims having primary and secondary OH 

groups [18]. Because of having unique structure, they can assemble host-guest 

arrangement, i.e., it can accommodate entirely or at least partially the hydrophobic 
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moiety of a guest molecule into its hydrophobic cavity and the polar rims can 

stabilize the polar part of the guest, if any (e.g. amino acids, drugs, vitamins, ionic 

liquid etc.). Every cyd has its individual capacity to form inclusion complex with 

particular guests, which depends on the size-selective complexation between the 

guest molecule and hydrophobic core of cyd. The diameter of the hydrophobic part 

of guest should be smaller than the internal diameter of cyd to fom a stable inclusion 

complex [19]. Recently, different categories of cyd derivatives such as: hydrophilic, 

hydrophobic and ionic derivatives have been developed to extent physiocochemical 

properties and to improve inclusion capacity of cyds [20-22]. In the pharmaceutical 

industry cyclodextrins have mainly been used as complexing agents to increase 

aqueous solubility of poorly soluble guests, and to increase their bioavailability and 

stability against the effects of light, heat and oxidation. In addition, cyclodextrins 

can, for example, be used to reduce gastrointestinal drug irritation, convert liquid 

drugs into microcrystalline or amorphous powder, and prevent drug–drug and 

drug–excipient interactions. It can also reduce the volatility of guest molecules. A 

number of research works and review articles have been published on the 

pharmaceutical applications of cyclodextrins [23-26].  

Crown ethers are cyclic chemical compounds that consist of a ring containing 

several ethers groups.The most common crown ethers are oligomers of ethylene 

oxide, the repeating unit being ethyleneoxy,i.e.,-CH2CH2O-. Crown ethers strongly 

attach certain cations, forming complexes. The oxygen atoms are in good positioned 

to coordinate with a cation situated at the interior of the ring, whereas the exterior 

of the ring is hydrophobic.The resulting cations often form salts that are soluble in 

nonpolar solvents, and because of this crown ethers are helpful in phase transfer 

catalysis. Crown ethers are the first generation of artificial macrocyclic hosts that 

suggest the birth of supramolecular chemistry. Host-guest interactions between a 
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crown-ether and a guest molecule where, complexation occurs due to weak non-

covalent interactions such as: hydrogen bonding, π-stacking, cation- π stacking, 

charge transfer interaction and electrostatic interactions have been received as 

increasing attention recently [27-29]. Crown ether based host-guest complexations, 

which demonstrate excellent selectivity, high efficiency and reversibility, have been 

widely performed in recent years [30-33].  
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II.2.  SOLVATION EFFECT 

The branch of physical chemistry that studies the change in properties that 

arise when one component dissolves in another component is termed as solvation 

effect [34]. It investigates the solubility of components and how it is affected by the 

chemical nature of both solute and solvent. Thermophysical properties of solutions 

are very helpful to obtain information on the intermolecular interactions. Moreover, 

knowledge of the thermodynamic parameters is essential for industrial works and in 

theoretical and applied fields of research. In recent year, there are many interesting 

works has been reported based on the study of interactions and physicochemical 

properties of solvent-solvent and solute-solvent systems. There are three types of 

approaches by which solvation effect have been estimated. The first approach 

involves the studies of viscosity, conductance, etc., of electrolytes and the derivation 

of various factors associated with ionic salvation [35], the second is the 

thermodynamic approach by measuring the free energies, enthalpies and entropies 

of solvation of ions from which factors associated with solvation can be elucidated 

[36], and the third is to use spectroscopic measurements where the spectral solvent 

shifts or the chemical shifts determine their qualitative and quantitative nature [37]. 

Complete understanding of the phenomenon of solvation effect will develop into an 

authenticity only when solute-solute, solute-solvent and solvent-solvent interactions 

are revealed and thus the present research work is intimately related to the studies 

of solute-solute, and solvent-solvent interactions in some industrially important   

liquid systems. 
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II.3. FORCES OF ATTRACTION 

There are two broad categories of forces of attractions or interactions operate 

in molecules-(i) intramolecular: forces that exit within molecules and (ii) 

intermolecular: interactions exerted by one molecule of a molecular substance to 

another. 

 

II.3.1. INTRAMOLECULAR INTERACTIONS 

There are three types of intramolecular interactions 

a) Ionic or Electrovalent Bond:  

 Electrostatic force of attraction between oppositely charged ions, and is the 

primary interaction occurring in ionic 

compounds. 

 Ions are formed from atoms due to     

electron tranfers fer from one atom to 

another. 

 Formed as a result of large difference in electronegativity of atoms.  

b)     Covalent Bond: 

 The attraction between the shared electrons and the nuclei that holds the 

molecule together. 

 Formed by overlapping of atomic orbital. 

 Formed between atoms with a small 

difference in electronegativity. 

 

c)      Metallic Bond: 

 Attraction between valence electron and metal ions. 

https://en.wikipedia.org/wiki/Ionic_compound
https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Coulomb%27s_law
https://en.wikipedia.org/wiki/Ionic_compound
https://en.wikipedia.org/wiki/Ionic_compound
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 Strong electrostatic force of attraction holds the system together. 

 Positive ions are surrounded by a sea of delocalized electrons. 

 

II.3.2. INTERMOLECULAR INTERACTIONS 

Types of intermolecular interactions are as follows- 

a)      Ion-Dipole Interaction: 

 Results from electrical interactions between an ion and the partial charges on a 

polar molecule (a substace with both 

positive and negative ends). 

 In the presence of ions dipolar molecules 

orient themselves with posive end of dipole 

near the anion and negative end near cation. 

 Magnetude of interaction depends on charge. 

b)      Dipole-Dipole Interaction: 

 Intermolecular forces that operate between neutral molecules having 

molecular dipole moments. 

 Results from interactions among dipoles on 

neighbouring molecules. 

 The morw polar substance having the greater strength of dipole-dipole 

interaction.  

c)      London Dispertion Force or vander Waal’s Force: 

 It is distance dependent interaction between atoms and molecules and occurs 

between all types of molecules. 

 These forces are always attractive but 

shorter ranged than electrostatic forces. 
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 If a charged molecule (ion) induces a dipole moment in a nearby neutral 

molecule, the two molecules will stick together, even though the neutral 

molecule was initially uncharged.  

 

d)    Hydrozen Bonding: 

 A special kind of dipole-dipole force that occurs when a hydrogen atom is 

bonded to one of the very electronegative 

elements- F, O and N. 

 The partial positive end of hydergen is 

attached to the partially negative end of the 

oxygen, nitrogen, or fluorine of another 

molecule. 

 Hydrogen bonding is a relatively strong force of attraction between molecules, 

and considerable energy is required to break hydrogen bonds. 

 

Intermolecular forces also play important roles in suppramolecular chemistry 

and in solutions chemistry. The majority of reactions occurring in solutions are of 

chemical or biological in nature. The importance of force of attractions has been 

realized after frequent demanding studies in host-guest inclusion complex and in 

solution chemistry that are performen in aqueous, non-aqueous and mixed solvents 

[38, 39]. Intermolecular forces are also important in determining the solubility, 

stability, bioavailability and other physical and chemical characters of a substance in 

another system. “Like” intermolecular forces for solute and solvent will make the 

solute soluble in the solvent. In this regard Hsoln is sometimes negative and 

sometimes positive. Furthermore, solubility is affected by (a) Energy of attraction 
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(due Ion-dipole force) affects the solubility. (b) Lattice energy (energy holding the 

ions together in the lattice. (c) Charge on ions: larger charge means higher lattice 

energy and (d) Size of the ion: large ions mean smaller lattice energy.  

 

II.4. INTERACTIONS IN SOLUTION PHASE 

Three types of interactions in the solution phase:  

a) Solvent–solvent interactions: energy required to break weak bonds between 

solvent molecules.  

b) Solute–solute interactions: energy required 

to break intermolecular bonds between the 

solute molecules.  

c) Solute–solvent interactions: H is negative 

since bonds are formed between them.   

 

II.5. DENSITY 

The physicochemical properties of liquid mixtures have attracted much 

attention from both theoretical and engineering applications points of view. Many 

engineering applications require quantitative data on the density of liquid mixtures. 

They also provide information about the nature and molecular interactions between 

liquid mixture components.  

 A material’s density is defined as its mass per unit volume. It is basically, a 

measurement of how tightly matter is crammed together. The principal of density 

was discovered by the Greek scientist Archimedes [40]. 

( ) ( ) / ( )Density mass m volume v             
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 One of the most common uses of density is in how different materials interact 

when they mixed together. It is a key concept in fluid mechanics, weather, geology, 

material science, engineering and other fields of physics. In fluid chemistry, the 

study of molecular attractions is determined by using various thermodynamic 

methods. Thermodynamic properties (enthalpy, entropy and Gibbs energy energy) 

are very expedient parameters for taking a concept about solute-solvent and solute-

solute interactions in the solution phase. An interpretation of these thermodynamic 

properties in terms of molecular phenomena is usually not easy. Sometimes higher 

derivatives of these properties can be interpreted more effectively in terms of 

molecular interactions. The volumetric information may be of huge significance in 

this regard. A variety of concepts regarding molecular processes in solutions like 

electrostriction [41], hydrophobic hydration [42], micellization [43] and co-sphere 

overlap during solute-solvent interactions [44] have been derived and illustrated 

from the partial molar volume data of many compounds. 

 

II.5.1. APPARENT AND PARTIAL MOLAR VOLUMES 

 By using density data, one can calculate the molar volume of a pure 

substance. However, the volume contributed to a solvent by the addition of one mole 

of an ion is difficult to determine, because, the volume of the solution is changed due 

to disintegration of the solvent structure near the ions and the compression of the 

solvent under the influence of the ion’s electric field, i.e., electrostriction. 

Electrostriction is a general property of all dielectrics materials that causes them to 

chage their shape under the application of electric fields of the order of 109-1010 Vm-

1. Here, the compression of ions and molecules is likely to be significant. The 

effective volume of an ion in solution, the partial molar volume, can be determined 
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from a directly obtainable quantity- apparent molar volume ( V ). V , of the 

solutes can be expressed as (equation 1) [45]. 
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M

c
                                                                                     (1) 

Where, M= molar mass of the solute, c= molarity of the solution; ρο , ρ = densities 

of the solvent and the solution respectively. The partial molar volumes
2v  can be 

determined from the equation 2 [46] 
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The extrapolation of the apparent molar volume of electrolyte to infinite dilution 

and the expression of the concentration dependence of the apparent molar volume 

have been made by four major equations over a period of years –(i) the Masson 

equation [47], (ii) the Redlich-Meyer equation [48], (iii) the Owen-Brinkley equation 

[49], and (iv) the Pitzer equation [50]. Masson found that the apparent molar 

volume of electrolyte, V , vary with the square root of the molar concentration by 

the linear equation (3)   

 

                                       
0 *

V V VS c                                                      (3) 

Where, 
0

V = limiting apparent molar volume (equal to the partial molar volume) 

at infinite dilution that implies Solute-Solvent interaction and *

VS = Solute-Solute 

interaction (the experimental slope).  
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The majority of V  data in water [51, 52] and nearly all V  data in non-aqueous 

[36, 53-55] solvents have been extrapolated to infinite dilution through the use of 

equation (3). 

The temperature dependence of 
0

V  or different considered electrolytes in 

various solvents can be confirmed by the equation (4) 

                                
0 2

0 1 2   V a aT a T                                                    (4) 

Where, 0a , 1a , 2a  signifies the coefficients of a particular electrolyte and T=  

temperature in Kelvin.  

 

    

II.5.2. GROUP CONTRIBUTIONS OF LIMITING APPARENT MOLAR VOLUME 

At each molality, limiting apparent molar volume,  values varies linearly with 

the number of carbon atoms in alkyl chain (R) of amino acids [56]. Similar 

correlations have been reported earlier by a number of workers [57-58]. The linear 

regression analysis of 0

V values of amino acids versus the number of carbon atoms 

can be represented as [59]: 

                                  0 0 0
V V V

+ -(NH ,COO ) (CH )
3 2

nc                             (5) 

Where, nc implies the number of carbon atoms in the alkyl chain of the amino 

acids; 0 + -

V 3(NH ,COO ) and 0

V 2(CH ) are the zwitterionic end group and methylene 

group contribution to 0

V , respectively. The values of 0 + -

V 3(NH ,COO ) and 0

V 2(CH )

have been calculated by a least- square regression analysis. It is well described in 

literature [60-61] that the values of 0

V 2(CH ) obtained by this process characterizes 

the mean contribution of 0

V 3(CH )  and 0

V (CH) values of amino acids. The 

0

V
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contribution of 0

V 3(CH ) and 0

V (CH) alkyl chain of the amino acids have been 

calculated as follows [62]: 

                                                  0 0

V 3 V 2(CH ) 1.5 (CH )                                                                          (6) 

                                             0 0

V V 2(CH)= 0.5 (CH )                                                                           (7) 

 

 

II.6. CONDUCTANCE 

Conductivity of an electrolyte in various pure and mixed solvent systems is of a 

great interest of chemist. “Conductometric method” is popularly known to 

determine the extent of the dissociation constants of electrolytes in aqueous, mixed 

and non-aqueous solvents [63-65]. Ion association of electrolyte(s) in solution 

depends on the mode of salvation of its ions, which in turn depends on the nature of 

the sovenet or solvent mixture [66].  Conductance study, providing information on 

the mobility of ionic species in solution, is the most perfect technique offered at 

present to conclude the point to which ions associate in solution [67]. Behavior of 

electrolyte solutions can be obtained by studying their transport and 

thermodynamic properties.  Because of its simplicity and versatility, the 

measurements of the conductivity of electrolyte solutions which can be carried out 

to a very high precision. 

  

II.6.1. SPECIFIC CONDUCTANCE AND MOLAR CONDUCTIVITY 

The reciprocal of specific registance (ρ) is termed as specific conductance ( ).  

Thus,  

                                                      1


                                                                                      (8) 
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Specific conductance is also called conductivity. 

Furthermore, 
R

l



  

                                
1 1

R

l


  


, 

l
G  


 [l= conductor length, A= cross-sectional] 

                          Or, Specific conductance= Conductance x cell constant. 

In the case of electrolyte solutions, the specific conductance is defined as the 

conductance of solution of definite dilution enclosed in a cell having two electrodes 

of unit area separated by unit area separated by one centimeter apart. 

The conductance of that volume of solution containing one mole of an 

electrolyte is termed as molar conductivity (Ʌm). It is related to specific conductance 

(ĸ), with equation (9) 

                                                     1000
m c

                                                                     (9) 

 

c= molarity of the electrolyte solution. 

The factors affecting the conductance of electrolyte solutions are as follows: 

 The conductance of an electrolyte solution increases with increase in 

tempetature due to increase in the extent of ionization. 

 The specific conductance increases with increase in concentration of solution 

as the number of ions per unit volume increase. Whereas, molar conductance 

increase with decrease in concentration (i.e. upon dilution) since the extent of 

ionization increases. This is because, since the concentration decreases, one can 

expect decrease in equivalent conductivity due to decrease in available number of 

ions per unit volume. However the increase in volume (V) factor more than 

compensates this effect. The volume must be increased in order to get one 
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equivalent of electrolyte since the concentration is decreased. Hence the net effect is 

increase in equivalent conductivity. 

 The strong electrolytes undergo complete ionization and hence show higher 

conductivities since they furnish more number of ions.  

 Whereas weak electrolytes undergo partial ionization and hence show 

comparatively low conductivities in their solutions. 

 The ionic mobility decreases with increase in its size and hence conductivity 

also decreases. However, in aqueous solutions the extent of hydration affects the 

mobility of the ion, which in turn affects the conductivity. Heavily hydrated ions 

show low conductance values due to larger size.    

e.g. as the size of Li+ ion is smaller than that of Cs+ ion the conductivities of 

lithium salts are greater than Cs+ in moltan state. But in aqueous solutions Li+ ion 

with high charge density is heavily hydrated than Cs+ ion with low charge density. 

Hence hydrated Li+ bigger than hydrated Cs+, as a result, lithium salts show lower 

conductivities compared to those of cesium salts in water. 

 

 

 

II.7. MOLECULAR ASSOCIATION  

 Various types of interactions exist between the ions in solutions. These 

interactions result in the orientation of the solvent molecules towards the ion which 
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affect on their transport properties and also help to form a complex with the binding 

partners. Amino acids are building-block of protines (vital bio-molecules) and the 

mixture of them with some mixed aqueous solutions provides us key information 

about the effect of additives on them. For this purpose the physicochemical 

properties of amino acids in aqueous mixed solutions is very interesting. Recently, 

many relavant good articles have been published by many researchers in recent 

years [68-75]. 

 Conductance measurements help us to determine the values of the formation 

constant, Kf for the process. The following mathematical treatment to estimate the 

formation constant is based on Evans et al. [76]. The inclution complex with 1:1 

stoichiometry between host and guest molecules can be expressed as  

                                                           + C CM M
 

                                                                (10) 

The corresponding equilibrium constant (Kf) is given by, 
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Where, [MC+], [M+], [C] and f signifies equilibrium molar concentration of the 

complex, free guest molecule, free host molecules (or ligand) and the activity 

coefficients of the species respectively. Since the experiment has been done by 

dilution method, the activity coefficient of free host f(C) can be considered as unity 

[77]. On the basis of Debye- Hückel limiting law [78], the activity coefficient of 

f(MC+) ≃ f(M+), thus the ratio f(MC+)/ f(M+), is considered as unity. Thus in equation 

(11), the formation constant in terms of the molar conductance (Ʌm), can be 

articulated as [77, 79] 
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Where,                                       M M
C

C ( )
C
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C
 

 
                                                       (13) 

Here, ΛM stands for molar conductivity of the guest before addition of ligand; ΛMC 

means molar conductivity of complexed ion; Λobs signify molar conductivity of the 

experimental solution during titration; CC the analytical concentration of the 

macrocycle added and CM the analytical concentration of the salt. The formation 

constant, Kf , and the molar conductance of the complex, ɅMC, have been evaluated by 

using equations (12) and (13). 

 

Molecular association (binding constant/association constant/ formation 

conatant) at equilibrium of a reaction can also be evaluated by using UV-Vis and 

fluorescence spectral data. The association constant (Ka) of the host-guest 

complexation can be calculated by using double reciprocal plots of Benesi-

Hildebrand equation for the one-to-one (1:1 stoichiometry ratio) association [80-

81].  For UV-Vis studies the equation is (equation 14)  

             
0

1 1 1 1

A [ ] [ ] [ ]Ka Guest Cyd Guest 
  

  
                                                           (14)

                                                   

When the changes of absorbance with the addition of Cyd are very small then 

equation is modified as [82]  
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                                                                     (15)

 

   

In case of fluorescence studied this equation can be written as  

              
" "
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                                                                        (16) 

Where, the symbols have their usual significance. 
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II.8. THERMODYNAMIC PARAMETERS
 

The Gibbs energy change (ΔG) is a very important parameter that has been 

easily calculated from association constant (Ka) by using the following equation (17) 

                                                            ΔG= RT ln K  a                                                                (17) 

The negative ΔG value for the two binding partners indicates that the 

complexation procedure is preceded spontaneously. 

Again, with the help of the van’t Hoff equation (18) other thermodynamic 

parameters enthalpy (ΔH°) and entropy (ΔS°) can be evaluated from the 

temperature dependence of values as follows, 

                                                       
00

ln
S

Ka
RT R

 
                                                                        (18) 

Plots of lnKɑ Vs.1/T is a linear and the values of enthalpy (ΔH°) and entropy 

(ΔS°) have been determined from the intercept and slope of the plot respectively.  

 

II.9. SURFACE TENSION  

The surface tension experiments (accuracy is within ±0.1 mN∙m−1) have done 

by platinum ring detachment method using a Tensiometer (K9, KRŰSS; Germany) at 

the experimental temperature. Temperature of the system has been maintained by 

circulating auto-thermostated water through a double-wall glass vessel containing 

the solution. The concentrations at which the inclusion occurred (the break point of 

the surface tension) have been calculated by solving the equation of two straight 

lines [84-85].  

 

II.10. FTIR SPECTROSCOPY 

 Fourier Transfer Infrared Spectroscopy (FTIR) is one of the most general and 

broadly used imaging spectroscopic methods. The chemical and physical properties 
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and structure analysis of a variety of substances, including both organic and 

inorganic compounds can be elucided from such images. It can also be used for both 

qualitative and quantitative analysis of complex mixtures. The use of infrared 

spectroscopy began in the 1950's by Wilbur Kaye. There have been many advances 

in the field of IR spectroscopy; the most notable is the application of Fourier 

Transformations to this technique thus creating an IR method that had higher 

resolution and a decrease in noise. The year this method became accepted in the 

field was in the late 1960's [86]. Absorbing groups in the infrared region absorbe 

within a certain wavelength region and provides sharper absorption peaks. Different 

functional group absorbs different particular frequency of IR radiation. In this 

method, polychromatic light (light having different frequencies) is passed through a 

sample and the intensity of the transmitted light is measured at each frequency. 

When molecules absorb IR radiation, transitions occur from a ground vibrational 

state to an excited vibrational state. Thus, IR spectroscopy can be especially 

sensitive to identify of functional groups within a sample. A molecule has been 

determined by comparing its absorption peak to a data bank of spectra. FTIR 

spectrometers are generally used for measurements in the mid and near IR regions.   

For a molecule to be IR active there must be a change in dipole moment as a 

result of the vibration that occurs when IR radiation is absorbed. Dipole moment is a 

vector quantity and depends on the orientation of the molecule and the photon 

electric vector. The dipole moment changes as the bond expands and contracts. 

Dipole moment in a heteronuclear diatomic molecule can be described as uneven 

distribution of electron density between the atoms. One atom is more 

electronegative than the other and has a net negative charge.  

The dipole moment can be represented mathematically as  
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                                                                             μ = er                                                                                   (19) 

The relationship between IR intensity and dipole moment can be expressed as 

                                                        IIR∝ (dμ/dQ) 2                                                                                                  (20) 

Where μ is the dipole moment and Q is the vibrational coordinate.  

 
II.11. UV-VISIBLE SPECTROSCOPY 

 UV-Vis spectroscopy is an essential tool in analytical chemistry. It involves the 

poromotion of electrions from the ground state to higher energy or excited state. 

The ultraviolet region falls in the range of 190-380 nm, the visible region fall 

between 380-750 nm. Many molecules absorb ultraviolet or visible light. The 

absorbance of a solution increases as attenuation of the beam increases. Absorbance 

(A) is directly proportional to the path length, l, and the concentration, c, of the 

absorbing species. Beer's Law states that 

                                                                     0A = log(I /I)= εcl                                                                 (21)  

Where, ε is a constant of proportionality, called the absorbtivity, I0 is the 

intensity of incident light and I is the intensity of leaving light. 

Different molecules absorb radiation of different wavelengths. An absorption 

spectrum will show a number of absorption bands corresponding to structural 

groups within the molecule. For example, the absorption that is observed in the UV 

region for the carbonyl group in acetone is of the same wavelength as the absorption 

from the carbonyl group in diethyl ketone. 

The absorption of UV or visible radiation corresponds to the excitation of outer 

electrons. There are three types of electronic transition which can be considered; 

1. Transitions involving p, s, and n electrons 

2. Transitions involving charge-transfer electrons (not included in this Unit) 

3. Transitions involving d and f electrons (not included in this Unit) 
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When an atom or molecule absorbs energy, electrons are promoted from their 

ground state to an excited state. In a molecule, the atoms can rotate and vibrate with 

respect to each other. These vibrations and rotations also have discrete energy 

levels, which can be considered as being packed on top of each electronic level. 

Absorbing species containing p, s, and n electrons: 

Absorption of ultraviolet and visible radiation in organic molecules is restricted to c

ertain functional groups (chromophores) that contain valence electrons of low 

excitation energy. The spectrum of a molecule containing these chromophores is 

complex. This is because the superposition of rotational and vibrational transitions 

on the electronic transitions gives a combination of overlapping lines. This appears 

as a continuous absorption band. Possible electronic transitions of p, s and n 

electrons are: 

 

 

σ→ σ* Transitions 

An electron in a bonding “s” orbital is excited to the corresponding antibonding 

orbital. It needs larger amount of energy. For example, methane (which has only C-H 

bonds, and can only undergo σ→ σ* transitions) shows an absorbance maximum at 

125 nm. Absorption maxima due to σ→ σ* transitions are not seen in typical UV-Vis. 

spectra (200 - 700 nm). 
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n → σ* Transitions 

Saturated compounds having atoms with lone pairs (non-bonding electrons) 

are proficient of n →σ* transitions. These transitions usually require less energy than 

σ →σ* transitions. They can be initiated by light whose wavelength is in the range 

150 - 250 nm. 

n →π * and p→ π * Transitions 

Most absorption spectroscopy of organic compounds is based on transitions 

of n or p electrons to the π * excited state. They can be initiated by light whose 

wavelength fall in the range of 200 -700 nm. These transitions require an 

unsaturated group in the molecule to provide the p electrons. 

The solvent in which the absorbing species is dissolved also has an effect on 

the spectrum of the species. With increasing solvent polarity, resulting Peaks 

of n →π* transitions are shifted to shorter wavelengths (blue shift) and the reverse 

(red shift) is seen for π→π* transitions (often, but not always). This arises due to 

increasing solvation of the lone pair, which lowers the energy of the n orbital. This is 

caused by attractive polarisation forces between the solvent and the absorber, 

which lower the energy levels of both the excited and unexcited states. This effect is 

greater for the excited state, and so the energy difference between the excited and 

unexcited states is slightly reduced - resulting in a small red shift. This effect also 

influences n →π* transitions but is overshadowed by the blue shift resulting from 

solvation of lone pairs. 

 

II.12. FLUORESCENCE SPECTROSCOPY 

Fluorescence spectroscopy is a quick and easy method to confirm the 

concentration of an analyte in solution based on its fluorescent properties. It has 
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been used for comparatively simple analyses, where the type of compound to be 

analyzed (‘analyte’) is known, to do a quantitative analysis to determine the 

concentration of the analytes. Fluorescence is applied mainly for measuring 

compounds in solution. 

In fluorescence spectroscopy, a beam within 

a wavelength range 180 to ∼800 nm undergoes 

through a solution in a cuvette. We then measure 

– from an angle - the light that is emitted by the 

sample. In fluorescence spectrometry both the 

excitation spectrum (the light absorbed by the 

sample) and the emission spectrum (the light emitted by the sample) have been 

measured. The concentration of the analyte is directly proportional with the 

intensity of the emission. 

There are some factors influencing the intensity and shape of the spectra. The 

factors are as follows: 

 Excitation wavelength 

 Concentration of the analyte solvent 

 Path length of the cuvette 

 Self-absorption of the sample 

 We have studied the Steady-State Fluorescence Spectroscopy which 

investigates the long-term average fluorescence of a sample when irradiated with 

UV, Visible or near-IR Light. 
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Edinburgh Instruments offers a range of research-grade and analytical Steady 

State Spectro-fluorometers. These vary in a number of ways but can be compact, 

benchtop or modular, and fully customisable for any type of fluorescence 

measurements that will meet the most demanding research requirements. The 

fluorescence spectrum is a plot of fluorescence intensity vs. the registered 

wavelength (energy and frequency) at one excitation wavelength. The fluorescence 

intensity measurements (spectral measurements) permit the resolve of the 

existence of fluorophores and their concentrations. 

II.13. NMR SPECTROSCOPY 

Nuclear magnetic resonance (NMR) spectroscopy is powerful analytical tool 

where, the experiment is performed on the nuclei of atoms, not on the electrons. The 

chemical environment of specific nuclei is deduced from information obtained about 

the nuclei. Nuclear magnetic resonance is defined as a condition when the frequency 

of the rotating magnetic field becomes equal to the frequency of the processing 

nucleus. If ratio frequency energy and a, magnetic field are simultaneously applied 

to the nucleus, a condition as given by the equation v = γH0/2π is met. The system at 

this condition is said to be in resonance [v= frequency of radiation associated with 

transition from one state to the other; γ= proportionality constant and H0= magnetic 

field]. 

1HNMR is the function of nuclear magnetic resonance in NMR spectroscopy 

with respect to hydrogen-1 nuclei within the molecules of a given sample, in order to 

establish the structure of its molecules. The protons have been regarded as a 

spinning positively charged unit and so it will generate a tiny magnetic field H  ' along 

its spinning axis (as shown in figure 1). Now if this nucleus is placed in an external 

magnetic field H0, it will naturally line up either parallel A or antiparallel B to the 
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direction of external field. The A will be more 

stable, being of lower energy. The energy 

difference AE between two states will be absorbed 

or emitted as the nucleus flips from one orientation 

to the other. 

Then, AE = hv                                                                                                                      (22) 

Where, v signifies radiation frequency and h is Planck’s constant.If correct 

frequency is applied to the sample containing hydrogen nuclie and sample is placed 

in the external magnetic field, then low energy nuclie A will absorb AE = hv, and flips 

to B. Thus on flipping back down, they remit hv as a radiation signal which is picked 

up by the instrument as chemical shift. 

2D ROESY (Two Dimentional Rotating Frame Nuclear Overhauser Effect 

spectroscopy) is a set of NMR techniques that provide data plotted in a space 

defined by two frequency axes rather than one. ROESY is also known as "cross 

relaxation appropriate for minimolecules emulated by locked spins" (CAMELSPIN) 

[87]. It gives significant information about the special proximity between two 

molecules via observations of the intermolecular dipolar cross relation [88]. It is 

useful for determining the signals of any two protons in a molecule that are close to 

each other  locating at a distance of 0.4 nm) in space even if they are not bonded. A 

ROESY spectrum yields through space correlation via spin-spin relaxation. It can 

also detect chemical and conformational exchange. A ROESY spectrum having a 

diagonal and cross peaks sgnals.The diagonal consists of the 1D spectrum. The cross 

peaks develop due to the presence of protons that are close to each other. It is 

further often used for the structural determination of the small molecules.  

13C NMR (Carbon-13 nuclear magnetic resonance) is the application of  NMR 

spectroscopy to carbon. It is analogous to proton NMR (1HNMR) and permits the 

detection of carbon atoms in an organic molecule just as proton NMR identifies 

https://en.wikipedia.org/wiki/NMR_spectroscopy
https://en.wikipedia.org/wiki/NMR_spectroscopy
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Proton_NMR
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hydrogen atoms. 13C NMR is an essential tool in chemical structure elucidation 

in organic chemistry. 13C spectra are more complex than for proton NMR. This is 

primarily because of the low isotopic abundance of 13C (1.1%) in nature. The 

magnetic resonance of 13C is much weaker. Moreover, gyromagnectic ratio of 13C 

being only 1/4th that of proton, so the resonance frequency of 13C is 1/4th of proton 

NMR. The most abundant isotope of carbon 12C (99.1%) is has nuclear magnetic 

moment and thus it is NMR inactive. Since the abundance of 13C is so small, spectra 

take much longer to obtain, although their usefulness is determining the carbon 

framework of a molecule is exceptionally helpful, not only do we get information 

about the number of carbon atoms in a sample, we also get information on how 

those atoms are arranged. Thus it presents information about the backbone of a 

molecule rather than the periphery. The normal mode of 13C operation is 

with proton noise-decoupled mode. This experiment provides a single sharp peak 

for each type of carbon in the molecule. 

 

II.14. POWDER X-RAY DIFFRACTION 

X-ray powder diffraction (XRD) is a quick analytical method mostly used for 

phase identification of a crystalline material and can give information on unit cell 

dimensions. The analyzed material is finely ground, homogenized, and average bulk 

composition is determined. 

Max von Laue, in 1912 [89], discovered that crystalline materials act as three di-

mensional diffraction grating for X-ray wavelengths comparable to the spacing of 

planes in a crystal lattice. X-ray diffraction is now a common method for the study of 

crystal structures and atomic spacing. Diffraction arises when light is scattered by a 

periodic array with long range order, generating constructive interference at specific 

angles. The wavelengths of X-ray are related to the distance between two atoms; 

https://en.wikipedia.org/wiki/Organic_chemistry
https://en.wikipedia.org/wiki/Chemical_structure
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powder X-ray diffraction (PXRD) methods apply this principle to explain the 

crystalline character of substances. The interaction of the incident rays with the 

sample makes constructive interference (and a diffracted ray) when it satisfys the 

conditions of Bragg's Law:     

                                                                     2 sinn d                                                                      (23) 

Where, the symbols have their usual significance.  

This law states the wavelength of electromagnetic radiation to the diffraction 

angle and the lattice spacing in a crystalline sample. All diffraction methods are 

based on generation of X-rays in an X-ray tube. These X-rays have been directed at 

the sample and diffracted X-rays are then identified, processed and counted. By 

examining the sample throughout a range of 2θ angles, all probable diffraction 

directions of the lattice have been achieved due to the arbitrary orientation of the 

powdered material. Switching of the diffraction peaks to d-spacings permits 

detection of the material because each material has a unique set of d-spacings. 

Typically, this is achieved by comparison of d-spacings with standard reference 

patterns [14-15, 90-91].  

 

II.15. SCANNING ELECTRON MICROSCOPY (SEM)  

The scanning electron microscope (SEM) uses a focused beam of high-energy 

electrons in order to generate a high resolution image of a given sample. When the 

accelerated primary electrons strike the sample, it creates secondary electrons (SE). 

These SE are collected by a positive charged electron detector which in turn gives 

3D image of the sample [92]. An account of the early history of SEM has been 

presented by McMullan [93]. The signals that derive from electron-sample 

https://serc.carleton.edu/research_education/geochemsheets/electroninteractions.html
https://serc.carleton.edu/research_education/geochemsheets/xrays.html
https://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html
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interactions make known information about the sample along with the external 

morphology (texture), chemical composition, and crystalline structure and 

orientation of substances making up the sample. Areas ranging from approximately 

1 cm to 5 microns in width can be imaged in a scanning mode using conventional 

SEM techniques. The SEM is also capable of performing analyses of selected point 

locations on the sample; this approach is especially useful in qualitatively or semi-

quantitatively determining chemical compositions (using energy-dispersive X-ray 

spectroscopy), crystalline structure, and crystal orientations (using electron 

backscatter diffraction EBSD).  

 

II.16. MASS ANALYSIS 

Mass spectrometry (MS) is the most precise analytical method for formative 

the molecular mass of the compound and its elemental composition. MS has been 

used in many different fields and is applied to pure as well as complex mixture [59, 

90]. In this method, molecules have been bombarded with a beam of energetic 

electrons. The molecules are ionized and broken up into many ions. Each kind of ion 

has a specific mass to charge ratio (i.e. m/z ratio). For most ions, the charge is one 

and thus, m/z ratio is simply the molecular mass of the ion.  

A parent ion forms when one electron is removed from the parent molecule of 

the sample 

M+e --------------> M+ + 2e 

The m/z value of the parent ion is equal to the molecular mass of the compound. In a 

few cases, the parent ion peak may be the base peak and can be easily recognized. In 

most of the cases, parent ion peak is not the base peak and is often of very small 

abundance. Many elements occur naturally as isotopes; out of these the lightest one 

https://serc.carleton.edu/research_education/geochemsheets/ebsd.html
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greatly predominates. A mass spectrometer should always perform the following 

basic functions:  

 

a) Produce ions from the sample in the ionization source. 

 

b) Separate ions according to their m/z ratio in the mass analyser. 

c) Finally, fragment the selected ions and analyze the fragments in a second 

analyser.  

d) Detect the ions emerging from the last analyser and measure their abundance 

with the detector that converts the ions into electrical signals. 

e) The signals are transmitted to the computer and control the instrument 

through feedback. 

 

II.17. THERMOGRAVIMETRIC ANALYSIS 

Thermogravimetric analysis (TGA) is a method that determines the change in 

the mass of a given substance over a range of temperature. This technique provides 

information about physical and chemical phenomena of a sample [94]. The 

fundamental principle of TGA method is that as a sample is heated, its mass changes. 

This change has been used to conclude the composition of a sample and its thermal 

stability [95]. Generally, a sample loses weight when it is heated due to 

decomposition, reduction or evaporation but it could also gain weight because of 

oxidation or absorption. The change in weight of sample has been tracked by a 

microgram balance and temperature is monitored by thermocouple. It can also track 
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change in weight as a function of time. The graphed data are produced as weight 

percentage or time versus temperature. 

  

II.18. REFRENCES 

Refrences of CHAPTER II are listed in BIBLIOGRAPHY (Page: 220-225). 
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III.1. NAME, STRUCTURE, PHYSICAL AND CHEMICAL PROPERTIES, 
PURIFICATION AND APPLICATIONS OF THE CHEMICALS USED IN THE 
RESEARCH WORK 
 

III.1.1. SOLVENTS 

  

 Water (H2O):                

Water is a transparent and polar inorganic substance. Pure water has no smell, 

taste and colour. It is composed of 2-hydrogen and 1-oxygen and is very important 

to every living thing on Earth [1]. Water is most common liquid on Earth and it is the 

only common substance that also exsists as solid and gaseous state [2]. Water is a 

good solvent and is often referred to as the “universal solvent” for its ability to 

dissolve many subtances.  

 

Appearance: Liquid 

Molecular Formula: H2O 

Molecular Weight: 18.02 g/mol 

Melting Point: 273 K 

Boiling Point: 373 K 

Dielectric Constant: 78.35  at 298 K 

 

Source: Distilled water, distilled from fractional distillation method in Lab. 

Purification: Water is first deionised and then distilled in an all glass distilling set 

along with alkaline KMnO4 solution to remove any organic matter that present. The 

doubly distilled water has been finally distilled using an all glass distilling set. 

Precautions have been taken to prevent contamination from CO2 and other 

impurities. The triply distilled water have specific conductance less than 1 × 10-6 

S∙cm-1.  



Chapter III: Experimantal Section 

 

 
63 

 

Application: Water is broadly used in chemical reactions as a solvent or reactant 

and less commonly as a solute or catalyst. In inorganic reactions, water is a common 

solvent, dissolving many ionic compounds along with other polar substances. It has 

enormous applications in various industries. Water for injection is on the World 

Health organization’s list of the essential medicines [3]. It has tendency to form 

hydrogen bonds with other molecules. It is water’s chemical composition and 

physical characteristics that make it such a superb solvent. It has a polar 

arrangement: one side (hydrogen) has a positive electrical charge and the other side 

(oxygen) has a negative charge. This makes the water molecule to become attracted 

to many other different varieties of molecules. Life on earth totally depends on 

water.  Not only a high percentage of living things, both plants and animals are found 

in water, all life on earth is thought to have arisen from water and the bodies of all 

living organisms are composed largely of water. About 70 to 90 percent of all 

organic matter is water. The chemical reactions in all plants and animals that 

support life take place in a water medium. Water not only provides the medium to 

make these life sustaining reactions possible, but water itself is often an important 

reactant or product of these reactions. In short, the chemistry of life is water 

chemistry. 

 

 Ethanol (CH3CH2OH): 

Ethanol is an alcohol with the structural formula of CH3CH2OH. It is a clear 

colorless liquid and soluble in water. It is abbreviated as ETOH. Ethanol is a volatile, 

flammable and coloueless liquis with a characteristic smell. 
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Appearance: Colourless Liquid 

Molecular Formula: CH3CH2OH 

Molecular Weight: 46.07 g/mol 

Melting Point: 159.01±0.03 K 

Boiling Point: 351.39±0.09 K 

Dielectric Constant: 24.3  at 298 K 

  

Source: S.D. Fine Chemicals Ltd. Mumbai, India. 

Purification: It has been dried by adding drying agent CaSO4 followed by 

filtration and then distillation [4]. 

Application: Ethanol is miscible with water and widely used as a chemical 

solvent, either for scientific chemicals testing or in systhesis of other organic 

substances. Ethanol is applied in medical wipes and in hand senitizer gels as an 

antiseptic. It is used as an ingredient of many personal care products such as: 

mouthwashes, perfumes and deodorants. Ethanol, oftenly, is used to dissolve many 

water insoluble madications and related compounds. 

 

 Acetonitrile (CH3CN): 

Acetonitrile is a chemical compound with the molecular formula CH3CN. 

Commonly abbreviated as ACN, this colourless liquid is water soluble and the 

simplest organic nitrile. It is used as a polar aprotic solvent in organic synthesis and 

in the purification of butadiene.  
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Appearance: Colourless Liquid 

Molecular Formula: C2H3N 

Molecular Weight: 41.05 g/mol 

Melting Point: 227 to 229 K 

Boiling Point: 354.4 to 355.2 K 

Dielectric Constant: 35.95K at 298.15 K 

 

Source: Mark, India.  

Purification:  Acetonitrile (ACN) was distilled from P2O5 and then from CaH2 in an 

all-glass distillation apparatus [5].  

Application: Acetonitrile is extensively used in battery applications because of its 

relatively high dielectric constant. With a dipole moment of 3.92 D, it has a capacity 

to dissolve a wide range of ionic and nonpolar compounds. For similar reasons it is a 

well known solvent in cyclic voltammetry. Its ultraviolet transparency UV cutoff, 

low viscosity and low chemical reactivity make it a popular choice for high-

performance liquid chromatography (HPLC). Acetonitrile plays an important role as 

the leading solvent used in the manufacture of DNA oligonucleotides from monomers. 

Industrially, it is also used as a solvent for the production of pharmaceuticals and ph

-otographic film [6]. Acetonitrile is a common two-carbon building block in organic 

synthesis of many useful chemicals [7].  
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III.1.2. HOST MOLECULES 

 α- Cyclodextrin (α-Cyd):   

α-Cyd is a naturally occurring cyclic oligosaccharide having six glucopyranose 

units that are covalently bounded end-to-end by α-(1,4) linkages. It has torus-

shaped structure with hydrophobic inner cavity and relatively hydrophilic rims [8]. 

The inner cavity and outer cavity diameter of α-Cyd is 4.7-5.3 Å and 14.6 Å 

respectively and the cavity height is 7.8 Å [9, 10]. Due to this type of unique 

structure, α-Cyd, is popularly known as “host” molecule and can build up “host-

guest” inclusion complex with various guest molecules (drugs, amino acids, ionic 

liquid etc) [11-13]. 

 

Appearance: Crystalline 

Molecular Formula: C36H60O30 

Molecular Weight: 972.84 g/mol 

Melting Point: >551 K 

 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchsed without further purification. The purity is 96%.  

Application: α-Cyclodextrin is a multifunctional component. It has huge 

applications in wide range of phermaceuticals, healthcare, drinks, pesticised, textiles 

processing industries, food industries and suppramolecular host-guest chemistry etc 

[8, 12]. As a fiber nutritional supplement, α-cyd attachs to fat when taken with a 

meal and is a natural substitute to other synthetic anti-obesity medications. α-Cyd 

has the unique ability among known fibers to bind nine times its own weight in fat. 



Chapter III: Experimantal Section 

 

 
67 

 

α-Cyd can also be used as whipping fiber, for example in desserts and confectionery 

applications. Due to presence of surface active properties, α-Cyd can also be used as 

an emulsifing fiber, for example in mayonnaise. 

 

 β- Cyclodextrin (β-Cyd):  

β-Cyd is well known non-toxic cyclic oligosaccharide molecule, having seven 

glucopyranose units bounded together by α-(1,4) linkages. It has also truncated 

shape with hydropobic cavity and hydrophilic exterior rim [7]. The inner cavity and 

outer cavity diameter of β-Cyd is 6.0-6.5 Å and 15.4 Å respectively. The cavity size 

increases with the number of glucose unit, although the cavity height is same 7.8 Å, 

with α-Cyd [9]. Due of the unque structural property and size of its cavity, β-Cyd is 

more suitable to encapsulate a great variety of guest molecules [14].  

 

Appearance: Crystalline 

Molecular Formula: C42H70O35 

Molecular Weight: 1134.98 g/mol 

Melting Point: 563-573 K 

  

Source: Sigma Aldrich, Germany.  

Purification: Used as purchsed without further purification. The purity is 97%.  

Application: β- Cyclodextrins are produced from starch by way of enzymetic 

exchange. β-Cyd is widely in food, pharmaceutical, control drug delivery, ageculture 

and environmental engineering, suppramolecular chemistry and many other 

industries. β-Cyd is used to enhance the stability, solubility and bioavailability of 
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water insoluble or poorly soluble compound [15-16]. In pharmaceutical 

applications, it is seen that, the inclusion complexes of β-Cyd are capable to 

penetrate body tissues. It can also increase the drug permeability through mucosal 

tissues [17], thus thses can be used to release biologically active compounds under 

definite conditions [18]. β-Cyd can also reduce the odor of a substance, hence, they 

are used as “trap” odor causing compounds [19]. The use of β-Cyd as 

suppramolecular carrier is also feasible in organometallic reations.  They are also 

used to produce HPLC columns allowing chiral enantiomers separation [20].  

 

 18-Crown-6 (18C6): 

18-Crown-6 is a cyclic polyether with the formula C12H24O6. It is a white, 

hygroscopic crystalline solid with a low melting point. Like other crown ethers, 18-

crown-6 functions as a ligand for some metal cations with a particular affinity for 

potassium cations and plays an important role as a common host molecule. The 

dipole moment of 18-crown-6 varies in different solvent and under different 

temperature. The synthesis of the crown ethers led to the awarding of the Nobel 

Prize in Chemistry to Charles J. Pedersen [21,22]. 

 

 

Appearance: Crystalline  

Molecular Formula: C12H24O6 

Molecular Weight: 264.32 g/mol 

Melting Point: 310-318 K 

Boiling Point: 389 K 

       Source: Sigma Aldrich, Germany  
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 Purification: Used as purchased without further purification. The purity is  

>99%. 

Application: 18-Crown-6 binds to a variety of small cations and carbocations, 

using all 6 oxygens as donor atoms. These oxygen atoms are well situated to 

coordinate with positively charged moiety located at the interior part of the ring, 

whereas, the exterior of the ring having hydrobhobic character.  It can be used in the 

laboratory as phase transfer catalysts [23]. Various substitution reactions are also 

accelerated in the presence of 18-crown-6, which suppresses ion-pairing. The anions 

thereby become naked nuclophiles. In host-guest chemistry, 18-Crown-6 acts as 

efficient host molecule which can form successful inclusion complex with a variety 

of guest molecules [24-26]. 

  

 Dibenzo-18-crown-6 (DB18C6) 

Dibenzo-18-Crown-6 has a texture of white fibrous needles. It is a cyclic 

polyether like 18-Crown-6 with two benzene substitutions.  

    

        

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased without further purification. The purity is 98%.  

 

 

Appearance: White fibrous  

Molecular Formula: C20H24O6 

Molecular Weight: 360.41 g/mol 

Melting Point: 435-437 K 
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Application: Apart from its high affinity for alkali cations, DB18C6 can also bind 

to protonated amines and ionic liquids to form very stable complexes. Hydrogen-

bonding with six oxygen atoms appears to be the important interaction in 

complexation, but the weak π-stacking and cation-π interactions with the phenyl 

rings of great importance [24, 27]. DB18C6 is useful for the preparation of sharp-

melting salt complexes. It has practical use in catalysis, enhancement of chemical 

reactivity, separation and recovery of salts, electrochemistry and analytical 

chemistry. By incorporating luminescent substituents into their backbone, these 

compounds have proved to be sensitive ion probes, as changes in the absorption or 

fluorescence of the photoactive groups can be measured for very low concentrations 

of metal present [28].  

 

III.1.3. GUEST MOLECULES  

 III.1.3.A. Drugs 

 Diethyl phenylmalonate (DEPM): 

 Diethyl phenylmalonate is an aromatic malonic ester. It is insoluble in water. 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased without further purification. The purity is >99%. 

 

 

Appearance: Light yellow liquid 

Molecular Formula: C13H16O4 

Molecular Weight: 236.27 g/mol 

Melting Point: 289.6 K 

Boiling Point: 443-445 K 
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Application: DEPM is one kind of drug. The water insoluble yellowish mono 

substituted aromatic ester, Diethyl phenylmalonate, has been used in the synthesis 

of moderate to long lasting  barbiturates that acts as a central nervous system 

depressants [29] which are also effective as anxiolytics, hypnotics and 

anticonvulsants. So, DEMP is very efficient drug and has huge applications in 

designing drug delivery system. 

  

 Nortriptyline [3-(10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5-ylidene)-N-

methyl-1-propanamine)] hydrochloride (NTHCL): 

  

Nortriptyline belongs to a class of drug called second generation tricyclic 

antidepressants (TCAs) marketed as the hydrochloride salt under the brand names 

sush as: Sensoval, Aventyl, Pamelor, Norpress, Allegron, Noritren and Nortrilen. 

 

 

Appearance: White powder 

Molecular Formula: C19H21N 

Molecular Weight: 263.38 g/mol 

Source: Sigma Aldrich, Germany  

Purification: Used as purchased without further purification. The purity is >99%. 

Application: It is used in the treatment of major depression and 

childhood nocturnal enuresis (bedwetting). Nortriptyline is US FDA-approved for 

the treatment of major depression. It may improve mood feelings of well-being, 
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relieve anxiety and tension. It works by affecting the balance of certain natural 

chemicals (neurotransmitters) in the brain. In the United Kingdom, it may also be 

used for treating nocturnal enuresis. It is also used off-label for the treatment 

of panic disorder, irritable bowel syndrome, migraine prophylaxis and chronic pain 

or neuralgia modification, particularly temporomandibular joint disorder [30]. It can 

also aid in quitting smoking, with one study showing a six-month abstinence rate of 

14% for subjects receiving nortriptyline compared to 3% for subjects not 

undergoing pharmacological treatment. Controlled studies propose it decreases 

symptoms of attention Deficit Hyperactivity disorder (ADHD). 

 

 Padimate O [(2-ethylhexyl 4-(dimethylamino) benzoate] 

The yellowish water insoluble oily liquid, padimate O (PMO) is an ester and 

acts as UV-absorbing agent (or drug). Others names of Padimate O include 2-

ethylhexyl 4-dimethylaminobenzoate, Escalol 507, octyldimethyl PABA, and OD-

PABA. 

 

 

Appearance: Yellolish oily liquid  

Molecular Formula: C17H27NO2 

Molecular Weight: 227.41 g/mol 

Melting Point: <298.15 K 

Boiling Point: 635 K 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased without further purification. The purity is >99%. 
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Application: Padimate O is a UV-B absorbing agent used in cosmetics and 

sunscreen formulations. It is used as an ingredient in some sunscreens.  In sun light, 

UV-B causes sunburns and also cancer. Its effectiveness as UV-B absorber is due to 

its high molar absorptiviity in various solvent and its ability to absorb UV radiation 

in the range of 290-320 nm. PMO also prevents direct DNA damage by UV-B. 

However, multiple in vivo studies of PMO have confirmed that it has no carcinogenic 

effects and sunscreen based on PMO reduces the number and delays the appearance 

of UV-induced skin tumors [31]. 

 

 III.1.3.B. Amino acids 

 L-Methionine 

Methionine is an essential amino acid in humans. It is soluble in water and 

abbreviated as “L-Met”. It is classified as non-polar, aliphatic amino acid. Being 

essential amino acids it is not systhesised by the organism, hence, it must be 

supplied by diet. L-Met has been first isolated in 1921 by John Howard Mueller. 

 

 

 

Appearance:  White Crystalline powder  

Molecular Formula: C5H11NO2S 

Molecular Weight: 149.21 g/mol 

Melting Point: 554 K 

Density: 1.340 g/cm3 

Source: Sigma Aldrich, Germany.   
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Purification: Used as purchased without further purification. The purity is ≥98%. 

Application: Amino acids are buiding block of proteins. Methionine is an α-amino 

acid which is applied in the biosysthesis of proteins. It is essential in angiogenesis, 

the development of new blood vessels, and supplementation may help those 

suffering from Parkinson's, drug withdrawal, schizophrenia, and radiation, copper-

poisoning, asthma, allergies, alcoholism, or depression. It is also used to protect liver 

damage in acetaminophen poisoning. Methionine is the first amino acid formed in a 

nascent polypeptide during m-RNA conversion [32]. 

 

 L-Glutamine 

L-Glutamine, abbreviated as “L-Gln”, is an α-amino acid and is categorize as a 

charge neutral, polar amino acid. It is classifies as both non-essential and 

conditionally essential amino acid that mean body can systhesize adequate quantity 

of L-Gln, but some times body demands glutamine in larger amount then it must be 

supplied from outside [33].    

 

 

Appearance:  White Crystalline powder  

Molecular Formula: C5H10N2O3 

Molecular Weight: 146.15 g/mol 

Melting Point: ~458 K 

  

  

Source: Sigma Aldrich, Germany.  

Purification: Used as purchased without further purification. The purity is ≥99%. 
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Application: Gln is used in biosysthesis of proteins. Gln is one of the few amino 

acids that can directly cross the blood–brain barrier. It acting an imperative role in a 

variety of biochemical purposes, such as: lipid systhesis, mainly by cancer cell, 

regulation of acid-base balance in kidney by generating ammonia in blood 

circulation, cellular energy-as a source next to glucose etc. On the point of tissue, Gln 

take part in maintainingthe normal integrity of the intestinal mucosa [34-37]. In 

states where tissue is being made or repaired, like development of children, or 

curing from wounds or rigorous illness, glutamine become conditionally essential. 

Being a conditionally essential amino acid, Gln is also available as medical food.   

 L-Proline  

L-Proline is an α-amino acid, abbreviated as “L-Pro”. It is a non-essential amino 

acid. L-Pro is the amino acid with a secondary amine, additionally; the α-amino group is 

joined directly to the side chain, making the α-carbon a direct substituent of the side 

chain. It is classified nonpolar, aliphatic amino acid. Proline has been first isolated by 

Richard Willstatter. 

 

Appearance: Transperent crystal 

Molecular Formula: C5H9NO2 

Molecular Weight: 115.13 g/mol 

Melting Point: 501 K 

Source: Sigma Aldrich, Germany.  

Purification: Used as purchased without further purification. The purity is 

99.8%. 
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Application: Proline is also used in biosynthesis of proteins. L-Pro acts as 

osmoprotectant or compatible solutes, hence, it has in many pharmaceutical and 

biotechnological applications. L-Pro and its derivatives are frequently used as 

organocatalysts in proline organocatalysis reactions in organic chemistry. The 

Corey-Bakshi-Shibata (CBS) reduction and Proline catalysed aldol condensation are 

excellent examples.     

III.1.3.C. Ionic Liquid 

 1-ethyl-1-methylpyrrolidinium hexafluorophosphate ([EMPyrr]PF6) 

 1-ethyl-1-methylpyrrolidinium hexafluorophosphate is the pyrrolidinium 

based ionic liquid, of molecular formula C7H16F6NP, containing ethyl and methyl 

group with one nitrogen atom in the pyrrolidole or five-membered ring. 

 

Appearance: Crystalline 

Molecular Formula: C7H16F6NP 

Molecular Weight: 259.17 g/mol 

Source: Sigma Aldrich, Germany  

Purification: Used as purchased without further purification. The purity is 97%. 

Application: It is used as recyclable solvents for organic reactions and separation 

processes, lubricating fluids, heat transfer fluids for processing biomass and 

electrically conductive liquids as electrochemical device in the field of 

electrochemistry.  
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III.1.4. Electrolytes 

 1-butyl-3-methylimidazolium octylsulphate [BMIM][C
8
SO4] 

1-butyl-3-methylimidazolium octylsulphate is also the imidazolium based ionic 

liquid, of molecular formula C16H32N2O4S, containing butyl and methyl group with 

two active nitrogen atoms in the imidazole or five member ring, exist as a molten 

liquid phase.  

 

Appearance: Light yellow liquid 

Molecular Formula: C16H32N2O4S 

Molecular Weight: 348.5 g/mol 

Source: Sigma Aldrich, Germany.  

Purification: Used as purchased without further purification. The purity is ≥ 95.0%. 

Application: The ionic liquid are good examples of neoteric solvents, new types of 

solvents, or older materials that are finding new applications as solvents, which is 

environmentally friendly (or eco-friendly) because they are less hazardous for 

human body as well as less toxic for living organisms, used as recyclable solvents for 

organic reactions and separation processes,  lubricating fluids, heat transfer fluids 

for processing biomass and electrically conductive liquids as electrochemical device 

electrochemistry (batteries and solar cells) and so forth. In the modern technology, 

industry, and also in academic research field, the vast application is frequently 

increases.    
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 1-methyl-3-octylimidazolium chloride [MOIM]Cl 

1-methyl-3-octylimidazolium chloride is also the imidazolium based ionic 

liquid, of molecular formula C12H23BF4N2, containing methyl, octyl group with two 

active nitrogen atoms in the imidazole or five member ring, exist as a molten liquid 

phase with melting point <4°C. 

 

Appearance: Yellow liquid 

Molecular Formula: C12H23N2Cl 

Molecular Weight: 230.78 g/mol 

Melting Point: <273.15 K 

  

Source: Sigma Aldrich, Germany  

Purification: Used as purchased without further purification. The purity is >95.0 

%. 

Application:  The ionic liquid are new form of solvents, or older materials that 

are finding new applications as solvents, which is environmentally friendly (or eco-

friendly) because they are less hazardous for human body as well as less toxic for 

living organisms, used as recyclable solvents for organic reactions and separation 

processes,  lubricating fluids, heat transfer fluids for processing biomass and 

electrically conductive liquids as electrochemical device in the field of 

electrochemistry (batteries and solar cells) and so forth. In the modern technology, 

industry, and also in academic research field, the vast application is frequently 

increases. 
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III.1.5. Non-Electrolytes 

 Glycine 

Glycine (Gly) is an organic compound with the formula NH2CH2COOH. It is the 

smallest of the 20 amino acids commonly found in proteins. Its codons are GGU, GGC, 

GGA, GGG of the genetic code. It is unique among the proteinogenic amino acids in 

that it is not chiral. It can fit into hydrophilic or hydrophobic environments, due to 

its minimal side chain of only one hydrogen atom. 

 

 

Appearance: White powder 

Molecular Formula: C2H5NO2 

Molecular Weight: 75.07 g/mol 

Melting Point: 506 K 

 

Source: Sigma Aldrich, Germany.  

Purification: Used as purchased without further purification. The purity is 

99.99%. 

Application: Pharmaceutical grade glycine is formed for some pharmaceutical 

applications, such as intravenous injections. Technical grade glycine is use in 

industrial applications, e.g. as an agent in metal complexing and finishing. It is 

applied for treating schizophrenia, stroke and some rare inherited metabolic 

disorder. It is also used to guard kidney from harmful side effects of drugs used after 

organ transplantation. It can also protect liver from harmful effects of alcohol. Other 

uses are including cancer prevention, memory enhancement, sleep aids, and 
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sweetner or taste enhancer. Glycine serves as a buffering agent in antacids, 

analgesics, antiperspirants, cosmetics, and toiletries.  

 

 L-tyrosine 

Tyrosine is one of the 20 standars amino acids and is abbreviated as “Tyr”. L-

Tyr is a nonessential and very much a conditionally essential amino acid with polar 

side group. Basically, any substantial source of stress can make tyrosine very 

essential. The codons of tyrosine are UAC and UAU. 

 

Appearance: White powder 

Molecular Formula: C9H11NO3 

Molecular Weight: 181.19 g/mol 

Melting Point:  >573 K 

Source: Sigma Aldrich, Germany.  

Purification: Used as purchased without further purification. The purity is 

≥98.0%. 

Application: Tyrosine is a very powerful aromatic amino acid. It is used as 

buiding block of proteins and thyroid hormons. It is precursor to a class of 

neurotrasmeters called catecholamines (dopamine, epinephrine, and 

norepinephrine). The clinical trials of using tyrosine to try to get better attention 

deficit disorder symptoms in human demonstrated positive results. Tyrosine 

suppliments restored certain cognitive resources employed to increase working 

memory. Little effect of L-Tyr is seen in changing the mood of the person who is 

under great stress. Tyrosine is also found to be very useful stress due to cold and 
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fatigue.It may used for treatment of Parkinson’s desease. L-Tyr administration can 

reduce unwanted tendencies [38]. 

 

 L-phenylalanine 

L-Phenylalanine (L-Phe) is a α-amino acid with the chemical formula 

C6H5CH2CH(NH2)COOH.  It can be viewed as a benzyl group substituted for the 

methyl group of alanine, or a phenyl group in place of of terminal hydrogen of 

alanine. This essential amino acid is classified as neutral and nonpolar.  

 

 

 

Appearance: White powder 

Molecular Formula: C9H11NO2 

Molecular Weight: 165.19 g/mol 

Melting Point: 543-548 K 

 

 Source: Sigma Aldrich, Germany.  

Purification: Used as purchased without further purification. The purity is ≥98%. 

Application: L-Phe is the only form of phenylalanine that found in proteins. 

Phenylalanine is used for depression, attention deficit-hyperactivity disorder, 

Parkinson’s disease, chric pain, osteoarthritis, alcohol withdrawal symptoms and a 

skin disease called vitiligo. It is a precursor for tyrosine and also used in the 

formation and synthesis of a number of different neurotransmitters (epinephrine, 

dopamine, and norepinephrine). All of these substances are essential for the proper 
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functioning of the nervous system. It is also thought to function as an efficient pain 

reliever such as: migraines and other headaches.   

III.2.    EXPERIMENTAL METHODS 

III.2.1. PREPARATION OF SOLVENT MIXTURES 

Solvent mixture was generally prepared by taking pure components in 

volumetric flask separately and thermostated at the preferred temperature for 

sufficient time. The required volumes of each component were filled by desired 

solvent in a different flask which was already cleaned and dried thoroughly. 

Conversion of required mass of the respective solvents to volume was completed by 

using experimental densities of the solvents at experimental temperature. It was 

then corked and the mixed contents were shaken well, after that it was used. The 

same procedure has been adopted throughout the entire work for preparing 

different solvent mixtures. The physical properties of different pure and mixed 

solvents have been maintioned in the respective chapters. 

  

III.2.2. PREPARATION OF SOLUTIONS 

A stock solution for each salt was prepared by mass, and the working 

solutions were obtained by mass dilution. The solution was shaken until it makes a 

homogeneous mixture (completely dissolved). The uncertainty of molarity of different 

salt solutions was ± 0.0003 mol·dm-3. 

 

III.2.3. MASS MEASUREMENT 

Mass measurements have been made on digital 

electronic analytical balance named as- Mettler Toledo, 

AG 285 (Switzerland). 
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This analytical balance measures of a substance to a very high precision and 

accuracy. The weighing pan is of a high precision (0.0001g) and the weighing 

chamber is with fully integrated draft shield doors. So that, any air in the room does 

not affect the balance’s operation. The doors can be operated one handed easily. 

Weighing read outs in g and mg. 

 

III.2.4. DENSITY MEASUREMENT 

The density (ρ) has been measured by using Anton Paar density-meter 

(DMA 4500M) with a precision of 0.0005 g⋅cm-3. In 

the digital density meter, the mechanic oscillation of 

the U-tube is e.g. electromagnetically transformed 

into an alternating voltage of the same frequency. It 

takes to measure density 30sec/sample after 

temperature equilibration. The period “τ” can be 

measured with high resolution and stands in simple relation to ρ of the sample in 

the oscillator 

                                           ρ = A ∙ τ2 - B                                                                            (1) 

Where, “A” and “B” = respective instrument constants of each oscillator.  

Their values are determined by calibrating with two substances of the 

precisely known densities ρ1 and ρ2. Modern instruments calculate and store the 

constants “A” and “B” after the two calibration measurements, which are mostly 

done with air and water. They employ appropriate measures to compensate various 

influences on the measuring result, e.g. the influence of the sample’s viscosity and 

the non-linearity caused by the measuring instrument’s finite mass. The instrument 

has been calibrated by double-distilled water and dry air. 
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III.2.5. TEMPERATURE CONTROLLER 

All the measurements have been carried out in thermostatic water bath 

(Science India, Kolkata) keeping with an accuracy of  0.01 K.  

Laboratory water bath is equipment in which a 

vessel containing the material to be heated is 

placed into or over the one containing water 

and to quickly heat it and fixed into the desired 

temperature. This laboratory equipment is 

available in different construction with both digital and analogue controls. It has 

better temperature uniformity, durability, heat retention and recovery. The 

chambers of water bath lab products are manufactured using rugged, leak proof and 

highly resistant stainless steel and other lab supplies. 

 

III.2.6. WATER DISTILLER 

The water distillation units produce highly treated and disinfected water for 

laboratory usages. The distillation process removes minerals and microbiological 

contaminants and can reduce levels of chemical 

contaminants. A water distiller works by boiling 

water into water vapour. The vapours pass 

through a coiled tube condenser and then 

returning it to its liquid state. It is collected in a 

storage container.  

[Fractional Distillation Apparatus] 
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III.2.7. CONDUCTIVITY MEASUREMENT 

Systronics Conductivity TDS meter-308 is used for measuring specific 

conductivity of electrolyte solutions at experimental temperatures. 

The conductance measurement has been 

carried out on this conductivity bridge of accuracy 

±0.01%, using dip-type immersion conductivity cell, CD-

10, having a cell-constant of ~0.1±0.001 cm-1. The cell 

has been calibrated using 0.1(M) KCl solution. The 

measurements have beenmade in a thermostated 

water bath maintain the experimental temperatures. The specific conductance (κ) of 

the solution(s) has been converted into molar conductance (Λ) by using the following 

equation 2 

Λ = 1000 κ /c                                                                       (2) 

Where, c= molar concentration of the studied solution. 

 

III.2.8. SURFACE TENSION 

Tensiometer (K9, KRŰSS; Germany) is used for 

measuring the surface tension (±0.1 mN∙m−1) by platinum ring 

detachment mehod at 298.15K (0.01 K). The accuracy of the 

measurement was within ±0.1mN.m-1.  
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III.2.9. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY MEASUREMENT 

FTIR spectroscopy has been measured in Perkin Elmer, FTIR spectrometer. 

It is capable of data collection over a wavenumber range 

of 370-7800 cm-1. It records the interaction of IR radiation 

with a sample, measuring the frequencies at which the 

sample absorbs the radiation and the intensities of the 

absorption. Intensities are reported in terms of percent transmittance, the amount 

of light that passes through it. 

 

III.2.10. ULTRAVIOLET-VISIBLE SPECTRA MEASUREMENT 

 UV-visible spectra have been recorded by JASCO V-530 UV/VIS 

Spectrophotometer at at 298.15K (±0.01 K). Samples that absorb Ultraviolet and or 

visible light have characteristic absorbance 

curves as a function of wavelength. 

It is designed to measure the absorption 

spectrum of a sample at wavelengths in the range 

to 190-1100 nm. The light sources used in the V-

530 are a deuterium (D2) lamp (190-350nm) for the UV region. The light emits from 

light source is converged and enters the monochromator. The light is discrete by the 

grating in the monochromator and converges onto the exit slit. The passing light 

through the exit slit is monochromated. The light is separated into two beams, one 

going to the sample to be measured and othe beam to the reference sample 

(solvent). The intensities of the light beams are then measured at the end. 
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III.2.11. FLUORESCENCE MEASUREMENT 

The QuantaMaste 40 steady state spectro fluorometer has been used for mea

suring fluorescence spectra. It includes high intensity continuous Xenon lamp, adjust

able Slits, excitation monochromator, excitation grating, sample compartment, excita

tion correction, emission monochromator, emission 

grating, detector, photomultiplier detection system, 

ASOC-10 electronics interface, MD-4000 motor driver 

control, LPS-220B lamp power supply, quantum 

northwest TC 125 temperature controller. Together with 

PTI’s Felix GX software, the QuantaMaster 40 will meet highest demands and be 

welcomed in a multiple user environment as well. 

 

III.2.12. NUCLEAR MAGNETIC RESONANCE SPECTRA MEASUREMENT 

Nuclear Magnetic Resonance (NMR) spectra are 

recorded at 300 MHz Bruker ADVANCE at 298.15K (±0.01 K). 

NMR solvents D2O, DMSO-D6 and CD3CN are used in different 

experiments. Signals are quoted as δ values in ppm. Data are 

reported as chemical shift. 

 

III.2.13. POWDER X-RAY DIFFRACTION (XRD) MEASUREMENT 

Cu-Kα radiation, Bruker D8 Discover; 40kV, 30 mA, is used for measuring 

the powder XRD patterns of the compounds. 
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III.2.14. SCANNING ELECTRON MICROSCOPY (SEM) MEASUREMENT 

The scanning electron microscopy (SEM) images are 

obtained using Nova Nanosem 600, FEI Field emission 

scanning electron microscope (FESEM).   

III.2.15. MASS ANALYSIS MEASURMENTS 

HRMS analyses are studied with Q-TOF high 

resolution instrument by positive mode electro-spray 

ionization. 

 

III.2.16. THERMOGRAVIMETRIC ANALYSIS (TGA) MEASUREMENT 

Thermogravimetric analysis (TGA) has been 

carried out (Metler Toledo) in a nitrogen atmosphere 

(flow rate = 50 mL min−1) in the temperature range of 

20−900 °C. The measurements are started quickly, safely 

and easily with the unique One Click function from the instruments' color 

touchscreen display. Optimal atmosphere around the sample is provided by the 

built-in mass flow controller gas supply units which are software controlled and do 

not need any user interaction when starting an experiment. 

III.3. REFERENCES 

References of CHAPTER III are given in BIBLIOGRAPHY (Page: 226-228). 
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IV.1. HIGHLIGHTS 

 β-Cyclodextrin (β-Cyd) forms Inclusion complex with DEPM with 1:1 

stoichiometry. 

 Association constant measuements in two different pH ranges show the effect of 

pH. 

 
1H NMR provides confirm evidence about the solid inclusion phenomenon (ICs).  

 Solid complex formation between β-Cyd and DEPM is established by FTIR 

spectroscopy. 

 Direct evidence of formation of solid ICs has got from powder XRD method 

and SEM. 

 

IV.2. INTRODUCTION 

Cyclodextrin (Cyd) is the cyclic oligosachharide having torus shaped cavity 

with wide and narrow openings rather than the perfect cylindrical shaped [1]. Based 

on the structural design they containing α-1,4 linked glucopyranose unit with 

hydrophilic primary hydroxyl groups on narrow side and secondary hydroxyl 

groups on wide edge and hydrophobic cavity in the core (Scheme1) which can hold 

completely or  at least partially  a large variety of polar and non-polar  guest 

molecules [2] e.g. drugs [3,4], amino acids[5,6], polymers[7,8], ionic liquids [9,10] 

vitamins [11], dyes [12] and so on. Actually, the hydrophobic part of the guest 

molecule is accommodated into the hydrophobic cavity of the cyds whereas the 

hydrophilic part (if any) of the guest are associated via non-covalent bonds 

(hydrophobic interactions, van der Wall attractions, hydrogen bonding etc.) with 

polar side of cyds causing stabilisation of inclusion complex(s). The encapsulation 

capacity of Cyd with guest molecules has introduced great advantages that are 

widely applied in various industries. The most common industrial uses of such 

inclusion complexes are to enhance the solubilisation rate of poorly soluble or 

immiscible drugs in aqueous environment and promote to improve its 
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bioavailability [13-16].  Additionally, they can be used to convert liquid drugs into 

powders, prevent drug–drug interactions, reduce or eliminate unpleasant smell or 

taste [13]. Encapsulation of guest molecules into Cyd modifies some 

physicochemical properties such as state, solubility, stability against heat, light and 

oxidation, reduction of volatility of the guest molecules without affecting the 

framework structure of host molecules and more benefits applications are obtained 

after formation of inclusion complex [15-20]. 

Diethyl phenylmalonate (DEPM) belongs to drug family. The water insoluble 

mono-substituted aromatic malonic ester (DEPM) has enormous potentials in the 

synthesis of another kind of drugs that acts as central nervous system depressants 

[21]. So, DEMP is very effective drug and has huge applications in designing drug 

delivery system.  

The purpose of the present work is to investigate and justified the interaction 

between DEPM and β- Cyd (Scheme1) with proper stoichiometry ratio; enrichment 

of solubility of DEPM in water and finally, 1HNMR, FTIR, powder XRD and SEM 

methods have been carried out to confirm the formation of solid inclusion complex 

(IC). The most benefit of this work is that the smell of DEPM is removed and the 

pharmaceutical industries can be able to overcome the complications with water 

immiscible DEPM drug. It is hoped that the complexation with the drug receptor β- 

Cyd may permit for the development of analytical and remediation actions. 
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Scheme 1.  Geometry of  β- Cyd (a) and Ball & stick representation of (b) β- Cyd and (c) 

DEPM; blue for carbon and red for oxygen. 

 

 

IV.3. EXPERIMENTAL SECTION 

IV. 3.1. Reagents 

The selected drug diethyl phenylmalonate (DEPM) (mass fraction purity ≥ 

0.98) and β- Cyd of purris grade are purchased from sigma-Aldrich, Germany and 

have been used without further purification. Ethanol (purity ≥ 0.99) is purchased 

from Merck. Buffer capsules having pH 7.0 ± 0.05 and pH 9.2 ± 0.05 are brought 

from Merck. Triply distilled and degassed water is used to ready all solutions. Each 

buffer capsule is twisted and pulled apart and then dissolved in 100 ml triply 

distilled and degassed water to prepared desired pH solution. 

IV. 3.2. Apparatus 

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer. 

All the absorption spectra were recorded at 25°C ±1°C. 

NMR spectra were recorded at 300 MHz Bruker ADVANCE at 298.15K in D2O. 

Signals are quoted as  values in ppm using residual protonated solvent signals as 

internal standered (D2O:  4.71 ppm). Data are reported as chemical shift. 
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Infrared spectra were measured in Perkin Elmer, FTIR spectrometer. 

The powder XRD patterns of the compounds were recorded by using Cu-Kα 

radiation (Bruker D8 Discover; 40kV, 30 mA). 

The scanning electron microscopy (SEM) images were obtained using Nova 

Nanosem 600, FEI Field emission scanning electron microscope (FESEM). 

 

IV.3.3. Preparation of solid inclusion complex of DEPM with β- Cyd 

First 1.134 gm of β- Cyd with 30 ml triply distilled and degassed water is mixed 

in a round bottom flask and is stirred enough over magnetic stirrer. Then 0.236 gm 

of DEPM is placed into a beaker and 10 ml ethanol is poured on it and stirred over 

magnetic stirrer until it makes a homogeneous mixture (completely dissolved). 1:1 

molar ratio of β- Cyd and DEPM has been used. After that, the guest mixture is added 

into β- Cyd solution and stirred for 48hrs without a break. The reaction mixture has 

been put in refrigerator for 52hrs without any disturbance. After 2 days later a white 

precipitation was observed. The precipitate is filtered and washed for several times 

with triply distilled water. Finally, we have got a dry white powder after drying the 

washed precipitate in oven at 50°C for 24 hrs. The resultant solid is inclusion 

complex between DEPM and β- Cyd [22]. It is further analysed by FTIR, NMR, 

powder XRD and SEM method. 
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IV. 4. RESULTS AND DISCUSSION 

IV.4.1. Job plot: Elucidation of Stoichiometry behaviour of β- Cyd: DEPM inclusion 

complex 

The stoichiometry ratio of β- Cyd: DEPM (host: guest) IC has been provided by 

using the continuous variation Job’s method [23].  The Job plot has been done in 

neutral (7.0±0.5) and alkaline (9.2±0.5) medium. In this method, the total molar 

concentration of the two binding partners ([β- Cyd] + [DEPM]) is kept constant at 

100µM but their mole fraction are varied so that the mole fractions of DEPM 

complete the range of 0-1(R= [DEPM]/ [β- Cyd] + [DEPM]) (Table 1, Table 2) [24, 

25]. The absorbance values are measured at λmax at 298.15K for a series of solutions. 

The plot of ΔA ×R against R represents the job plot (where ΔA = Ao ‒ A, is the shifts of 

absorbance at λmax of β- Cyd -DEPM complex [A] from absorbance at λmax of pure 

DEPM [Ao]) as shown in Figure. 1. The resultant plot shows the maximum deviation 

of R at 0.05 in both cases with well symmetrical shapes which signify the occurrence 

of 1:1 stoichiometry between β- Cyd and DEPM [26]. 

 

Figure 1. Job plot of DEPM-β- Cyd systems at 298.15K in neutral (pink, ●) and alkaline 

(blue, ■) medium. 
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Table 1. Data for Job plot obtained from UV-spectroscopy for aqueous 

(neutral)-ethanol β- Cyd -DEPM system at 298.15Ka.  

DEPM 

(mL) 

β- 

Cyd 

(mL) 

[DEPM] 

(µM) 

[β- 

Cyd] 

(µM) 

[DEPM]
R=

[DEPM]+[β-Cyd]

 

Absorbance 

(A) 
ΔA ΔA*R 

0 3 0 100 0.0 0.0 1.12039 0.0 

0.6 2.4 20 80 0.2 0.09776 1.02263 0.2045 

1.2 1.8 40 60 0.4 0.23275 0.88764 0.3551 

1.5 1.5 50 50 0.5 0.32572 0.79467 0.3973 

1.8 1.2 60 40 0.6 0.52000 0.60039 0.3602 

2.4 0.6 80 20 0.8 0.87265 0.24774 0.1982 

3 0 100 0 1 1.1204(Ao) 0.0 0.0 

a Standard uncertainties in temperature (T)=0.01K. 

Table 2. Data for Job plot obtained from UV-spectroscopy for aqueous 

(alkaline)-ethanol β- Cyd -DEPM system at 298.15Ka.  

DEPM 

(mL) 

β- 

Cyd 

(mL) 

[DEPM] 

(µM) 

[β- 

Cyd] 

(µM) 

[DEPM]
R=

[DEPM]+[β-Cyd]

 

Absorbance 

(A) 
ΔA ΔA*R 

0 3 0 100 0.0 0.0 1.12039 0.0 

0.6 2.4 20 80 0.2 0.19338 0.92701 0.1854 

1.2 1.8 40 60 0.4 0.30038 0.82001 0.3280 

1.5 1.5 50 50 0.5 0.41272 0.70767 0.3538 

1.8 1.2 60 40 0.6 0.61186 0.50853 0.3051 

2.4 0.6 80 20 0.8 0.92128 0.19911 0.1593 

3 0 100 0 1 1.12039(Ao) 0.0 0.0 

a Standard uncertainties in temperature (T)=0.01K. 
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IV.4.2. Association Constant: Interaction of DEPM with β- Cyd in liquid 

environment 

The UV absorption spectra of DEPM in aqueous β- Cyd medium are carried out 

in pH = 7.0±0.5 and pH =9.2± 0.5 respectively. The spectral data of DEPM in various 

concentration of β- Cyd in different pH has been listed in Table 3. Both the 

Figure.2a and Figure.2b depicts the absorption spectra of DEPM (2 × 10-4 M) in 

absence and presence of β- Cyd solutions. The strong absorption peaks of DEPM (2 × 

10-4M) appears at 208 nm and with addition of β- Cyd blue shift is occurred in both 

case. No considerable isosbestic point is noticed in the spectra. In each case the 

absorbance intensities of DEPM gradually increase with increasing the 

concentration of β- Cyd. This fact confirms the encapsulation of guest molecule into 

the β- Cyd cavity due to the presence of hydrogen bonding, hydrophobic and van der 

Waals interaction between the guest monomer and β-Cyd molecules [26, 27].  So, 

such non- covalent interactions act as the main driving forces to be integrated the 

guest molecule into the β-Cyd cavity to form 1:1 IC throughout the complexation 

process by promoting the dissolution of the guest molecule (DEPM). 

 

Figure 2.  Adsorption spectra of DEPM (2 x 10-4 M) in (a) pH=7.0±0.5 and (b) 

pH=9.2±0.5 at different concentration of β-Cyd (1) absence of β- Cyd, (2) 0.002M, (3) 

0.004M, (4) 0.006M, (5) 0.008M, (6) 0.010M, (7)0.012M. 
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Table 3. Absorption values of DEPM (Conc. 2× 10-4 M) at different 

concentrations of β-Cyd in pH=7.0±0.5 and pH=9.2±0.5 buffer solutions at 

298.15Ka. 

Sl. No. 
Conc. of β- Cyd 

(M) 

pH= 7.0±0.5 pH= 9.2±0.5 

λ max (nm) Absorbance λ max (nm) Absorbance 

1 0.000 208 1. 51612 208 1. 51612 

2 0.002  1.54186  1.53117 

3 0.004  1.56257  1.54546 

4 0.006  1.58195  1.55601 

5 0.08  1.60012  1.56909 

6 0.010  1.62005  1.57526 

7 0.120 206 1.63011 205 1.58966 

K ( M-1)   121.84  108.78 

ΔG KJ mol-1   -11.90  -11.62 

a Standard uncertainties in temperature (T)=0.01K. 

In both cases, from the Job plot it is confirmed that DEPM-β-Cyd form 1:1 IC. 

Hence, the IC formed between DEPM and β-Cyd can be expressed as 

β-Cyd + DEPM β-Cyd DEPM                           

For a 1:1 complexation process the association constant (K) has been 

estimated by using the double reciprocal plots on the basis of Benesi-Hildebrand 

equation[28].The absorption values are used in the following Benesi-Hildebrand 

equation 1[23]. 

                 
" "

o o o

1 1 1 1

a( ) [β-Cyd] ( )K
  

    
                                     (1) 

 Figure.3 depicts the plot of 1/A-Ao against 1/ [β-Cyd] for DEPM in both pH.  In 

both cases a good linear correlation (R2
(7.0±0.5) =0.999; R2

(9.2±0.5) =0.998) are occurred 

and showing that both IC is 1:1. The values of K are evaluated by using the equation 

2 from the slop values of straight lines. The resultant association constant of DEPM 
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in neutral medium (K= 121.84) is significantly high than its alkaline medium (K= 

108.78) (Table 3). 

                                   
"

o

1
K=

Slope(A )
                                           (2) 

 

 

Figure 3. Benesi-Hildebrand plot of 1/A-Ao
 vs. 1/ [β-CD] for DEPM in pH=7.0±0.5 and 

pH=7.0±0.5 at 298.15K. 

 

IV.4.3. Effect of pH  

At pH~7 DEPM exists as a neutral form. We have also recorded the UV spectral 

data in alkaline medium at pH~ 9.2 to see how much pH influences on UV spectra as 

well as on association constant. The spectral data shows that there is marginal shift 

in absorption at these pH ranges and the spectral shape of DEPM in both pH are very 

close to each other.   Therefore, it has been concluded that as the association 

constant (K) is very sensitive to change in pH range [29], hence we have got the 

significant change of association constant (K) in neutral and alkaline medium 

respectively. 
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IV. 4.4 Spontaneity of inclusion complex 

The free energy change (ΔG) is a very vital thermodynamic parameter that has 

been easily estimated from association constant (K) by using the following equation 

3 [24, 29]  

                                                                ΔG= -RT lnK                                               (3)                     

The ΔG values for the two binding partners (DEPM and β- Cyd) are negative (-

ΔG) (Table 3) which indicates that the host-guest IC proceeded spontaneously at 

298.15K and the complexation is an exergonic process. 

 

IV.4.5. 1HNMR 

The formation of IC can be explained on the light of the 1HNMR spectroscopy 

study [30, 31] This method based on the changes of chemical shifts of protons due to 

encapsulation of guest molecule into the β- Cyd cavity [3,25, 30]. In β- Cyd structure 

the H3 (near to wider opening side) and H5 (close to narrow rim side) are located 

inside part of the β- Cyd cavity. The H6 of methylene group (bearing the primary 

‒OH group) remains on the narrow opening side of β- Cyd and the rest of the other 

H- atoms H1, H2, H4 are situated on the outer surface of β- Cyd  as shown in 

Scheme2 [26,31]. The 1HNMR spectra of β- Cyd, pure DEPM and the solid IC of 

DEPM with β- Cyd (1:1) are represented in Figure 4.  It is clearly observed from 

table 1 that for H3 and H5, a large upfield shift has been occurred. The considerable 

changes of chemical shifts (Δδ) suggested that the DEPM monomer entered into the 

nano hydrophobic hole of β- Cyd.  The upfield shift of H3 (Δδ= 0.142 ppm) is much 

greater than the H5 shifting (Δδ= 0.067 ppm) and the complexation of DEPM with β-

Cyd splits the signal of H3 into doublets Figure 4b.  On the other hand, minor 

chemical shifts are observed for H1, H2, H4 and H6 that are not part of the interior 

hydrophobic hole of β- Cyd. 
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Similarly, further support for complexation, 1HNMR of DEPM has also been 

performed in DMSO-D6 and significant downfield shifting for the aromatic ring 

protons of DEPM that are situated in hydrophobic hollow space of β- Cyd have been 

found because of the interactions of DEPM with β- Cyd [32-34]. These all changes 

clearly indicate that well encapsulation of the aromatic ring of the guest DEPM into 

interior hydrophobic cavity of β-Cyd has been occurred and enters through the 

wider ring opening side as shown in Scheme 2. The detailed variations of chemical 

shifts of the two binding partners before and after forming IC have been mentioned 

in Table 4. 

 

 

 

Scheme 2.  The probable mechanism of the reaction of the inclusion complex of DEPM 
with β- Cyd.  
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Figure4. 1HNMR spectra of (a) β- Cyd, (b) 1:1 molar ratio of β-CD:DEPM IC in D2O and 

1HNMR spectra of (c) DEPM in DMSO-D6 at 298.15 K. 

 

Table 4. 1H NMR chemical shift displacements of β-Cyd, DEPM and β-Cyd/ 

DEPM at 1:1 molar ratio at 298.15Ka.  

β- Cyd protons 
free β-Cyd δ 

(ppm) 

β- Cyd: DEPM δ 

(ppm) 
Δ δ (ppm) 

H1 4.928 4.923 0.005 

H2 3.484 3.479 0.005 

H3 3.860 3.718 0.142 

H4 3.412 3.405 0.007 

H5 3.793 3.726 0.067 

H6 3.820 3.809 0.011 

DEPM protons free DEPM δ (ppm)           β- Cyd: DEPM δ (ppm)          Δ δ (ppm) 



Chapter IV 

 

 

102 

 

Aromatic ring 7.252-7.298 7.285-7.321                             n.c 

4.798                                      0.14 

4.108-4.153                               n.c. 

1.149-1.176                               n.c. 

CH 4.938 

CH2 4.093-4.204 

CH3 1.093-1.140 

a Standard uncertainties in temperature (T)=0.01K.; n.c. = not calculated. 

 

IV.4.6. FTIR 

Successful solid formation between host and guest molecules is established by 

FTIR spectroscopy since the frequencies of bands of the integrated guest molecule 

become shifted or nowhere to be found in the resulting form or their intensities 

altered [25,35-36]. The non- covalent interactions like hydrogen bond (H-bond), 

hydrophobic and Van der Waals interaction that appear in complex are responsible 

for the changes. From the Figure 5 it is clear that there are prominent differences in 

β-Cyd (Figure 5a) and DEPM (Figure 5b) spectra with the resulting solid complex 

(Figure 5c). The broad band at 3368 Cm-1 that appears in pure β-Cyd spectrum 

indicates the valence vibrations of O‒H (vbr(O‒H)) groups connected by H-bond. The 

vsp 
3(C‒H) bond stretching of β-Cyd is assigned at 2923 cm-1. The vbend(O‒H) 

stretching of COH groups and water molecules is recorded at 1638 cm -1.  The 

v(C‒O‒C) and v(C‒C‒O) bond stretching  are found at 1157 cm-1 and 1030 cm-1 

respectively [37-39]. The characteristic absorption peak due to v(>C=O) and v(C–

O‒) of ester groups is assigned at 1735 cm-1 and 1031 cm-1. The former peak (1735 

cm-1) is appeared in complex with a new peak at 1725cm-1.  This suggests that the 

Fig. 5 shows a molecular association is arising from hydrogen bond between the 

oxygen atom of ester groups (>C=O) of included drug and the rim hydroxyl groups of 

β-Cyd via O-H∙∙∙O=C< which weakens the >C=O double bond character and causing 

the v(>C=O) frequency mode to vibrate at a lower frequency [7,40-41].  In complex 
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spectra (Figure 5c) there is a sharp peak at 1032 cm-1 which indicates that either 

the C–O‒ bond encapsulates into the β-Cyd cavity and shifts to 1032 cm-1 or it is 

being masked with the v(C‒C‒O) bond frequency of β-Cyd but the former seems 

more reliable (Scheme 2). In IR spectra of DEPM, the stretching frequency of vbenzene 

(C‒Hsp
2) at 3066 cm-1, 3032 Cm-1 and vbenzene (C=C)  at 1603 cm-1, 1498 cm-1 are 

recorded. The vibration spectra vsp
3(C‒H) of ‒CH2‒CH3 moiety is found at 2983 cm-1. 

For mono-substituted benzene ring the peak is appeared at 728 cm-1. 

In the spectra of β-Cyd -DEPM complex, it is already mentioned above that the 

peak of >C=O group is altered. Additionally, it is observed that the frequency peak of 

vbenzene (C‒Hsp
2), vbenzene (C=C) and vsp

3(C‒H) does not appear in complex. The mono-

substituted sharp and prominent peak that appeared at 728cm-1 is absent in 

Figure 5c. This indicates that the aromatic ring part is in good agreement with the 

β-Cyd hydrophobic cavity core. From the above discussion it could be concluded that 

the DEPM guest molecule fits properly and entrapped into β-Cyd hollow space and 

resulting complex is “Host-Guest” type. 
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Figure 5.  FT-IR spectra of (a) β- Cyd (in KBr), (b) DEPM and (c) DEPM: β- Cyd (1:1 

molar ratio) solid complex (in KBr). 

 

IV.4.7. Powder X-ray diffraction pattern 

The direct evidence for the complexation between host and guest molecule can 

be obtained from the analysis of powder X-ray diffraction spectrum [42-44]. 

Figure 6 shows that the diffraction pattern and the characteristic peak intensity of 

the resultant IC are quite different from the diffractgram of β-Cyd monomer which 

suggests the formation of a new phase of solid inclusion complex. The characteristic 

peaks of β-Cyd are assigned at 2θ (degree) values of 9.04, 10.65, 12.43, 14.71, 15.30, 

17.06, 19.61, 21.12, 22.64, 24.33, 27.12, 31.94 and 34.72 (Figure 6a) and these 

peaks were not overlay with the peaks of the solid inclusion complex (Figure 6b). In 

β-Cyd: DEPM solid, the new peaks appeared at 2θ (degree) values of 3.11, 5.54, 6.56, 
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11.18, 14.49, 15.04, 17.55, 23.51. This study clearly established that DEPM forms IC 

successfully with β-Cyd. 

 

Figure 6.  Powder X-ray diffraction pattern of (a) β-Cyd and (b) DEPM: β-Cyd (1:1 molar 

ratio) inclusion complex. 

 

IV.4.8 Scanning Electron Microscopy (SEM) 

Electron Microscopy (SEM) is a very well known technique for analyzing the 

surface texture and particle size of solid materials [26,42,45-46] The surface 

morphological structures of β-Cyd and the solid IC (DEPM: β-Cyd) are shown in 

Figure 7a and Figure 7b respectively. From Figure 7 it is clear that the two 

morphological structures are totally different from each other. This gives clear 

evidence that the DEPM fits enough into the hydrophobic cavity of β-Cyd to form of 

solid IC. 
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Figure7. Scanning electron microscope (SEM) morphology of (a) β-Cyd and (b) DEPM: 

β- Cyd (1:1 molar ratio) inclusion complex.  

 

IV.5. CONCLUSION  

The interactions of DEPM with β-Cyd are investigated in liquid medium by UV-

spectra in terms of Job plot and association constant (K). Both satisfy the formation 

of IC with 1:1 stoichiometry. Different pH environment shows that it has great 

influence on association constant (K). Determination of ΔG value indicates that the 

process is thermodynamically controlled. The results come from 1HNMR, FT-IR,  

powder XRD and SEM studies suggest that the selected guest molecule DEPM 

monomer formed IC with nano hydrophobic core of β-Cyd effectively which will 

make possible DEPM to be solubilised in water successfully.  
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V.1. HIGHLIGHTS 

 18-Crown-6 and dibenzo 18-crown-6 forms host-guest inclusion complex 

succesfully with ionic liquids with 1:1 stoichiometry. 

 Association constant measuemented by conductrometric method.  

 1H NMR provides confirm evidence about inclusion phenomenon (ICs).  

 Solid complex formation between crown ether and ionic liquids is established 

by FTIR spectroscopy. 

 Direct evidence of formation of solid 1:1 ICs has been provided from mass 

analysis. 

V.2. INTRODUCTION  

Crown ethers are the macrocyclic polyether. The most significant and 

exceptional property of the macrocyclic “crown compounds” (used as host, also 

known as ligand) is their affinity to form complexes with various class of guest 

species e.g. metal ions ,amino acids, ionic liquids [1-5]. Over the past years they have 

engrossed broad attention due to their unique capacity to form complex with cations 

[2,4] Such complexes are held together in unique structural relationships by 

electrostatic attraction between the cation and the negative end of the C-O dipoles 

other than those of full covalent bond. The firmness of such crown ether-guest 

complexes strongly depends upon how well the cation moity fits into the ring of the 

polyether; and also influenced by the charge density of the cation, the nature and the 

number of the hetaro atoms in the ring and the variety of the substituent on the 

ligand. The nature of solvent also plays an important role on the stability and 

selectivity of the complex formation [6-8]. 

Among various guest molecules the IL has been chosen because of having a 

vast area of interest for vital reasons associated with their negligible vapor pressure 
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i.e they do not evaporate to the environment and their potential as “designer 

solvents” and “green” replacement for toxic volatile organic solvent, good ionic 

mobility, excellent thermal and chemical stabilities etc. There is a wide range of 

industrial applications of ILS due to their unique physicochemical character (9-11). 

Now a day the uses of such ILs increase the interest in various fields to develop of 

some new ideas and methods. 

 IL-crown ether has versatile and remarkable self-assembly ability and can 

form various novel nanostructures with fine sizes. In the present work the 

information about the 1-ethyl-1-methyl pyrrolidinium hexafluorophosphate 

([EMPyrr]PF6) forms complex with 18-Crown-6 (18C6) and dibenzo 18-crown-6 

(DB18C6) (macrocyclic ligands) (Scheme 1) respectively reveals a special interest. 

This work is planned in order to inspect formation constant by using conductance at 

three different temperatures 20°C, 25°C and 30°C to see the effect of temperature on 

the complex formation. The 1HNMR and electrospray mass spectrometry techniques 

confirmed the complexation process.  The FTIR spectral of the solid form of 

[EMPyrr]PF6-crown compounds are also scrutinized and try  to shed  some light on 

the host-guest interaction. As both the selected compounds having huge applications 

in different fields of science, so, the resulting complexes would be definitely very 

useful and valuable in the field of science. 

 

Scheme 1. structures of selected ionic liquid (a), 18-Crown-6 (b) and dibenzo 18-

Crown-6 (c). 
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V.3. EXPERIMENTAL SECTION 

V.3.1. Sources and Purity of sample  

The selected ionic liquid 1-ethyl-1methyl pyrrolidinium hexafluorophosphate 

[EMPyrr]PF6 and the crown ethers (viz. 18-crown-6 and dibenzo-18-crown-6) were 

purchased from Sigma-Aldrich, Germany. The mass fraction purity of 18C6, DB18C6 

and [EMPyrr]PF6 were ≥ 0.98, 0.98 and 0.99 respectively. The acetonitrile purchased 

from Sigma-Aldrich, Germany. The mass fraction of purity of acetonitrile was ≃ 

0.998.      

V.3.2. Instruments and procedure 

Foregoing to the start of the experimental work the solubility of two selected 

crown ethers and the chosen IL in acetonitrile has been checked separately and it is 

seen that they were properly soluble. Here the binary acetonitrile solution of crown 

ether was used as solvent. All the binary stock solutions of IL were prepared by 

mass (measured using Mettler Toledo AG-285 with uncertainty 0.0001g) and the 

working solutions were obtained by mass dilution. 

 Specific conductance values of experimental solution were measured by 

systronics-308 conductivity Bridge of accuracy ±0.01%, using a dip-type immersion 

conductivity cell CD-10. The cell was calibrated using a 0.01M KCl aqueous solution. 

A thermostated water bath was used to maintain a constant experimental solution 

temperature (293.15K, 298.15K and 303.15K) having a deviations of ±0.01K.  

The molar conductance ( Λm) has been calculated by using equation 1 at three 

different temperatures and mentioned in Table 1 and Table 2 

                                                      mΛ =1000κ/c
                                                 (1) 

Where c= molar concentration of the studied solution. 
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Now, the mole ratio of [H]/ [EMPyrr]+ at the point from where the Λm  starts to 

change not Figure 1 and Figure 2  has been calculated by solving the followoing two 

equations of the two lines and listed in Table 3. For instance, in case of IL+18-

Crown-6 solution at 298.15 K. 

                                                      y = -19.96x + 140.0                                                                         

                                                      y = -3.232x + 125.1                                                                                   

Where,  y =([H]/ [EMPyrr]+ ) = 0.89. 

Infrared spectra were measured in 8300 FTIR spectrometer (Shimadzu, Japan). 

The details of the instrument have already been described (12) KBr pellet is used for 

solid samples. 

NMR spectra were recorded at 300 MHz Bruker ADVANCE at 298.15K in 

CD3CN. Signals are quoted as  values in ppm using residual protonated solvent 

signals as internal standered (D2O: 1.93   ppm). Data are reported as chemical shift. 

HRMS analyses were studied with Q-TOF high resolution instrument by 

positive mode electro-spray ionization. 

V.3.3. Preparation of solid complex of crown ethers with [EMPyrr]PF6 

0.2643 gm of 18C6 and 0.2592 of [EMPyrr]PF6 (1:1 ratio) were placed in a 50 

ml beaker and 10 ml acetonitrile was added. After that the mixture was set over 

electromagnetic stirrer in a round bottom flask with a reflux condenser and 

continuously stirred for 4 hours at 75°Cwith 350rpm. The resulting solid dried in a 

desiccators over CaC2 for 5 days (complex I). 
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Same procedure was followed in case of DB18C6 and [EMPyrr]PF6. Here 

0.3604 gm of DB18C6 and 0.2592 of [EMPyrr]PF6 (1:1 ratio) has been taken and do 

the same as mentioned above (complex II). 

 

V.4. RESULT AND DISCUSSION  

V.4.1. Conductivity study illustrates complexation process with their 

stoichiometric behaviour and formation constant 

  

The study of molar conductance of 18C6:[EMPyrr]+and DB18C6:[EMPyrr]+ 

systems give a vital clue about the intermolecular complex formations between the 

IL and macrocyclic ligand. To investigate the complexation of 18C6 and DB18C6 

with [EMPyrr]PF6, the molar conductance (Λm) is monitored as a function of  mole 

ratio of [H]/[EMPyrr]+ (where, [H]= mole concentration of 18C6, DB18C6 and 

[EMPyrr]+= molar concentration of selected ionic liquid) in solution at three 

different temperatures. The resulting series of molar conductance (Λm)-mole ratio in 

acetonitrile are presented in Figure 1 and Figure 2. It have been noticed that there 

is significant change in molar conductance (Λm) i.e. molar conductance gradually 

decreases with increase in [H]/ [EMPyrr]+ mole ratio (Table 1 and Table 2). This 

suggests that there must be formed complexation of cation by ion-dipole 

interactions with crown ether rather than pairing or covalent bond. It results the 

higher mobility of pyrrolidinium cation in the complextation process than the 

mobility of [EMPyrr]PF6 in acetonitrile in absence of the selected crown ethers. First 

the molar conductance decreases sharply during addition of crown solution but after 

a point slow changes is ovserved. This point indicates about the stoichiometric 

behavior of the resulting complex formation.  As at that point the mole ratio of [H]/ 

[EMPyrr]+ is close to unity (Table 3), it suggests the formation of stable ~1:1 
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complex of 18C6:[EMPyrr]+ and DB18C6:[EMPyrr]+ at different temperatures [13-

15]. Consequently the general reaction can be given by the following equilibrium 

[16] 

                                         
+ +[EMPyrr] +Crown [EMPyrr] Crown                (2) 

The corresponding equilibrium constant (Kf ) of the reaction can be represented as, 

                                       (3) 

 

Where, [EMPyrr]+crown=[ILH], [EMPyrr]+=[IL], crown=[H] and f are the molar 

concentration of the complex, uncomplexed IL, uncomplexed macrocyclic crown 

compound and the activity coefficient of the indicated species respectively. Since the 

experiment has been done by dilution method, the activity coefficient (f) can be 

considered as unity. On the basis of Debye- Hückel limiting law the activity 

coefficient of f(ILH) ≃ f(IL), thus the ratio f(ILH)/ f(IL) is also unity. Thus the 

equation 3 reduces as (6,13)  

                                             

IL

ILH

( )[ILH]

[IL][H] ( )[ ]

obs
f

obs

K
 

 
                                        (4) 

                                             
  IL IL

C

ILH

C ( )
C

( )

obs

obs

 
  

                                                 (5) 

Here, ΛIL= molar conductivity of the IL before addition of ligand; ΛILH= molar 

conductivity of complexed ion; Λobs= molar conductivity of the experimental solution 

during experiment; Cc the analytical concentration of the crown added and CIL the 

analytical concentration of the IL. 

 

[ILH] (ILH)

[IL][H] (IL) (H)
f

f
K

f f
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Figure 1. Molar conductance vs mole ratio of [H]/[EMPyrr]+ of 18C6+IL at 293.15K 

(pink), 298.15K (blue) and 303.15K (orange). 

 

Figure 2. Molar conductance Vs mole ratio of [H]/[EMPyrr]+ of DB18C6+IL at 293.15K 

(green), 298.15K (red) and 303.15K (violet). 

 

Table 1: Conductivity values for the [EMPyrr]++18C6 system  at three different 

temperatures(Ka) 

Vol. of 
18C6 
added 
(mL) 

Total 
vol. 
(mL) 

Conc. of 
18C6[H] 
(mM) 

Conc. of 
[IL](mM) 

+

[H]

[EMPyrr]

 

Molar conductance 
S cm2 mol-1 

     293.15 K 293.15 K 303.15 K 

0 10 0.000 10.000 0.0 132.791 141.439 149.241 

1 11 0.909 9.091 0.1 130.389 138.458 146.558 

2 12 1.667 8.334 0.2 127.968 135.914 143.914 
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3 13 2.308 7.692 0.3 125.657 133.519 141.719 

4 14 2.857 7.143 0.4 123.778 131.251 139.751 

5 15 3.333 6.667 0.5 121.534 129.399 137.699 

6 16 3.750 6.250 0.6 119.979 127.535 135.868 

7 17 4.118 5.882 0.7 118.752 125.695 134.095 

8 18 4.445 5.556 0.8 117.659 123.779 132.879 

9 19 4.737 5.263 0.9 116.971 122.319 132.119 

10 20 5.000 5.000 1.0 116.645 121.589 131.619 

11 21 5.238 4.762 1.1 116.289 121.048 131.248 

12 22 5.455 4.545 1.2 115.839 120.775 130.935 

13 23 5.652 4.348 1.3 115.769 120.489 130.789 

14 24 5.833 4.167 1.4 115.589 120.265 130.411 

15 25 6.000 4.000 1.5 115.269 120.072 130.189 

16 26 6.154 3.846 1.6 115.098 119.812 129.899 

17 27 6.296 3.704 1.7 114.934 119.611 129.683 

18 28 6.429 3.571 1.8 114.651 119.452 128.252 

19 29 6.552 3.448 1.9 114.547 119.221 128.946 

20 30 6.667 3.333 2.0 114.242 119.089 128.589 

a Standard uncertainties in temperature (T) = 0.01 K. 

Table 2: Conductivity values for the [EMPyrr]++DB18C6 system  at three 

different  temperatures(Ka) 

Vol. of 
18C6 
added 
(mL) 

Total 
vol. 
(mL) 

Conc. of 
DB18C6[H] 
(mM) 

Conc. of IL 
(mM) 

+

[H]

[EMPyrr]

 

Molar conductance 
S cm2 mol-1 

     293.15 K 293.15 K 303.15 K 

0 10 0.000 10.00           0.0 133.191 141.439 149.541 

1 11 0.909 9.091 0.1 130.634 139.759 147.436 

2 12 1.667 8.334 0.2 128.214 138.356 145.673 

3 13 2.308 7.692 0.3 126.156 136.837 144.171 

4 14 2.857 7.143 0.4 124.565 135.382 142.675 

5 15 3.333 6.667 0.5 122.785 134.023 141.126 
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6 16 3.750 6.250 0.6 121.135 132.654 139.762 

7 17 4.118 5.882 0.7 120.073 130.935 138.671 

8 18 4.445 5.556 0.8 119.021 129.743 137.823 

9 19 4.737 5.263 0.9 118.063 128.743 137.292 

10 20 5.000 5.000 1.0 117.164 128.245 136.723 

11 21 5.238 4.762 1.1 116.852 127.823 136.286 

12 22 5.455 4.545 1.2 116.583 127.353 135.783 

13 23 5.652 4.348 1.3 116.092 127.072 135.338 

14 24 5.833 4.167 1.4 115.838 126.782 135.135 

15 25 6.000 4.000 1.5 115.662 126.521 135.684 

16 26 6.154 3.846 1.6 115.364 126.383 134.385 

17 27 6.296 3.704 1.7 115.273 126.156 133.973 

18 28 6.429 3.571 1.8 114.937 125.878 133.832 

19 29 6.552 3.448 1.9 114.774 125.647 133.642 

20 30 6.667 3.333 2.0 114.693 125.339 133.367 

a Standard uncertainties in temperature (T) = 0.01 K. 

Table3. Values of the mole ratio of  [H]/ [EMPyrr]+ for 18C6 and DB18C6 at 

three different temperatures (Ka). 

 293.15K 298.15 K 303.15K 

18C6/[EMPyrr]+ 0.95 0.89 0.85 

18C6/[EMPyrr]+ 0.93 0.86 0.84 

a Standard uncertainties in temperature (T) = 0.01 K. 

Now, using these equation 4 and equation 5 the formation constant (Kf) and the 

molar conductance of the complex have been calculated at different temperatures 

and the corresponding values of log Kf   have been listed in Table 4 and are plotted in 

Figure 3. 
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Table4: log Kf values of 18C6:[EMPyrr]+and DB18C6:[EMPyrr]+ complexes in 

acetonitrile medium at different temperatures (Ka). 

 

Complex 
 

log Kf 

293.15 K 298.15 K 303.15 K 

18C6:[EMPyrr]+ 3.94 3.91 3.89 

DB18C6:[EMPyrr
]+ 

3.37 
3.34 

 
3.31 

a Standard uncertainties in temperature (T) = 0.01 K. 

 

Figure 3. logKf Vs 1000/T for 18C6:IL (█) and DB18C6:IL (●) complexation. 

 

V.4.2. Thermodynamics parameters:  

According to van’t Hoff equation (equation 6) various values of 

thermodynamics parameters (ΔHO, ΔSO) are derived (Table 5) from the slope and 

intercept of the plot of Figure 3. 

                                     

0 0ΔH ΔS
2.303log

RT R
fK   

                                        (6)
 

The free energy (ΔGO) values can be calculated by using the above 

thermodynamics parameters and have been listed in Table 5. The negative values of 

ΔGO suggest that complex formation process proceeds spontaneously, where as the 

negative values of ΔHO and positive values of ΔSO specify that the procedure 
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stabilizes the whole system by decreasing energy and entropy controlled 

respectively [6]. In case of 18C6:[EMPyrr]+ complex higher value of -ΔGO than 

DB18C6:[EMPyrr]+ implies that for the former the interactions are stronger than the 

later and more spontaneous.  

 

 

Table5: Values of the thermodynamic parameters (ΔH°, ΔS°, ΔG°) are 

calculated from Van’t Hoff equation of the complexes. 

 

  Temp.(Ka) ΔHo 
/kJ mol-1 

ΔSo 
/J mol-1K-1 

ΔGo(298.15Ka) 
/kJ mol-1 

 

18C6:[EMPyrr]+ 

293.15  
298.15  
303.15  

-8.50 46.36 -22.32 

293.15  
298.15  
303.15  

-10.21 29.70 -19.06 DB18C6:[EMPyrr]+ 
 

a Standard uncertainties in temperature (T) = 0.01 K. 

The molar conductance increases but the formation constant are decreases 

with the increase in temperature (Kf 
293.15>Kf 

298.15 >Kf 
303.15), this is due to the high 

mobility of the 1-ethyl-1-methyl pyrrolidinium [EMPyrr]+ ions. This also increases 

the thermal energy i.e. the process of complex formation is exothermic in nature (-

ΔHO). The values of formation constant (log Kf) (Table 4) evidently point out that 

the 18C6: [EMPyrr]+ forms more firmly held complex than DB18C6:[EMPyrr]+. Both 

crown ethers have almost same cavity size 2.6-3.2Å [17], so such variation must be 

originated due to presence of two benzo groups’ substitution on 18-crown-6. The 

electron withdrawing effect of benzo groups reduces the Lewis basic character 

(electron donor property) of oxygen atoms of DB18C6 towards the incoming guest 

charged moiety i.e. [EMPyrr]+ ion that are involved in complexation with the crown 
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ether ring by the hetaro (oxygen) atoms. As a result 18C6 can form N⁺∙∙∙Oδ‒ non-

covalent electrostatic ion-dipole interactions strongly and hence, the interaction in 

case of 18C6:[EMPyrr]+is predominant over the DB18C6:[EMPyrr]+.  

 

V.4.3. 1HNMR spectra:  

The 1HNMR spectra has additionally established the interplay of pyrrolidinium 

cation [EMPyrr]+ with the crown ethers in solution phase. The shifting of protons of 

the IL (pyrrolidinium cation) and the crown ethers in complex I and complex II are 

used to analysis for the formation of complex. Figure 4 and Figure 5 show the 

1HNMR spectra of uncomplexed IL, complexed IL and free 18C6 and DB18C6 

respectively. In complex I the H1, H4, H5 and H6 protons of pyrrolidinium ion are 

upfield shifted significantly where as the shifting of H2, H3 and H7 protons are 

marginal. In acetonitrile (polar solvent) 18C6 prefers D3d conformation where all the 

six oxygen atoms pointed towards the cavity [2] and hence the effective N⁺∙∙∙Oδ‒ non-

covalent electrostatic ion-dipole interactions are developed between the 

pyrrolidinium ion and the oxygen atoms of 18C6 [1,18]. Comparing with the free 

component, it is seen that peak of -OCH2 group protons of 18C6 are also upfielded 

shielded in complexed form. So, it is concluded that such chemical shifts must occur 

due to host- guest complex formation of pyrrolidinium cation with 18C6 

(Scheme 2). 
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Figure 4. 1H NMR spectra of (a) 1-ethyl-1 methylpyrrolidinium hexafluorophosphate  
and (b) 1:1 molar ratio of 18C6:[EMPyrr]+  in D2O at 298.15K. 
 

 
 

Figure 5. 1H NMR spectra of (a) 1-ethyl-1 methylpyrrolidinium hexafluorophosphate  

and (b) 1:1 molar ratio of DB18C6:[EMPyrr]+  in D2O at 298.15K. 

 

In case of complex II (Figure 5) large upfield shift are observed for 

pyrrolidinium ring protons (H1, H2, H3 and H4) while the chemical shifts of alkyl 

protons (H5 and H6) displayed small downfield changes. This suggests that 
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pyrrolidinium ion [EMPyrr]+ resides in the DB18C6 network with the alkyl groups 

directed away from the cavity to form host-guest complex [19] Due to presence of 

two phenyl substitutions and bowl-like structure of DB18C6, it has two possible 

arrangements for interactions with incoming guest moiety‒ (i) -O-CH2-CH2-O- 

chains, the minor site that may possesses very weak H- bonds with the H5 and H6 

protons  and (ii) the major site, the two phenyl rings [20-22]. The H-atoms of five 

membered pyrrolidinium ring are involved strongly in C‒H∙∙∙π interactions with the 

phenyl π ring systems (Scheme 2) [19]. This leads to formation of successful 1:1 

host-guest complexation between of [EMPyrr]+ with DB18C6(Scheme 2) and also 

supported the results that we have got from conductance method. 

 

 

Scheme 2. Schematic representation of complexation of 1-ethyl-1-methylpyrrolidinium 

hexafluorophosphate with 18-Crown-6 (18C6) and dibezo-18-crown-6 ( DB18C6). 
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1HNMR data: 1-ethyl-1-methyl pyrrolidinium hexaflurophosphate: 1HNMR 

(300 MHz, in CD3CN): δ= 3.49-3.37 (2H, m), 2.14-2.08 (2H, m), 2.92 (3H, s), 3.35-3.27 

(2H, q, J= 7.32 Hz), 1.31-1.25 (3H, m);18-Crown-6: 1HNMR (300 MHz, in CD3CN): δ= 

3.60-3.51 (24H, m); Dibenzo-18-crown-6: 1HNMR (300 MHz, in CD3CN): δ= 6.99-

6.87 (8H, m), 4.16-4.10 (8H, m), 3.78-3.67 (8H, m); 18-Crown-6 + 1-ethyl-1-methyl 

pyrrolidinium cation (Complex I): 1HNMR (300 MHz, in CD3CN): δ= 3.45-3.32 

(2H,m), 2.11-2.07 (2H, m), 2.94-2.86 (3H,m), 3.24-2.14 (2H, q, J= 7.32 Hz), 1.32-1.25 

(3H, m), 3.67-3.55 (24H, m); Dibenzo-18-crown-6+1-ethyl-1-methyl pyrrolidinium 

(Complex II): 1HNMR (300 MHz, in CD3CN): δ= 3.28-3.15 (2H, m), 2.09-1.97 (2H, m), 

2.94(3H, s), 3.37-3.30 (2H, q, J= 7.32 Hz), 1.30-1.25 (3H, m), 6.98-6.89 (8H, m), 4.15-

4.09 (8H, m),  3.77-3.68 (8H,m). 

V.4.4. Mass spectra:  

Positive electrospray mass spectrometry (ESI-MS) is very useful method that 

has been used to examine the host-guest complexation with crown ethers (20-23) 

The mass spectrum of 1:1 stiochiometry of 18C6-[EMPyrr]PF6 and DB18C6-

[EMPyrr]PF6  systems are analyzed by ESI-MS. In fig. 6a the peaks assigned at m/z 

115.0455, 137.0453, 287.4872, 379.5210, 401.5309 indicate the singly charged 

[EMPyrr + H]+ , [EMPyrr + Na]+, [18C6+ Na]+, [EMPyrr +18C+ H]+, [EMPyrr+18C 

+Na]+ respectively. The peaks at m/z 383.4140, 475.4610 and 497.4593 correspond 

to [DB18C6+ Na]+, [EMPyrr+DB18C6+ H]+ and [EMPyrr+ DB18C +Na]+ (Figure 6b). 

These experimental data of the selected IL/crown ether complexes suggested that 

the [EMPyrr]+ cation simultaneously associated in polyethers cavity with 1:1 

stiochiometry. 
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Figure 6. Electrospray mass spectra of equimolecular mixture of IL with (a) 18-crown-6 

and (b) dibenzo 18-crown-6. 

 

V.4.5. FTIR Spectroscopy study: effect of complex formation on the IR spectra 

The interactions have been investigated also by comparing the FTIR 

spectroscopy of the solid 18C6 and DB18C6 with the solid form of complexes of 1-

ethyl-1-methylpyrrolidinium hexafluorophosphate with 18C6 and DB18C6 

respectively. The shift in bands in IR spectra in 4000-500 cm-1 region of each crown-

ether provides the evidence of complex formation.   

 In case of 18C6 the distinctive absorption due to vas(C-O-C) stretching is 

assigned at 1119 cm-1 and shifting of vas(C-O-C) in complex I from 1129cm-1 to 1111 

cm-1 is observed (Figure 7). The vas(C-O-C) stretching frequency for DB18C6 is 

shifted from 1128Cm-1 to lower frequency 1116 Cm-1 when it forms complex II 

(Figure 8). These shifting provide the prominent evidence about the interaction of 

[EMPyrr]+ with the oxygen atoms of the crown compounds [17,24].  In case of 

DB18C6 spectra and in complex II in the range of 1200-1302 cm-1 two different 

kinds of assignable strong bands are observed. These indicate to stretching 

frequencies of anisol vs(Ph-O-C) and vas(Ph-O-C) [17,25] After complexation the 

vs(Ph-O-C) shifts from 1302 Cm-1 to 1287 Cm-1  and the vas(Ph-O-C) shifts from 1240 

cm-1 to 1224 cm-1. The v(C-H) stretching frequencies of methylene groups of crown 
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ethers come in the range of 2742 cm-1 - 2938 cm-1. It is shifted from 2920 cm-1 to 

lower frequency 2890.7 cm-1 in complex I and from 2938 cm-1 to 2932 cm-1 in 

complex II. The remarkable shifts in v(C-H) stretching suggest the effect of complex 

formations. The comparative study of the IR spectra of 18C6 and DB18C6 reveal the 

absorption band of substituent though it is difficult enough to assign as their 

distinctive bands may overlap with those ethylene glycol groups. But the scrutiny on 

Figure 8 allowed us to identify the absorption of vbenzene(C-H) frequncy that appears 

at 3071 cm-1. The aromatic  varomatic(C-C)br  bonds are at 1586 cm-1, 1511 cm-1,1480 

cm-1 (17). 

 

 

 

Figure 7.  IR spectra of 18-crown-6 (blue) and the resulting complex I (18C6:[EMPyrr]+)  

(red). 

 

 



Chapter V 

 

 

125 

 

 

Figure 8.  IR spectra of Dibenzo-18-crown-6 (blue) and the resulting complex II 

(DB18C6:[EMPyrr]+) (violet). 

 

 

As the interactions involved mainly on the electron donor ability of oxygen 

atoms of the crown compounds so it is seen that there are significant shifts for all 

ether linkage (Table 6). On the basis of these observations, it is suggested that there 

is considerable interactions that favors the complextation process and supports the 

plausible mechanism that is shown in scheme 2. 

 

Table6. Frequencies (v Cm-1) of ether linkage in IR spectra of free crown ethers 

and the complexed  crown ethers. 

  

 v Cm-1 (Free) v Cm-1 (Complexed) Δ v Cm-1 

18C6:[EMPyrr]+ 1129  vas(COC) 1111 vas(COC)  18 

     
DB18C6:[EMPyrr]+ 

1128 vas(COC) 
1240 vas(Ph-

OC) 
1302 vs(Ph-OC) 

1116 vas(COC) 12 

1224 vas(Ph-OC) 16 

1287 vs(Ph-OC) 15 
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V.5. CONCLUSION 

In this present work, the obtained result of conductivity and the association 

constant (kf) for the complexation between 1-ethyl-1 methylpyrrolidinium 

hexafluorophosphate and 18C6 and DB18C6 can be explained in terms of the 

electrons donor ability of oxygen atoms to substrate. The thermodynamics 

parameters for this complexation process articulate that the overall complex 

formation path thermodynamically favorable. The five membered pyrrolidinium 

cationic head group is integrated into the macrocyclic polyether network via N⁺∙∙∙Oδ‒ 

non-covalent ion-dipole, H-bonds and C‒H∙∙∙π interactions (host-guest interactions) 

has been established by 1HNMR. ESI-MS study confirmed the host-guest 

complexation process with 1:1 ratio. The FTIR spectroscopy study of the resulting 

solids between crown ethers and IL also gives distinct evidence about this host-

guest complexation process. 
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VI.1.HIGHLIGHTS 

 Interactions act of [BMIM][C8SO4] and [MOIM]Cl ILs with amino acids in aq. 

solution are studied.  

 Conductivity has been investigated in aq. IL+ AA solution at different 

temperatures. 

 Conductivity and spectroscopic studies reveal the presence of non-covalent 

interactions. 

 Association constants are evaluated from UV-Vis and are further justified by 

Fluorescence. 

 1HNMR study confirmed the interactions between selected ILs and amino 

acids. 

VI.2. INTRODUCTION 

Ionic liquids (ILs) belong to the family of those organic compounds which are nano-

structured molten salts at room temperature and having cationic organic part and 

anionic inorganic/organic part [1]. ILs has a spacious diversity of unique physical and 

chemical character such as non-flammability, negligible vapor pressure, ability of 

dissolving large variety of compounds, high electrical conductivity etc. [2-6] which makes 

them a source of interest in different fields of science, industries and process such as 

biology, separation of amino acids electrochemistry, synthesis etc [7-9]. Additionally they 

can also be considered as green and designer solvent/electrolytes because of their 

uniqueness [3, 10-14].  In recent years, ILs are also used to frame the thermophysical 

properties of aqueous solution containing amino acid(s) (AA) and ILs which provides 

important information about the intermolecular interactions in solution phase [15-20]. 

Amino acids are used as model compounds as they are building block of proteins. Such 

interactions and thermodynamic properties studies helps to overcome the difficulties 

that arise in case of some biomolecules such as proteins due to their complexed 
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structures and provides the information about the solute-solvent and solute-solute 

interactions that can be help to understand the effects of electrolytes on proteins [21-23]. 

  It is already known that 1, 3-disubstituted imidazolium ring based ILs are 

important enough and widely used in solution chemistry [24-28]. The main significance 

about the imidazole ring is its existence in various amino acids, proteins and nucleic acids 

that have many biological activities. Additionally, all protons of 1, 3-disubstituted 

imidazolium ring are shown acidic character due to delocalization of positive charge over 

the ring [29]. 

This work is related to study the molar conductivities (Ʌ) at three different 

temperatures (298.15 K, 305.15 K and 312.15 K) and spectroscopic methods (UV-Vis, 

FTIR) of two amino acids L-tyrosine (L-tyr) and L-phenylalanine (L-Phe) with 1-butyl-3-

methylimidazolium octylsulphate [BMIM][C8SO4] and 1-methyl-3-octylimidazolium 

chloride [MOIM]Cl respectively in aqueous solution. All these data have been used to 

interpret the interactions (non-covalent) involved in ternary (L-tyr/L-Phe + 

[BMIM][C8SO4]/ [BMIM][C8SO4] + water) systems. The structure of both AAs and ILs has 

been shown in scheme 1. Moreover, such interactions of analogue imidazolium ILs 

with L-tyr and L-Phe systems are reported in theoretical background but no such 

works have been done to propose a model for the studied ILs and amino acids [30]. 
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Scheme.1: Ball & stick representation of (a) L-tyrosine, (b) L-phenylalnine, (c) 1-butyl-

3-methylimidazoliumoctylsulphate [BMIM][C8SO4] and (d) 1-methyl-3-octylimidazolium 

chloride [MOIM]Cl respectively. 

 

VI.3. EXPERIMENTAL SECTION 

 

VI.3.1. Chemicals 

  The details of chemicals used in this work are listed in Table 1; no further 

purification has been performed. Triply distilled and degassed water (specific 

conductivity < 1μS·cm-1) is used for preparation all solutions.  

Table 1: Brief description of the chemicals 

SL. 
No
. 

Name of Chemicals CAS NO. Abbreviation supplier Purity 

(mass 

fraction) 

1 1-butyl-3-

methylimidazolium octylsulphate  

44547

3-58-5 

[BMIM][C8SO4] Sigma-

Aldrich 

≥ 0.95 

2 1-methyl-3-octylimidazolium 

chloride 

64697-

40-1 

[MOIM]Cl Sigma-

Aldrich 

≥ 0.97 

3 L-tyrosine 60-18-

4 

L-tyr Sigma-

Aldrich 

≥ 0.98 

4 L-phenyl alanine 63-91-

2 

L-phe Sigma-

Aldrich 

≥ 0.97 
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VI.3.2. Apparatus 

The mass of chemicals is measured by analytical balance METTLER TOLEDO-

Model: AG-285 with an uncertainty ± 0.003 g.  All the binary stock solutions are 

prepared carefully by mass dilution at 298.15 K (± 0.01 K). 

The conductance has been carried out in systronic-308 conductivity meter 

(accuracy ±0.01) using a dip-type immersion conductivity cell, CD-10, having a cell-

constant of ~ 0.1±0.001 cm-1. Experiments are made in thermostatic jacket to 

maintain temperatures. The specific conductances (κ) of IL+ aq. amino acid solutions 

under investigation in three different temperatures (298.15 K, 305.15 K, and 

312.15 K) are measured. The molar conductance (Λ) for the studied solutions has 

been calculated using following equation 1 and given in Figure 1 and Figure 2. 

                                              Λ = 1000 κ /c                                                                   (1)      

Where, c is the molar concentration of amino acids in the studied solution.  

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer. 

All the absorption spectra were recorded at 25°C ±1°C. 

A photon Technology International (PTI), USA fluorescence spectrophotometer 

(Quantamaster-40) was used to record fluorescence spectra. 

NMR spectra were recorded at 600 MHz Bruker ADVANCE at 298.15K in D2O. 

Signals are quoted as  values in ppm using residual protonated solvent signals as 

internal standered (D2O:  4.700 ppm). Data are reported as chemical shift. 
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VI.4. RESULTS AND DISCUSSION 

VI.4.1. Conductance study 

The conductance study of the interaction (solute-solvent) between the ILs ([BM

IM][C8SO4]/[MOIM]Cl) with aqueous solution of L-tyr and L-phe amino acids has been 

performed at three different temperatures. The advantage of this study is that this 

measurement provides information about the interaction and transport phenomena of 

the (AA + ILs +water) ternary systems.  

The molar conductivities (Ʌ) of aqueous [BMIM][C8SO4] and [MOIM]Cl has been 

monitored with increasing the concentration of L-tyr and L-phe respectively at three 

different temperatures and  have been listed in Table 2 and Table 3.  The Figure 1 and 

Figure 2 show the resulting plots of ([BMIM][C8SO4]+ L-tyr+ water )(system 1), 

([MOIM]Cl + L-tyr + water) (system 2), (([BMIM][C8SO4]+ L-phe+ water) (system 3) and 

([MOIM]Cl + L-phe + water) (system 4) respectively.  For each system it has been 

observed that Ʌ values increase with increase in temperature and gradual addition of AA 

to ILs solution causes a continuous decrease in molar conductance [31-34]. 

The decrease in molar conductance may be due to two factors- (i) involvement in 

non-covalent interactions of ILs with AA(s) [20,32,34]  and (ii) [BMIM][C8SO4] and 

[MOIM]Cl is an anionic and cationic  surface active ionic liquid (SAILs) respectively [35]. 

So, they have a positive tendency to form micelles after a certain concentration. Initially 

as there are no micelles, the free mobile ions of SAILs are accountable for the speedy 

decrease in Ʌ values with increasing amino acids content in solutions because of 

increasing system viscosity as well as the attractions between ILs and AAs with 

increasing AAs concentration. The strong intermolecular hydrophobic-hydrophobic 

attraction, and other non-covalent ( vander Walls, hydrophilic, π∙∙∙π interactions, 

columbic attraction etc.) interactions  must have been developed with amino acids [36] 

but after a certain point the ions contribution are less in transport change and leading to 
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level off. As the [BMIM][C8SO4] SAIL has to some extent more acidic protons and less 

hindered imidazolium ring protons [30] and long hydrophobic alkyl chain in counter ion 

part than the [MOIM]Cl, so the former IL must be involved in good interactions than 

[MOIM]Cl with the amino acids.  Apart from these interactions, L-tyr has an extra 

hydroxyl (-OH) group at para position which helps to bind the ILs more firmly by H-bond  

than L-phe and involved in strong interactions with the ILs than L-phe. Thus considering 

all of these the stability order of interactions follows the order of- (system 1)> (system 

2)> (system 3)> (system 4). 

 

Figure 1. Molar conductivity of (a) [BMIM][C8SO4] in aqueous solution with L-tyr and (b)  

[MOIM]Cl in aqueous solution with L-tyr at three different tempetarures.  

Figure 2. Molar conductivity of (a) [BMIM][C8SO4] in aqueous solution with L-phe and 

(b)  [MOIM]Cl in aqueous solution with L-phe at three different tempetarures. 
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Table 2: Conductivity values for the [BMIM][C8SO4] and [MOIM]Cl IL  with L-tyr 

in aqueous  at three different temperatures(Ka). 

Total vol. 

(mL) 

Conc. of 

L-tyr 

(mM) 

Molar conductance 

(S cm2 mol-1) of [BMIM][C8SO4] 

Molar conductance 

(S cm2 mol-1) of [MOIM]Cl 

  298.15 K 305.15 312.15 298.15 K 305.15 312.15 

10 0.0 53.14 70.72 82.92 86.93 93.40     119.51 

11 0.1818 44.28 59.85 70.66 71.64 81.53 90.36 

12 0.3333 37.74 52.76 62.54 62.47 72.55 80.24 

13 0.4615 33.83 46.77 56.47 55.25 66.23 73.45 

14 0.5714 31.91 42.32 52.72 50.48 61.41 68.93 

15 0.6667 30.78 40.67 49.58 48.20 58.56 65.84 

16 0.75 29.93 39.53 47.25 46.41 56.22 63.11 

17 0.8235 29.26 38.17 46.51 45.23 54.37 62.38 

18 0.8889 29.18 37.22 45.11 44.66 52.64 61.46 

19 0.9474 28.89 36.31 44.4 43.94 51.45 60.79 

20 1.0 27.59 35.62 43.26 43.17 50.62 59.74 

21 1.0476 27.19 34.03 42.54 42.65 49.51 58.01 

22 1.0909 26.84 33.21 41.97 41.90 48.84 57.53 

23 1.13 25.98 32.24 41.14 41.40 48.16 57.08 

24 1.1667 25.32 31.67 40.25 40.93 47.61 56.53 
a Standard uncertainties in temperature (T)=0.01. 

Table 3: Conductivity values for the [BMIM][C8SO4] and [MOIM]Cl IL  with L-phe 

in aqueous  at three different temperatures(Ka). 

Total vol. 

(mL) 

Conc. of 

L-tyr 

(mM) 

Molar conductance 

(S cm2 mol-1) of [BMIM][C8SO4] 

Molar conductance 

(S cm2 mol-1) of [MOIM]Cl 

  298.15 K 305.15 K 312.15 K 298.15 K 305.15 K 312.15 K 

10 0.0 60.35 72.27 83.62 86.92 93.55     119.34 

11 0.1818 50.26 58.68 67.26 75.43 80.89 99.86 

12 0.3333 42.84 50.95 59.37 67.15 72.35 87.72 
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13 0.4615 38.19 46.15 53.82 60.27 65.51 79.59 

14 0.5714 34.45 43.25 50.55 54.59 60.68 75.74 

15 0.6667 32.85 40.74 47.65 50.36 57.34 71.45 

16 0.75 31.65 38.77 45.16 46.92 55.32 68.96 

17 0.8235 29.45 37.41 44.46 45.45 53.56 66.75 

18 0.8889 28.91 36.53 42.86 43.78 51.88 64.34 

19 0.9474 28.53 35.22 41.57 42.53 50.02 62.23 

20 1.0 27.42 33.49 40.53 41.47 49.19 60.15 

21 1.0476 26.09 32.31 39.25 40.39 48.45 59.04 

22 1.0909 25.94 31.72 38.17 39.04 47.06 58.19 

23 1.13 25.01 30.45 37.32 38.71 46.53 57.41 

24 1.1667 24.62 29.91 36.05 37.47 45.25 56.95 

a Standard uncertainties in temperature (T)=0.01K 

 

VI.4.2. UV-vis spectroscopy 

The UV-vis spectroscopy is a suitable method that not only helps to get the 

important information about interaction behavior in systems but also provide the 

binding nature of binding partners [37]. The absorption peak of [BMIM][C8SO4] and 

[MOIM]Cl in aqueous solution by varying concentration of amino acids (i.e. L-tyr and L-

phe) are shown in figure 3 and figure 4 . The strong absorption peaks for both two 

imidazolium based ILs appeared at ~210 nm (λmax) [38]. From Figure 3 and 

Figure 4, it is seen that continuous increase in absorption intensity has been 

occurred due to regular addition of different concentrated amino acids to both the 

ILs. Such spectral shifts due to the occurrence of π∙∙∙π and C-H∙∙∙π interactions that may 

involved in the ILs and L-tyr and L-phe. 
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Figure 3. Adsorption spectra of (a) [BMIM][C8SO4] and (b) [MOIM]Cl at different concentration of 

L-tyrosine (1) absence of L-tyrosine, (2) 0.0004 M, (3) 0.0008 M, (4) 0.0012 M, (5) 0.0016 M, (6) 

0.0018 M, (7)0.002 M respectively. 

Figure 4. Adsorption spectra of (a) [BMIM][C8SO4] and (b)[MOIM]Cl at different 

concentration of L-phenylalanine (1) absence of L-phenylalanine, (2) 0.0004 M, (3) 

0.0008 M, (4) 0.0012 M, (5) 0.0016 M, (6) 0.0018 M, (7)0.002 M respectively. 

 

VI.4.3. Steady state fluorescence Study 

The interactions phenomena of the imidazolium ILs with the amino acids have 

further been further investigated by fluorescence technique [39]. The imidazolium 

ring of the ILs is responsible for giving significant emission spectra in fluorescence. 

The emission peak of both ILs are close enough to each other and appeared at 

~λflu
max 420 nm when excited by light at wavelength 210 nm [40]. This also implies 

the less contribution of alkyl chain of [BMIM][C8SO4] and [MOIM]Cl imidazolium 
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based ILs in emission spectra. By keeping constant concentration of ILs in aqueous 

solution and gradually addition of increase in concentration of amino acids causing 

the continuous enhancement of the fluorescence intensities of both ILs which 

indicate that molecular interactions/associations are obviously arising there 

(Figure 5 and Figure 6). 

 

Figure 5. Fluorescence spectra of (a) [BMIM][C8SO4] and (b) [MOIM]Cl at different 

concentration of L-tyrosine (1) absence of L-tyrosine, (2) 0.0003 M, (3) 0.0006 M, (4) 

0.0009 M, (5) 0.0012 M, (6) 0.0015 M, (7)0.0018 M respectively. 

 

Figure 6. Fluorescence spectra of (a) [BMIM][C8SO4] and (b) [MOIM]Cl at different 

concentration of L-phenylalanine (1) absence of L-phenylalanine, (2) 0.0003 M, (3) 

0.0006 M, (4) 0.0009 M, (5) 0.0012 M, (6) 0.0015 M, (7)0.0018 M respectively. 
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VI.4.4. Determination of association constant-spontaneity and features of 

interactions   

The association constant in this phenomena i.e. [BMIM][C8SO4] / [MOIM]Cl ILs 

interactions with L-tyr and L-phe have been calculated by Benesi-Hildebrand equation 2 

[37,38,41] using the absorption and emission spectral (fluorescence) data (Table 4 

and Table 7). This is very helpful method for quantitative estimation of extent of 

binding of two binding events.                                    

           o 1 o 1 o

1 1 1 1

a( ) [AA] ( )I I K I I I I
  

                                            (2)
 

 Where,   Io and I are the intensity values of absorption/ fluorescence of both IL 

in absence and presence of AAs respectively. I1 is the intensity of absorption/ 

fluorescence of ILs due to association with amino acids and Ka is the association 

constant.  

The double reciprocal plots of 1/I-Io versus 1/ [AA] for all the systems have 

been shown in Figure 7 and Figure 8  and all system are within good linear 

correlation (R2> 0.900) and suggest the 1:1 interaction is present for each systems. 

The Ka values have been calculated from the ratio of intercept and slop of each plot. 

It can be observed from the Ka value that the association for [BMIM][CSO4] is 

greater with L-tyr than L-phe and least for ([MOIM]Cl +L-phe) system. 

Further by using the value of
 
Ka the free energy changes (ΔG) for the adduct 

formation of ILs and AAs have been calculated using the following the equation 3 

                         ΔG= -RT lnK                                              (3) 

The values of ΔG for all adducts have been listed in Table 4 to Table 7 and the 

negative values be a sign of the feasibility of the adducts formation by interactions.
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 The values of Ka and ΔG make known that (system 1) have greater attraction 

possibility than the others. In theoretically background, the possibility of such an 

interaction on for an analogue system is reported earlier [30]. Thus, we can 

endorsed that a stronger H-bond and π∙∙∙ π stacking interactions  are developed in 

case of L-tyr than L-phe from S2 side (scheme 1) that can enhance the stability and 

can also be attributed for such order of interactions. Further the weak columbic 

force of attraction between the positively charged ring cation and the negatively 

charged AA plays a role in bringing them close to each other. 

 

Table 4: Data for the Benesi-Hildebrand double reciprocal plot obtained from 

UV-Vis spectroscopy for aqueous [BMIM][C8SO4] and [MOIM]Cl ILs  with L-tyr 

system at 298.15Ka. 

[BMIM][C8SO4] 

(M) 

Conc. of L- 

tyr (M) 
I0 Intensity (I) Ka(M-1) ΔG KJ mol-1 

 0.0004 

1.61436 

2.43106  

-22.64 

 0.0008 2.53914  

4 x 10-4 0.0012 2.56891 9260 

 0.0016 2.60076  

 0.002 2.65974  

[MOIM]Cl (M) 
Conc. of L- 

tyr (M) 
I0 Intensity (I) Ka(M-1) ΔG KJ mol-1 

 0.0004  2.31916   

 0.0008  2.44828   

4 x 10-4 0.0012 1.67759 2.50968 4994 -21.11 

 0.0016  2.54860   

 0.002  2.59924   

a Standard uncertainties in temperature (T)=0.01K. 
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Table 5: Data for the Benesi-Hildebrand double reciprocal plot obtained from 

UV-Vis spectroscopy for aqueous [BMIM][C8SO4] and [MOIM]Cl ILs  with L-phe 

system at 298.15Ka. 

[BMIM][C8SO4] 

(M) 

Conc. of L- 

phe (M) 
I0 Intensity (I) Ka(M-1) ΔG KJ mol-1 

 0.0004  3.45837   

 0.0008  2.60077   

4 x 10-4 0.0012 1.61436 2.30684 2373.86 -19.27 

 0.0016  2.14971   

 0.002  1.94121   

[MOIM]Cl (M) 
Conc. of L- 

phe (M) 
I0 Intensity (I) Ka(M-1) ΔG KJ mol-1 

 0.0004  4.14765 

2111.78 

 

 0.0008  3.11910  

4 x 10-4 0.0012 

1.67759 

2.69882  

 0.0016 2.49336 -18.98 

 0.002 2.25789  

a Standard uncertainties in temperature (T)=0.01K. 

Table 6: Data for the Benesi-Hildebrand double reciprocal plot obtained from 

fluorescence spectroscopy for aqueous [BMIM][C8SO4] and [MOIM]Cl ILs  with L-

tyr system at 298.15Ka. 

[BMIM][C8SO4] 

(M) 

Conc. of 

L- tyr (M) 
I0 Intensity (I) Ka(M-1) ΔG KJ mol-1 

 0.0003 

202353.032 

270750.420 

1595.67 -18.28 

 0.0006 299469.176 

10 x 10-4 0.0009 325637.411 

 0.0012 339150.187 

 0.0015 353260.785 

 0.0018 360658.554 

[MOIM]Cl (M) 
Conc. of L- 

tyr (M) 
I0 Intensity (I) Ka(M-1) ΔG KJ mol-1 
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 0.0003 

158736.743 

233021.208 

1164.67 -17.50 

 0.0006 277888.743 

10 x 10-4 0.0009 302731.526 

 0.0012 321062.647 

 0.0015 341268.303 

 0.0018 360191.789 

a Standard uncertainties in temperature (T)=0.01K 

 

Table 7: Data for the Benesi-Hildebrand double reciprocal plot obtained from 

fluorescence spectroscopy for aqueous [BMIM][C8SO4] and [MOIM]Cl ILs  with L-

phe system at 298.15Ka. 

[BMIM][C8SO4] 

(M) 

Conc. of L-

phe (M) 
I0 Intensity (I) Ka(M-1) ΔG KJ mol-1 

 0.0003 

202353.032 

257998.969 

1080.00 -17.32 

 0.0006 279539.343 

10 x 10-4 0.0009 309878.657 

 0.0012 338953.274 

 0.0015 351113.756 

 0.0018 373406.046 

[MOIM]Cl (M) 
Conc. of L- 

phe (M) 
I0 Intensity (I) Ka(M-1) ΔG KJ mol-1 

 0.0003 

158736.743 

190069.494 

933.14 -16.95 

 0.0006 213359.573 

10 x 10-4 0.0009 224236.230 

 0.0012 236632.444 

 0.0015 237774.593 

 0.0018 249594.135 

a Standard uncertainties in temperature (T)=0.01.
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Figure 7. Benesi-Hildebrand plot of 1/ΔA vs. 1/ [AA] in UV-vis spectroscopy for (a) 

[BMIM][C8SO4] and (b) MOIM]Cl in L-tyr and for (c)[BMIM][C8SO4] and (d) MOIM]Cl in L-phe 

at 298.15Ka. 

 

 

Figure 8.  Benesi-Hildebrand plot of 1/ΔA vs. 1/ [AA] in fluorescence spectroscopy for 

(a) [BMIM][C8SO4] and (b) MOIM]Cl in L-tyr and for (c)[BMIM][C8SO4] and (d) MOIM]Cl in L-

phe at 298.15Ka. 

 

VI.4.4. NMR Study 
 

Nuclear magnetic resonance (NMR) is a very effectual technique for studying 

the changes the electronic environment around the different protons of ILs in 

presence of various kinds of amino acids [41].  In 1HNMR the binary mixture of 
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[BMIM][C8SO4] and [MOIM]Cl with individual L-tyr and L-phe have been recorded in D2O 

at 298.15 K respectively (Table 8).  

The chemical shifts of [BMIM][C8SO4]/ [MOIM]Cl depends on the electronic space 

environment present in their surrounding area. It is found that significant upfield shifts 

for alkyl protons of the imidazolium ring have been occurred after mixing of amino acids. 

This indicates the presence of intermolecular hydrophobic- hydrophobic interactions 

that leading to increase the electron density around the imidazolium ring. It can be seen 

from chemical shifts that in both ILs the alkyl chain protons attached to imidazolium ring 

are in good intermolecular interactions with amino acids but comparing the protons of 

imidazolium ring, downfield shift for C2 proton and upfield shifts for other imidazolium 

ring protons (C3, C4) has been observed (Figure 9, Figure 10). It most probably suggests 

the orientation for imidazolium ring that allows strong H-bond formation with C2 proton 

and weak π∙∙∙π interactions involving C3, C4   and benzen ring of AA(s). Thus two opposing 

influences i.e. H-bond and π∙∙∙π interactions are possibly responsible for distinct shifts for 

ring protons [42].  The downfield shift for C2 proton of [BMIM] cation is larger than the 

[MOIM] cation C2 protons, thus it has been concluded that ([BMIM] cation∙∙∙AA) H-

bonding are somewhat stronger than ([MOIM] cation∙∙∙AA) interactions.  Thus all the 

variations in chemical shifts are perhaps due to contribution of various factors: such as- 

(i) H-bond interactions between the acidic proton of ring with oxygen atom of amino 

acids [(C–H)Imidazolium rin…OAA]), (ii) aromatic ring current effect: the π∙∙∙π interactions of 

imidazolium ring with the phenyl ring of amino acid , (iii) weak C-H∙∙∙ π between the 

cation and AA , (iv) hydrophobic interactions, (v) columbic force of attraction are being 

there [43, 44] (Scheme 2) which are in good agreement with that obtained by our other 

experiments. 
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Figure 9. 1H NMR spectra of (a) [BMIM][C8SO4], (b) ([BMIM][C8SO4]+ L-tyr) system and 

(c) ([BMIM][C8SO4] + L-phe) system in D2O at 298.15K. 

 

 

 

Figure 10. 1H NMR spectra of (a) [MOIM]Cl, (b) ([MOIM]Cl+ L-tyr) system and (c) 

([MOIM]Cl + L-phe) system in D2O at 298.15K. 
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Scheme 2: Schematic representation of interactions between (a) ([BMIM][C8SO4] +L-tyr) 

(b)([MOIM]Cl +L-tyr) (c) ([BMIM][C8SO4]+ L-phe) and (d) ([MOIM]Cl +L-phe) systems in 

aqueous solution respectively.  

 

Table 8: 1H NMR chemical shift displacements of [BMIM][C8SO4] and [MOIM]Cl 

in interaction with L-tyr and L-phe   in D2O at 298.15 Ka.  

 

IL  protons Free IL δ (ppm) 
IL with L-tyr δ 

(ppm) 

IL with L-phe δ 

(ppm) 

[BMIM][C8SO4]    

C1 3.892 3.881 3.884 

C2 8.589 8.646 8.598 

C3, C4 7.358-7.399 7.328-7.374 7.348-7.392 

C5 4.091-4.103 4.070-4.082 4.083-4.095 

C6 1.726-1.751 1.711-1.736 1.719-1.744 

C7 1.486-1.499 1.481-1.495 1.483-1.489 
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C8 0.710-0.716 0.707-0.711 0.709-0.714 

A1 
3.794-3.802 3.774-3.798 3.786-3.800 

A2 1.376-1.387 1.372-1.381 1.374-1.383 

A3 1.123-1.252 1.115-1.243 1.117-1.248 

A4 
0.818-830 0.790-0.815 0.787-0.812 

[MOIM]Cl 

C1 3.771 3.756 3.757 

C2 8.552 8.602 8.590 

C3, C4 7.310-7.356 7.290-7.348 7.297-7.353 

C5 4.057-4.068 4.043-4.055 4.040-4.056 

C6 1.738-1.749 1.723-1.746 1.720-1.748 

C7 1.129-1.161 1.127-1.152 1.127-1.153 

C8 0.717-0.741 0.712-0.737 0.714-0.740 

 

VI.5. CONCLUSION 

The   solute-solvent interaction behavior of studied ionic liquid and amino acids in 

aqueous solution have been determined by conductance measurements at three different 

temperatures and spectroscopic studies.  The ILs and amino acids systems in aqueous 

solution indicate the non-covalent interactions among them and causing an increase of 

hydrodynamic radii of ions and a decrease of their ionic mobility, hence we have got the 

result a decrease in molar conductance.  It has been concluded from the association 

constant values of the selected ILs with AAs obtained by using Uv-vis and fluorescence 

measurements that among the two ILs, 1-butyl-3-methylimidazolium octylsulphate 

[BMIM][C8SO4] interact more firmly with L-tyrosine than L-phenylalanine and in each 
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system both IL and AA have been promoted to each due to non-covalent such as  strong 

hydrophobic- hydrophobic, weak π∙∙∙π, columbic force of attraction, H-bond interactions 

etc. amongst themselves. The significant chemical shifts of ILs protons in presence of 

amino acids in 1HNMR studies also support the results obtained from other 

spectroscopic and conductance measurements. 
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VII. 1. HIGHLIGHTS 

 β-Cyclodextrin (β- Cyd) forms Inclusion complex with NTHCL with 1:1 

stoichiometry. 

 Association constant is measured from UV- spectroscopy and fluorescence. 

 1H NMR and ROSEY provides confirm evidence about the solid inclusion 

phenomenon. 

 13CNMR is utilised to support the interactions phenomenon. 

 Solid complex formation between β-Cyd and NTHCL is established by FTIR 

and PXRD. 

 

VII. 2.INTRODUCTION 

Cyclodextrins (Cyds) are first isolated as degradation product of starch by 

Villiers in 1891 [1]. They are characterized as natural cyclic oligosaccharides. The 

main fractions of Cyds are composed with 6 (α- Cyds), 7(β- Cyds) and 8(γ-Cyds) 

glucose units respectively linked by α-(1, 4) glycosidic linkages [2, 3]. Cyds are a 

very vital class of host molecules that are used as drug excipients [4-6] and drug 

receptor or carrier in human body [7-11]. These applications confide to the 

capability of Cyds to form inclusion complexes (ICs). Such host-guest ICs are of great 

interest for scientific research as they exists in aqueous medium and encapsulate 

guest molecule(s) into their hydrophobic cavity through hydrophobic, H-bonds, van 

der Waals, interactions which are so important in biological systems and furnish the 

information about the non-covalent intermolecular interactions. Thus they serve as 

models for studying topochemical problems and the mode of action of drugs. The 

most significant property of such ICs is that the unique “torus-like” shaped cyd 
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molecules can behave as host to accommodate size-fit entirely or at least partially 

guest components into its hole without any covalent bonds being formed [12-15]. 

 Nortriptyline [3-(10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5-ylidene)-N-

methyl-1-propanamine)] hydrochloride (NTHCL) belongs to the class of drugs 

known as tricyclic antidepressant (TCAs). Depression is fetching one of the most 

imperiling diseases disturbing human health and quality of living [16-20]. Compared 

with other TACs drugs, NTHCL shows many advantages. The antidepressant effects 

of TCA are thought to be due to an overall increase in serotonergic 

neurotransmission and in depressed individuals, nortriptyline exerts a positive 

effect on mood.  TCAs also block histamine-H1 receptors, α1-adrenergic receptors 

which accounts for their sedative, hypotensive effects respectively. Nortriptyline 

exerts less sedative side effects compared to the tertiary amine TCAs. NTHCL has 

also neuroprotective effects and it is used as key models of chronic 

neurodegeneration. It expanded as strong inhibitor of mitochondrial permeability 

transition (MPT) in both isolated [21] and brain.  MPT results due to openings of 

protein pores that are formed in the inner membrane of mitochondria and allow free 

diffusion of molecules having molecular weight less than 1500 Da., resulting 

mitochondrial swelling and cell death [22]. NTHCL can also inhibit the release of 

cytochrome C and caspase activation in tissue. As, cyds are secure and friendly for 

human health and considered as safe drug carrier in human body [23], so, 

formulating inclusion complex of NTHCL with β-cyds could potentially introduce a 

new prospect and hope in drug delivery systems and also in research field. 

In this work, the possible formation of IC between NTHCL and β-cyds 

(scheme1) has been investigated by UV-spectroscopy, fluorescence measurements 

in solution phase including 1HNMR, 2D NMR, 13CNMR, FTIR and powder XRD 
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techniques that have been performed with the resultant 1:1 solid IC of NTHCL and β-

cyds. 

  

Scheme 1.  Geometry of (a) β-cyclodextrin molecule and (b) Nortriptyline 

hydrochloride (NTHCL). 

 

 

VII. 3. EXPERIMENTAL SECTION 

VII.3.1. Reagents 

Nortrptyline and β- cyclodextrin of puriss grade are purchased from sigma-

Aldrich, Germany and have been used without further purification. The mass 

fraction purity of nortrptyline and β- cyclodextrin is ≥ 0.99 for both. Triply distilled 

and degassed water is used to ready all solutions. 

VII.3.2. Apparatus 

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer. 

All the absorption spectra were recorded at 25°C ±1°C. 

A photon Technology International (PTI), USA (Model: Quantamaster-40) 

fluorescence spectrophotometer was used to record fluorescence spectra. 

NMR (1HNMR, 2D ROSEY and 13C NMR) spectra were recorded at 300 MHz 

Bruker ADVANCE at 298.15K in D2O. Signals are quoted as  values in ppm using 

residual protonated solvent signals as internal standered (D2O:  4.71 ppm). Data 

are reported as chemical shift. 
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Infrared spectra were measured in Perkin Elmer, FTIR spectrometer. Samples 

are prepared as KBr pellets with 1mg components and 100 mg of dry KBr. FTIR 

measurements were performed in the scanning range of 4000-400 cm-1 in the room 

temperature. A manual press was used to form the pellets. 

The powder XRD patterns of the compounds were recorded by using Cu-Kα 

radiation (Bruker D8 Discover; 40kV, 30 mA). 

 

VII.3.3. Preparation of solid inclusion complex of NTHCL with β-CD 

The solid inclusion complex of (NTHCL+ β-CD) has been prepared by taking 1:1 

molar ratio of both components. Both components are dissolved in triply distilled 

and degassed water separately and stirred over magnetic stirrer until it makes a 

clear solution. After that the drug solution is added into β-CD solution and stirred for 

48hrs at 55°C without a break. A precipitation is observed after cooling. The 

precipitate is filtered and washed for several times with triply distilled water. 

Finally, we have got a dry white powder after drying the washed precipitate in oven 

at 50°C for 24 hrs. 

 

VII.4. RESULTS AND DISCUSSION 

VII.4.1. UV-visible spectroscopy: Job plot: Elucidation of Stoichiometry behaviour:   

The stiochiometry of the IC has been discerned utilising continuous variation 

Job’s method [24] in the solution medium by plotting ΔA ×R against R (where ΔA = 

Ao ‒ A, is the shifts of absorbance at λmax of β-CD- NTHCL complex [A] from 

absorbance at λmax of pure NTHCL [Ao]) and the spectral data have been listed in 

Table 1. The value of R at the maxima on curve provides the stiochiometry ratio of 

ICs (IC1:2, R= 0.33; IC1:1, R=0.5; IC2:1, R=0.66) [25, 26]. It can be seen that the resultant 
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curve shows the maximum deviation at R=0.5 which suggests that the complex has 

1:1 stiochiometry (Figure 1). 

 

Figure 1 . Job plot of NTHCL/β- Cyd systems at 298.15K. 
 
 
 

Table 1: Data for Job plot obtained from UV-spectroscopy for aqueous β- Cyd -

NTHCL system at 298.15Ka.  

NTHCL 

(mL) 

β- Cyd 

(mL) 

[NTH

CL] 

(µM) 

[β- 

Cyd] 

(µM) 

[NTHCL]

[NTHCL]+[β-Cyd]
R=

 

   Absorbance 

(A) 
ΔA ΔA*R 

0 3 0 100 0.0 0.0 1.16615 0.0 

0.3 2.7 10 90 0.1 0.21876 0.94739 0.09474 

0.6 2.4 20 80 0.2 0.32421 0.84194 0.16838 

0.9 2.1 30 70 0.3 0.42751 0.73864 0.22159 

1.2 1.8 40 60 0.4 0.51983 0.64632 0.25853 

1.5 1.5 50 50 0.5 0.63102 0.53513 0.26757 

1.8 1.2 60 40 0.6 0.77664 0.38951 0.23371 

2.1 0.9 70 30 0.7 0.90734 0.25881 0.18117 

2.4 0.6 80 20 0.8  1.01578 0.15037 0.12029 

2.7 0.3 90 10 0.9 1.09765 0.0685 0.06165 

3 0 100 0 1 1.16615(Ao) 0.0 0.0 

a Standard uncertainties in temperature (T)=0.01K. 
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VII.4.2. Effects of β-cyclodextrin: Interaction of NTHCL with β-cyd in liquid 

environment by UV-Vis and fluorescence study 

The spectral data of NTHCL (2 × 10-4 M) in absence and in presence of various 

concentration of β-cyd solutions have been mentioned in Table 2. The strong 

absorption peaks of NTHCL (2 × 10-4M) appears at 216 nm and with addition of β-CD 

blue shifting is observed.  Gradually increases of absorbance intensities of NTHCL 

due to addition of β-cyd solutions indicate the insertion of the drug molecule to the 

β-cyd core and the presence of some non- covalent interactions (viz. hydrophobic 

and van der Waals interaction) which are the driving forces behind the 

complexation process [27, 28]. 

 

Table 2: Data for the Benesi-Hildebrand double reciprocal plot performed by 

UV-Vis and fluorescence spectroscopy for aqueous NTHCL-β-CD system at 

298.15Ka. 

UV-Vis spectroscopy 

NTHCL 

(M) 

Conc. of β- 

Cyd (M) 
I0 Intensity (I) 

Ka(M-1) ΔG KJ mol-1 

2× 10-4  

0.002 

2.79816 

2.82054 

235 M-1 -13.53 

0.006 2.83793 

0.01 2.84625 

0.014 2.85072 

0.018 2.85597 

0.02 2.85741 

Fluorescence spectroscopy 

NTHCL (µM) 
Conc. of β- 

Cyd (10-4 M) 
I0 Intensity (I) 

Ka(M-1) ΔG KJ mol-1 

5 

20 

85590.515 

105550.45 

211 M-1 -13.27 30 110940.36 

40 116183.48 
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50 119365.94 

60 122442.21 

70 125652.51 

80 128586.49 

a Standard uncertainties in temperature (T)=0.01K. 

The fluorescence spectra of the NTHCL at constant concentration in aqueous 

medium as a function of gradually increase in β-cyd concentration is depicted in 

Figure 2 which shows a molecular association is arising between included drug and 

the β-cyd causing the enhancement of the fluorescence intensities of the drug upon 

the addition of increasing concentration of β-cyd [29-31] (Table 2). It is seen that 

with the addition of β-cyd solution both the shorter wavelength and longer 

wavelength intensities of the guest moiety are increased. The increase in the 

absorbance indicates that the NTHCL molecule is entrapped into the β-cyd 

hydrophobic hollow space to form IC through the hydrophobic interactions and it is 

attributed detergent action of β-cyd [32, 33]. 

 

 

 

Figure2. Fluorescence spectra of NTHCL in different β-Cyd concentrations (µM): (1) 0, 
(2) 20, (3)30, (4) 40, (5) 50, (6) 60, (7) 70 and (8) 80. 
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In general the formation of isobestic point in both absorption and emission 

spectra is the indication to the existence of 1:1 complex [34-36] but as in this case no 

such clear isobestic point is observed so some possibilities are can be proposed for 

this deviation-(i) more than one NTHCL molecule is accommodated within a single 

β-cyd, (ii) due to space restriction of β-cyd cavity there may be present more than 

one type of complex each having 1:1 stiochiometry and (iii) the detergent action of 

β-cyd can be prohibited the formation of isobestic point. The β-cyds is the cone-

shaped molecule having height of 7.8 Å with diameters of the wider rim side and 

narrow rim part are 6.5 Å and 5.8 Å. It can be expected that the vertical distance 

between the aromatic rings of the NTHCL is also ~ 7.5 Å, [37] so it cannot entrapped 

entirely into the β-cyds cavity. Hence the first one scheme can be cancelled. Several 

TCAs have been reported to form an IC with β-cyds with 1:1 stiochiometry [38-40].  

From the job plot method (Figure 1), we have also got the evidence about the 

formation the complex having 1:1 stiochiometry. The plausible structures of the 1:1 

inclusion complex between the NTHCL and β-cyds are represented in scheme 2 [40, 

49, 51]. 
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Scheme 2.  The probable mechanism of the association phenomenon of the 

complexation for NTHCL with β-cyclodextrin. 

 

The association constant (Ka) of the host-guest complexation can be calculated 

by modified Benesi-Hildebrand equation for the one-to-one (1:1) association 

(equation 1) [27] using the UV-vis and emission spectra (fluorescence) data (Table 

2) 

                                 
" "

o o o

1 1 1 1

a( ) [β-cyd] ( )I I K I I I I
  

  
                                       (1) 

 

Where, Io is the initial intensity of absorption/ fluorescence of uncomplexed 

NTHCL, I is the absorption/ fluorescence intensity with a particular concentration of 

β-cyd and I” is the absorption/ fluorescence intensity at maximum concentration of 

β-cyd used. 

According to equation 1 the double reciprocal plots of 1/I-Io versus 1/ [β-cyd] 

for NTHCL in both absorption and fluorescence are shown in Figure 3(a) and 

Figure 3(b) respectively. In both cases a good linear correlation (R2 
(absorption) =0.998; 
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R2 
(fluorescence) =0.997) are observed and showing that the IC is 1:1. The value of Ka is 

evaluated by the ratio of the intercept to the slop [41].  Thereby, the Ka values of 235 

M-1 and 211M-1 are obtained from absorption and fluorescence spectra respectively 

which are close enough to each other [42, 43]. 

 

 

Figure3. Benesi-Hildebrand double reciprocal plot of 1/I-Io
 vs. 1/[β-Cyd] for NTHCL in 

(a) UV-absorption and (b) fluorescence at 298.15K. 

 

The thermodynamic parameter free energy change (ΔG) for both cases are 

calculated from the Ka values by using the following equation 2 

ΔG= -RT ln a K                                                      (2) 

The ΔG values for the two binding partners (NTHCL and β-Cyd) are negative (-

ΔG) (Table 2) which indicates that the host- guest IC proceeded spontaneously at 

298.15K and thermodynamically controlled. 

 

VII.4.3. NMR Spectroscopy  

1HNMR analysis is one of the most acceptable methods for the study of 

inclusion complex [41,44]. 1HNMR spectra of the 1:1 mixture of solid inclusion 

complex have been recorded (Figure 4) and the chemical shift (Δδ) for protons of 

both β-Cyd and NTHCL are studied. Since, under this condition, only shift changes of 
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the signals occur, it follows that the inclusion phenomenon is a dynamic process in 

which a fast exchange exists between the free and the bound states. The upfield shift 

of β-Cyd protons and downfield shift in guest protons made known the presence of 

NTHCL molecules into the β-Cyd cavity. Insertion of the NTHCL guest molecule 

towards the cyclodextrin ring through the wider rim side rather than the narrower 

dimension can be predict from the chemical shift displacements (Δδ) of the H3 and 

H5 β-Cyd protons as the shifting (Δδ) of the H3 proton that is located near the wider 

rim is significantly high than the shifting (Δδ) of the H5 protons which is placed near 

the narrower rim [45, 46]. 

 

 

Figure 4.  1HNMR spectra of (a) β- Cyd, (b) 1:1 molar ratio of NTHCL/β-Cyd inclusion complex 

and (c) NTHCL  in D2O at 298.15 K. 
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1HNMR data:  

β-Cyclodextrin: 1H NMR (300 MHz, D2O): δ = 4.928–4.919 (7H, d, J = 

3.3Hz), 3.484-3.496 (7H, dd, J=9.6 Hz), 3.860-3.863(7H, t, J= 3.6 Hz), 3.412-

3.418(7H, t, J= 9.9 Hz), 3.793-3.812 (21H, m). 

 NTHCL: 1H NMR (300 MHz, D2O): δ = 2.528 (3H, s); 2.960 -3.025 (4H, m); 

5.745 -5.794 (1H, t, J=7.5); 2.38 -2.444 (2H, m); 2.765-2.866 (2H, m); 7.303-7.051 

(8H,m). 

β-Cyd/NTHCL: 1H NMR (300 MHz, D2O): δ = 2.553 (3H, s); 3.017-3.079 

(4H, m); 5.785- 5.834 (1H, t, J=7.5); 2.445-2.518 (2H,m); 2.789-2.833 (2H,m); 6.926 -

7.308 (8H,m); 4.903-4.914 (7H, d, J = 3.3Hz);  3.466-3.407 (7H, dd, J=9.6 Hz); 3.534-

3.546 (7H, t, J= 3.6 Hz); 3.350-3.284 (7H, t, J= 9.9 Hz); 3.598-3.567 (21H, m). 

 

VII.4.4. 2D NMR ROESY analysis 

Two dimensional (2D) ROESY NMR spectra have been performed additionally 

to get better the geometry of the NTHCL/β-Cyd complex. 2D-ROESY provides the 

information about the spatial proximity between the host and guest molecules by 

observing intermolecular cross-relations [47, 48]. The appearance of cross-peaks 

(Figure 5) between -CH3 group protons, H-α, H-β and H-γ protons of NTHCL and the 

H3, H5 protons of β-Cyd supports the proposed complexation of the NTHCL 

molecules into the hollow space. Clear cross-peaks of aromatic protons and the 

cyclohentane (2, 2’) protons of NTHCL with the H3, H5 protons of β-Cyd in 2D-

ROESY are assigning the encapsulation of aromatic moiety into the β-Cyd cavity [40, 

49- 51]. 
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Figure 5. 2D ROESY spectra of solid inclusion complex of NTHCL and β-Cyd in D2O 

(correlation signals are marked by green circles). 

 

VII.4.5. 13C NMR Spectroscopy 

13C spectroscopy is a helpful method to investigate inclusion phenomenon. It is 

used to assess the information on the environment of individual carbons and 

intermolecular interactions [15, 52, 53]. The shifts of six carbon atoms for β-Cyd and 

the chemical shifts of NTHCL carbons have been listed in Table 3 (Figure 6). The 

significant shifting of C1
β-CD and C4

β-CD in solid inclusion complex are due to 

conformational changes of the α-1, 4 glycosidic bond. The shifting of C2
β-CD, C3

β-CD and 

C5
β-CD also approved the incorporation of the NTHCL to β-Cyd hole. In solid IC, the 

change in δ value of the C6
β-CD carbon that bears the primary alcohol indicates the 

conformational changes (gauche/trans conformations) of the primary alcohol [54]. 

These shifting suggest that host-guest complexation occurs between NTHCL 
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molecule and β-Cyd. All carbon atoms of β-Cyd are shifted due to encapsulation of 

NTHCL molecule into the core of β-Cyd. The 13C-chemical shift displacements of 

NTHCL by the addition of β-Cyd under the same condition have also been listed in 

Table 1. A larger shift changes are observed in the side chain of NTHCL than the tri-

cyclic moiety of NTHCL. These results suggest that β-Cyd includes preferably the 

side chain moiety of NTHCL within the whole of the β-Cyd. 

 

 

 

Figure 6. . 13 CNMR spectra of (a) β- Cyd, (b) 1:1 molar ratio of solid  NTHCL/β-Cyd 

inclusion complex and (c) NTHCL  in D2O at 298.15 K. 
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Table 3: 13C NMR- chemical shift displacements of β-Cyd, NTHCL and β-Cyd/ 

NTHCL at 1:1 molar ratio in D2O at 298.15Ka 

 δ C (ppm) δ IC (ppm) Δ δ (ppm) 

β-CD    

C1
β-CD

 101.83 101.99 0.016 

C2
β-CD

 73.32 73.36 0.04 

C3
β-CD

 71.61 71.92 0.31 

C4
β-CD

 81.02 81.19 0.17 

C5
β-CD

 78.95 78.84 -0.11 

C6
β-CD

 60.20 59.67 -0.53 

NTHCL    

C1 47.58 48.42 0.84 

C2 25.10 25.61 0.51 

C3 124.34 124.02 - 0.32 

C4 35.11 35.82 0.71 

C5 145.13 146.81 1.68 

C6 125.55 125.38 -0.17 

C7 127.97 128.00 0.03 

C8 127.60 127.67 0.07 

C9 129.71 129.52 -0.19 

C10 32.52 32.43 -0.09 

C11 138.88 138.79 -0.09 

C12 136.60 136.63 0.03 
a Standard uncertainties in temperature (T)=0.01K. 
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VII.4.6. FTIR study for complex 

FTIR spectra of NTHCL, β-Cyd and NTHCL/β-Cyd complex (1:1) is shown in 

Figure 7. IC formation may also be confirmed by FTIR spectroscopy [55, 56]. The 

resulting bands from the included guest molecule are usually shifted or nowhere to 

be found in the resulting form or their intensities are changed. The valence vibration 

of the N-H bond (secondary amine) and C-H aromatic ring at 3431 cm-1 and 3070 cm-

1 are recorded respectively. The absorption bands with maxima at 1595 cm-1 and 

1159 cm-1 are shown for aromatic C=C benzene ring and C-N in the amino group 

respectively. The band valence vibration of the C-N-C bending and N-CH3 bond 

stretching have been assigned to 590 cm-1 and 2944 cm-1 respectively. 

 

 

Figure 7. FT-IR spectra of (a) β- Cyd (in KBr), (b) NTHCL and (c) NTHCL/β- Cyd (1:1 

molar ratio) solid complex (in KBr). 

 



Chapter VII 

 

 

165 

 

The broad band at 3368 Cm-1 that appears in pure β-CD spectrum (Figure 7, 

curve b) indicates the valence vibrations of O‒H (vbr(O‒H)) groups connected by H-

bond. The vsp
3(C‒H) bond stretching of β-CD is assigned at 2923 cm-1. The vbend(O‒H) 

stretching of COH groups and water molecules is recorded at 1638 cm -1.  The 

v(C‒O‒C) bond stretching and v(C‒C‒O) bond stretching  are found at 1157 cm-1 and 

1030 cm-1 respectively [57-59]. 

The significant intensities changes and the shifting in characteristic bands of 

the two binding partners undoubtedly confirm the insertion of the NTHCL in β-CD in 

the resultant complex (Figure 7, curve c). The non-covalent interactions like 

hydrogen bond (H-bond), hydrophobic interaction and Van der Waals interaction 

that appear in complex are held responsible for the changes. 

 

VII.4.7. Powder X-ray diffraction pattern 

The X-ray powder diffraction patterns of a complex should be evidently 

different from that superimposition of each component if an actual inclusion 

complex has been formed [60-62]. The presence of characteristic diffraction 2θ 

patterns with reduced peak intensity of the drug in lyophilized product with β-Cyd 

confirms hollow model with entire disappearance of characteristic diffraction peaks 

of NTHCL (Figure 8) signifying proper inclusion. 
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Figure 8. Powder X-ray diffraction pattern of (a) β-Cyd, (b)NTHCL and (C) NTHCL/β-

Cyd (1:1 molar ratio) inclusion complex. 

 

VII.5. CONCLUSION 

In this research, the interaction of NTHCL with β-CD and stability constant (K) 

of this complexation have been elucidating using UV-spectroscopy and fluorescence 

measurement. The job’s method reveals that the NTHCL/ β-CD forms 1:1 complex. 

Characterization by 1HNMR, ROESY, 13CNMR, FTIR, PXRD have been performed and 

all of these techniques are utilised to support the complexation phenomenon. 

1HNMR and ROESY clearly suggest that the not only the aliphatic tail is involved but 

the tricyclic ring also participates in this process The resultant complex is found to 

be water soluble which can be used as regulatory releaser of the selected drug in 

human body and suitable for successive applications. 
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VIII.1. HIGHLIGHTS 

 Job’s plot and mass spectra show the stoichiometry of PMO/cyds 

complexes with 1:1.  

 Association constant of PMO/α-cyd and PMO/ β-cyd systems measured by 

Benesi-Hildeband equation. 

 Thermodynamic parameters support the whole process of inclusion 

phenomena. 

 FTIR, PXRD and TGA study confirm the formation of PMO/Cyds inclusion 

complexes.  

 

VIII.2. INTRODUCTION 

Padimate O [2- ethylhexyl 4-(dimethylamino) benzoate] (PMO) is a UV- 

absorbing agent (drug) and is water insoluble oily-liquid and currently used as an 

ingredient in cosmetics and sunscreen formulations. It absorbs some of the sun’s UV 

radiation and thereby, preventing direct DNA damage by UV-B and also helps to 

protect skin against sunburn [1]. UV radiation in the range of 290-320nm are known 

as UV-B. UV-B is responsible for most important biological effects on human body, as 

for skin, it causes harmful effect in the short and long term [2-3]. So, careful use of 

PMO can slow or momentarily prevent the skin problems such as wrinkles, sunburn, 

sagging skin etc. Sunscreen based on PMO also reduces the number of and delays the 

appearance of UV-induced skin tumors [4-6]. In this purpose cyclodextrin can plays 

an important role as it acts as an efficient good and safe drug carrier in human body 

[7-10]. 

Cyclodextrins (cyds) are well known non-toxic truncated macrocyclic host 

molecules, consisting of (α-1, 4) linked by glucopyranose units [11]. Cyds are 
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commercially accessible in the form of α, β and γ with varying the number of glucose 

units namely six, seven and eight respectively. Cyds are proficient enough to form 

water soluble inclusion complexes with many lipophilic water insoluble drugs 

(guest) and also improve the physicochemical properties of guest molecules [12-14]. 

The cyds are also able to form complex with some cosmetic ingredients and their 

solubility, thermal-stability, bioavalibility, bad odour, skin delivery are deeply 

improved [15-17]. Cyds do not absorbed UV-Vis light, so they are able to protect a 

UV active guest molecule from oxidation and photo-degradation [18]. Hence, 

encapsulation of sunscreen-agents in the core of Cyds has developed into an 

interested field of study [19]. The solubility and photo-stability of sunscreen-agents 

has been increased through complexation with cyds [20-21]. No covalent bonds are 

formed or broken during complex formation and in aqueous solution in aqueous 

solution, the complexes are readily dissociated and free guest molecules are in 

equilibrium with the molecules bound within the cyd cavity. This is a dynamic 

process whereby the guest molecule continuously associated and dissociated from 

the host cyd. 

The aim of this present work is to formation a complex of PMO with α-cyd and 

β-cyd respectively in aqueous as well as in solid phase (scheme 1) and carrying and 

controlled release of the sunscreen agent without any chemical and biological 

modification. These complexations have been investigated whether they are formed 

or not by the study of UV-Vis, FTIR, Mass spectroscopy and XRD methods and the 

results revealed the successful complex formation with 1:1 stoichiometry. So, the 

resultant inclusion complexes of PMO with cyds could potentially introduce a new 

prospect in cosmetic delivery systems. 
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Scheme 1.  Geometry of (a) Padimate O [2- ethylhexyl 4-(dimethylamino) benzoate] 

(PMO) and (b) cyclodextrin molecule (n=6 for α- Cyd and n=7 for β- Cyd). 

 

 

 

VIII.3. EXPERIMENTAL SECTION  

 

VIII.3.1. Chemicals  

Padimate O, α-cyclodextrin and β-cyclodextrin of puriss grade are bought from 

SigmaAldrich, Germany and used as purchased. The mass fraction purity of 

Padimate O, α-cyclodextrin and β-cyclodextrin are ≥ 0.99, ≥ 0.99 and ≥ 0.98 

respectively. 

   

VIII.3.2. Apparatus  

Padimate O is insoluble in water. Thus, all the PMO solutions have been 

prepared by in ethanol. Solubilities of α and β- cyd have been tested in triply 

distilled and degassed water and found fair solubility of the cyclodextrins. All the 

stock solutions are prepared by mass (weighed by Mettler Toledo AG-285 with 

uncertainty ±0.0003g), the solutions are prepared by mass dilution at 298.15K. 

Solutions are prepared carefully to avoid weight loss due to evaporation.  

UV–visible spectra were taken by JASCO V-530 UV/VIS Spectrophotometer, 

with uncertainty in wavelength as ±2 nm.  
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Fourier transform infrared (FT-IR) spectra were recorded on a Perkin Elmer 

FT-IR spectrometer according to the KBr disk technique. A manual press was used to 

form the pellets. The FTIR measurements were performed in the scanning range of 

4000−400 cm−1 at room temperature. 

HRMS analyses were executed with Q-TOF high resolution instrument by 

positive mode electro-spray ionization. 

The powder XRD patterns of the compounds were recorded by using Cu-Kα 

radiation (Bruker D8 Discover; 40kV, 30 mA). 

Thermogravimetric analysis (TGA) was carried out (Metler Toledo) in a 

nitrogen atmosphere (flow rate = 50 mL min−1) in the temperature range of 

20−900°C. 

 

VIII.3.3. Preparation of solid inclusion complex 

The two solid inclusion complexes [PMO/α- cyd and PMO/β- cyd] have been 

prepared taking 1:1 molar ratio of both the drug and cyds. In each case 1.0 mmol cyd 

is dissolved in 20 mL water and 1.0 mmol of PMO are dissolved in 20 mL ethanol 

separately. Then the ethanol solution of PMO is added to the aqueous cyd solution 

and shielded from light. The mixture is then allowed to stir for 72 hrs at room 

temperature. The solvent is evaporated under vacuum at 50oC with a rotary 

evaporator. The resulting residue is filtered and a solid white powder is found, 

which is dried under vacuum desiccators for 4 days in presence of P2O5 as drying 

agent [22].   
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VIII.4. RESULT AND DISCUSSION 

VIII.4.1. Job plot: demonstrates the stoichiometry of the host–guest inclusion 

complex 

One of the first techniques that used for the resolve of the stoichiometry of ICs 

is continues variation Job’s method [23] with the help of UV-Vis spectra by plotting 

∆A×R versus R (where, ∆A= difference of absorbance of PMO in presence and 

absence of cyd and R= [PMO]/[PMO]+[ cyd]). Absorbance values are monitored at 

308nm at 298 K for a series of solution (Table 1, Table 2). The plots (Figure 1) 

depict a maximum at ~0.5 of the ‘R’ fraction demonstrating one cyd molecule binds 

with one PMO monomer unit, i.e. 1:1 stoichiometry [24-27] and further support its 

determination by ESI-mass technique. 

 

Table 1: Data for Job plot obtained from UV-spectroscopy for aqueous α- Cyd –

PMO system at 298.15Ka.  

PMO 

(mL) 

α- 

Cyd 

(mL) 

[PMO] 

(µM) 

[α- 

Cyd]

(µM) 

[PMO]
R=

[PMO]+[ -Cyd]

 

Absorban

ce 

(A) 

ΔA 
ΔA*

R 

0 3 00 50 0.0 0.0 1.66519 0.0 

0.3 2.7 05 45 0.1 0.20453 1.46066 0.14607 

0.6 2.4 10 40 0.2 0.31316 1.35203 0.27041 

0.9 2.1 15 35 0.3 0.56286 1.10233 0.33070 

1.2 1.8 20 30 0.4 0.81355 0.85164 0.34066 

1.5 1.5 25 25 0.5 0.94424 0.72095 0.36047 

1.8 1.2 30 20 0.6 1.07217 0.59302 0.35581 

2.1 0.9 35 15 0.7 1.20307 0.46212 0.32348 

2.4 0.6 40 10 0.8  1.32399 0.3412 0.27296 

2.7 0.3 45 05 0.9 1.50517 0.16002 0.14402 

3 0 50 00 1 1.66519(Ao)      0.0 0.0 

a Standard uncertainties in temperature (T)=0.01K. 
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Table 2: Data for Job plot obtained from UV-spectroscopy for aqueous β- Cyd -

PMO system at 298.15Ka.  

PMO 

(mL) 

β- 

Cyd 

(mL) 

[PMO] 

(µM) 

[β- 

Cyd] 

(µM) 

[PMO]
R=

[PMO]+[β-Cyd]

 

Absorban

ce 

(A) 

ΔA ΔA*R 

0 3 00 50 0.0 0.0 1.66519 0.0 

0.3 2.7 05 45 0.1 0.21794 1.44725 0.14473 

0.6 2.4 10 40 0.2 0.30195 1.36324 0.27265 

0.9 2.1 15 35 0.3 0.53792 1.12727 0.33818 

1.2 1.8 20 30 0.4 0.80262 0.86257 0.34503 

1.5 1.5 25 25 0.5 0.91299 0.75220 0.37610 

1.8 1.2 30 20 0.6 1.10814 0.55705 0.33423 

2.1 09 35 15 0.7 1.30218 0.36301 0.25411 

2.4 0.6 40 10 0.8  1.43763 0.22756 0.18205 

2.7 0.3 45 05 0.9 1.62432 0.04087 0.03678 

3 0 50 00 1 1.66519(Ao) 0.0 0.0 

a Standard uncertainties in temperature (T)=0.01K. 

 

 

 

 

Figure 1. Job plot of (a) PMO/α- CD and (b) PMO/β-CD systems at 298.15K. 
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VIII.4.2. Association constant of complexes and thermodynamic parameters 

The absorption spectra of the ICs of PMO/α- cyd and PMO/β- cyd systems at 

three different temperatures have been performed, where the concentration of 

guest PMO is kept constant (50 µM) while CDs concentrations are varied.  In both 

cases, the association constant (Ka) for the formation of PMO/CDs complexes have 

been estimated by considering the changes of intensity of absorption maxima at 

308nm with the CD concentrations. It is observed that with increasing CDs 

concentrations the intensity of PMO increased gradually (Table 3-4). These facts 

confirm the encapsulation of PMO molecule into the hydrophobic core of Cyds 

molecule as a consequence of presence of non-covalent interactions [27-28]. From 

the changes of absorbance the association constant (1:1 stoichiometry ratio) can be 

calculated by using double reciprocal plots of Benesi-Hildebrand equation 1 [29-30] 

(Table 5) 

                                 
1 1 1 1

[ ] [ ] [ ]Ka PMO Cyd PMO 
  

  
                                             (1) 

The above mentioned equation is a linear equation and Kɑ value is measured 

dividing the intercept by the slope from double-reciprocal plots (Figure 2, 

Figure 3)[31]. 

 

Table 3:  Data for the Benesi-Hildebrand double reciprocal plot performed by 

UV-Vis spectroscopy for PMO-α-CD system.  

T=298.15 K 

[PMO] 

(µM-1) 
[α- cyd] (M-1) A ΔA 

1/[α- cyd] 

(M1) 
1/ ΔA 

50 

0.0 0.90823(A0)    

0.001 0.95443 0.04620 1000 21.65 

0.003 0.99629 0.08806 333 11.36 

0.005 1.05385 0.14562 200 6.87 

0.007 1.10054 0.19231 143 5.20 
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0.009 1.17095 0.26272 111 3.81 

T=303.15 K 

50 

0.0 0.90823(A0)    

0.001 0.94353 0.03530 1000 28.33 

0.003 0.98721 0.07898 333 12.66 

0.005 1.00985 0.10162 200 9.84 

0.007 1.07654 0.16831 143 5.94 

0.009 1.16167 0.25344 111 3.95 

T=308.15 K 

50 

0.0 0.90823(A0)    

0.001 0.93853 0.03030 1000 33.0 

0.003 0.97321 0.06498 333 15.4 

0.005 1.00078 0.09255 200 10.8 

0.007 1.07449 0.16626 143 6.0 

0.009 1.15232 0.24409 111 4.1 
a Standard uncertainties in temperature (T)=0.01K. 

Table 4: Data for the Benesi-Hildebrand double reciprocal plot performed by 

UV-Vis spectroscopy for PMO-β-cyd system. 

 

T=298.15 K 

[PMO] 

(µM-1) 
[β- cyd] (M-1) A ΔA 

1/[ β- cyd] 

(M1) 
1/ ΔA 

50 

0.0 0.90823(A0)    

0.001 0.97514 0.06691 1000 14.95 

0.003 1.04773 0.13950 333 7.17 

0.005 1.10305 0.19482 200 5.13 

0.007 1.11986 0.21163 143 4.73 

0.009 1.18511 0.27688 111 3.61 

T=303.15 K 

50 

0.0 0.90823(A0)    

0.001 0.96124 0.03530 1000 18.86 

0.003 1.00431 0.07898 333 10.41 

0.005 1.08685 0.10162 200 5.60 

0.007 1.11532 0.16831 143 4.83 

0.009 1.14005 0.25344 111 4.31 
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T= 308.15 K 

50 

0.0 0.90823(A0)    

0.001 0.95675 0.04852 1000 20.61 

0.003 0.99692 0.08869 333 11.28 

0.005 1.07823 0.17 200 5.88 

0.007 1.10565 0.19742 143 5.07 

0.009 1.13932 0.23109 111 4.33 

a Standard uncertainties in temperature (T)=0.01 K. 
 
 

Again, with the help of the Van’t Hoff equation 2, various thermodynamic 

parameters (ΔH°, ΔS°, ΔG°) in the case of both ICs phenomena can be calculated 

(Table 5) using the value of Kɑ [32] 

                            

0

ln
S

Ka
RT R

 
                                                            (2) 

Plots of lnKɑ Vs.1/T are linear for both PMO/ɑ-CD and PMO/β-CD complexes 

(Figure 4). The enthalpy (ΔH°) and entropy (ΔS°) of the complexation process has 

been determined from the plots. Negative value of ΔH° confirms that the processes 

are exothermic and there are some stabilization interactions in the systems, 

negative ΔS° indicates the presence of ordered arrangements i.e. occurrence of 

complex formation between the PMO molecules and the cyds. ΔG= -RTlnKɑ is useful 

equation to calculate the values of free energy change (ΔG°), negative ΔG° value 

suggests that the complexation phenomena are spontaneous and 

thermodynamically controlled. 
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Table 5: Association constant (Kɑ) and thermodynamic parameters of 

different PMO/cyclodextrin complex systems.   

 
 

Temp. 
(Ka) 

Kɑ (M-1)b ΔH  (KJmol-1) ΔS ( Jmol-1K-1) 
ΔG 

(kJmol-1) 
(298.15 K) 

PMO+α-cyd 

298.15 152.00 

-36.73 -81.51 -12.45 303.15 115.76 

308.15 94.00 

PMO+β- cyd 

298.15 225.83 

-24.68 -37.79 -13.43 303.15 185.69 

308.15 163.56 

a Standard uncertainties in temperature (T)=0.01 K. 

 

Figure 2: Benesi-Hildebrand double reciprocal plot for the effect of α-Cyd on the 

absorbance of PMO (308 nm) at different temperatures. 

 

Figure 3: Benesi-Hildebrand double reciprocal plot for the effect of β-Cyd on the 

absorbance of PMO (308 nm) at different temperatures. 
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Figure 4. Plot of lnKɑ vs. 1/T for the interaction of CDP with α-CD (∎) and β-CD (∎). 

VIII.4.3. FT-IR study 

FTIR spectroscopy is a useful method to confirm the inclusion complex in solid 

state because the resulting bands in ICs of the included part of the guest molecules 

are altered or somewhere disappeared or their intensities altered [25, 30, 33]. The 

alternations of the vibrational frequencies of bonds are due to molecular 

interactions such as hydrogen bonds, hydrophobic, van der Waals interactions [34].  

The infrared spectrum of α-CD, β-CD and their corresponding complexes (PMO/α-

CD and PMO/β-CD) with pure PMO are shown in Figure 5-6. 
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Figure 5. FTIR spectra of (a) PMO, (b) α-cyd and (c) PMO/α-cyd (1:1 molar ratio) solid 

inclusion complex in KBr. 

 

 

The FTIR spectra of α-CD and β-CD are assigned by broad band at 3337.85 cm-1 

and 3371.89 cm-1 due to primary and secondary ―OH groups that are linked by H-

bonds and the C-H stretching frequency of Cyds appeared at 2929.47 cm-1 and 2922 

cm-1 respectively. The broad bands are shifted to higher frequency (α-CD: 3453.88 

cm-1, β-CD: 3365.81 cm-1) and is broadened after formation of ICs and the C-H 

stretching frequency shifted to new frequency [35].  The characteristic peaks at 

3385.04 cm-1 (aromatic C-H), 1721.62 cm-1 (>C=O group), 1107.14 cm-1 (C–O‒), 

1605.51 cm-1 (-C=C- benzene), 2956.85 cm-1 (sp3 C-H) has been assigned for PMO in 

Figure 5(a)-6(a) and the presence of these peaks in complexes Figure 5-6(c) with 

significant reducing intensities and with new shifting values indicating the 

encapsulation of PMO molecule into the nano core of cyclodextrin. At The peaks 

around 772.78―830.84 cm-1 are appeared for di-substituted benzene. The 

characteristic peaks of -C―N- stretching vibration at 1330.31 cm-1 and for the -

N―CH3 stretching appears at 2984.75 cm-1 which were move to lower frequency at 
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1322.43/1321.67: α-CD/ β-CD cm-1 and 2968.52/2965.12: α-CD/β-CD cm-1 after 

formation of inclusion complexes respectively. These variations in the infrared 

spectrum of the ICs can be endorsed to intermolecular interactions of PMO with α-

CD and β-CD respectively and form these results we can predict the probable 

mechanism of interactions between the selected host and guest (1:1) molecule 

which is shown in scheme 2. 

 

 

Scheme 2. The probable mechanism of the association phenomena of the complexation 

process for PMO with cyclodextrin with 1:1 stoichiometry. 
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Figure 6. FTIR spectra of (a) PMO, (b) β-cyd and (c) PMO/β-cyd (1:1 molar ratio)  solid 

inclusion complex in KBr. 

 

 

VIII.4.4. Mass spectra 

Electrospray ionization mass-spectrometry (ESI-MS) is very useful method to 

detect the stoichiometry in non-covalent complexes. Mass spectra method gives m/z 

ratios and thus provides direct information about the stoichiometry [36-38]. The 

positive ESI-mass spectrum of this work has been reported in Figure 7 and the 

assigned peaks values have been listed in Table 6.  Four intense peaks of singly 

charged ions at m/z ratios 1250.517, 1272.519, 1412.571 and 1434.575 

representing the protonated and sodiated adduct of [PMO +α-CD+H]+, [PMO +α-

CD+Na]+, [PMO +β-CD+H]+ and [PMO + β -CD+Na]+ respectively. These 

experimental results of the PMO/α-CD and PMO/β-CD complexes suggest the 

formation of ICs with 1:1 stoichiometry. 
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Figure 7. ESI mass spectra of (a) PMO/α-CD inclusion complex and (b) PMO/β-CD 

inclusion complex. 

 

 

Table 6: The observed peaks at different m/z with corresponding ions for the 

solid inclusion complexes 

 

PMO-α- cyd inclusion complex PMO -β- cyd inclusion complex 

Ion m/z Ion m/z 

[PMO+H]+ 278.211 [PMO +H]+ 278.217 

[PMO +Na]+ 300.212 [PMO +Na]+ 300.216 

[α- cyd +H]+ 973.318 [β- cyd +H]+ 1135.356 

[α- cyd +Na]+ 995.318 [β - cyd +Na]+ 1157.358 

[PMO +α- cyd +H]+ 1250.517 [PMO +β- cyd +H]+ 1412.571 

[PMO +α- cyd +Na]+ 1272.519 [PMO + β - cyd +Na]+ 1434.575 
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VIII.4.5. Powder X-ray diffraction (PXRD) pattern 

Figure 8 shows the X-ray diffraction pattern of α-CD, β-CD and their 

corresponding complexes with PMO. The intensive peaks of α-CD at 9.64, 12.05, 

13.33, 14.31, 15.11, 15.79, 19.29, 19.92, 21.74 and of β-CD that is reported in our 

previous work [24] representing the crystalline nature of both Cyds that become 

reduced, disappeared and shifted in the solid complexes where the peaks indicate 

the amorphous nature of guest as well as cyclodextrins [39-40]. This suggests the 

assimilation of PMO molecule into the CDs cavity due to having channel-type 

packing structure of cyclodextrin [27, 41-44] and thus by converting guest molecule 

to amorphous, the solubility of PMO also enhance [45-46]. 

 

Figure 8.  Powder X-ray diffraction pattern of (a) α-CD, (b) PMO/α-CD (1:1 molar ratio), 

(c) β-CD and (d) PMO/ β-CD (1:1 molar ratio) inclusion complex. 
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VIII.4.6. Thermo gravimetric Analysis (TGA) 

 Thermal degradation properties of PMO/α-CD and PMO/β-CD complexes have 

been studied by TGA method [12] where the weight loss of the samples measured as 

a function of temperature under nitrogen atmosphere at a heating rate of 3°C/min. 

The TGA profiles have been represented in Figure 9 where α-cyd and β-cyd exhibit 

two regions of major weight (wt.) loss. The first region at the temperature range at 

32°C-120°C (α-cyd) and 33°C-125°C (β- cyd) demonstrated the loss of absorbed 

water from the samples and the second region attributed to the decomposition of 

the samples at 236°C-298°C and 281°C-306°C respectively. On the other hand 

encapsulation forms of PMO/α-CD (32°C-143°C, wt. Loss: 5.47%; 143°C-238°C, wt. 

Loss: 24.14%; 238°C-350°C, 64.84%) and PMO/β-CD (33°C-150°C, wt. Loss: 7.14%; 

150°C-245°C, wt. Loss: 14.87%; 245°C-375°C, wt. Loss: 71.71% )   complexes show 

three steps of weight loss with increasing temperatures (Figure 9(a)-9(b)) [47-48]. 

These changes in thermal analysis can be attributed to interactions of PMO with α-

cyd and β- cyd and demonstrated to form stable inclusion complexes [47, 49]. 

 

Figure 9.  TGA profiles of (a) α-cyd ; PMO/α-cyd and (b) β-cyd; PMO/β-cyd inclusion 

complex systems. 
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VIII.5. CONCLUSION 

From the results of our experiments, it has been concluded that the UV-B 

protector sunscreen agent padimate O can form an inclusion complex with α-CD and 

β-CD which can be used as regulatory releaser of this agent. The encapsulation of 

PMO molecule inside the hydrophobic core of cyclodextrins has been proved in 

aqueous medium by UV-Vis spectroscopy and in solid state by FTIR, Mass, XRD and 

TGA analysis.  The stoichiometric behaviour with 1:1 ratio of the complexes has 

been confirmed through continuous variation job’s method and ESI-MS experiments. 

The association constant values demonstrated PMO is somewhat in good agreement 

with β-cyd than α-cyd and the thermodynamic parameters making the overall 

process thermodynamically favourable. FTIR spectroscopy, PXRD and TGA support 

the complexation phenomena and according to the results of PXRD and TGA 

techniques, it can be said that newly obtained PMO/ α-cyd and PMO/ β-cyd 

complexes have different physicochemical properties compared to their free forms. 

Thus it can be concluded that our work may be regarded as an alternation way to 

protect our skin from sun damage and beneficial to medicinal science. 
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IX.1. HIGHLIGHTS 

  Studies of Inclusion composite of β-CD with L-Met, L-Pro and L-Glu provide a 

fruitful result. 

 Surface tension study elucidates the 1:1 stoichiometry ratio of the inclusion 

phenomenon. 

  Density and group contributions explain the involvement of different groups 

of amino acids in the inclusion process. 

 1H NMR provides confirm evidence about this inclusion phenomenon. 

 Direct evidence of formation of solid ICs has got from powder XRD method. 

 

IX.2. INTRODUCTION 

     Cyclodextrins (CDs) are cyclic oligosaccharide of glucopyranose units that 

play an important role as a host in inclusion complexes, where non-covalent 

interactions are involved. They contain six (α-CD), seven (β-CD) and eight (γ-CD) 

glucopyranose units, which are bound by α-(1–4) linkages forming a truncated 

conical with a hollow cavity [1,2]. Cyclodextrins (CDs), with hydrophobic inner 

cavities and hydrophilic outer rims, are capable of interacting with a large variety of 

guest molecules to form non-covalent inclusion complexes [3]. CDs have been widely 

employed for encapsulation of several substances which are used in food, 

pharmaceutical industries, pesticides, toilet articles, textile processing, and other 

industry [4-7], supramolecular and host-guest chemistry,[8,9] models for studying 

enzyme activity, molecular recognition, studying intermolecular interactions and 

chemical stabilization [1,3,10]. In the field of agriculture and environmental science 

huge applications of cyclodextrin have been found as encapsulating agent [11-13]. 
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In this present work, β-CD has been used as host because of its 

biocompatibility, relatively non-toxicity and relatively low price. The selected 

biologically active amino acids viz., L-Methionine (L-Met), L-Proline (L-Pro) and L-

Glutamine (L-Gln) (scheme 1) that have been chosen as guest, having a numbers of 

important roles in the human body [14-16 ]. All of them are used in biosynthesis of 

proteins. L-Met is essential in humans i.e. it must be introduced from outsides and β-

CD can be used as good carriers. L-Pro both L-Gln both are non-essential in humans, 

meaning the body can synthesize it but sometimes body demands glutamine in 

larger amount then L-Gln must be incorporated from outsides [17]. Moreover, the 

formation of proline/ β-CD complexation is reported in theoretical background but 

no such works have been done to propose a model for 1:1 complexation with L-

proline [18]. Encapsulation of guest molecules into CD modifies some 

physicochemical properties such as state, solubility and stability of the guest 

molecules after formation of inclusion complex. Changes in the physicochemical 

properties have been used to characterize whether guest molecules are really 

included in the cyclodextrin cavity. 
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\ 

Scheme 1. The molecular structure of the selected amino acids in aqueous solutions (A) 
and the structure of β- CD (B) (host molecule). 

 

 In this purpose, the surface tension and density have been measured to find 

out the nature and interactions of  host-guest inclusion complex of the selected  

amino acids in w= 0.001, 0.004, 0.007 mass fraction of aqueous β-cyclodextrin (β-

CD) solution at  298.15 K. 1HNMR technique has also been performed to confirm the 

inclusion phenomenon. 

IX.3. EXPERIMENTAL SECTION 

 IX.3.1 Materials 

The titled compounds e.g. amino acids (viz., L-Methionine, L-Proline, L-

Glutamine) and β-cyclodextrins of puriss grade, are purchased from Sigma-Aldrich, 

Germany. The mass fraction purity of L-Met, L-Pro, L-Gln, and β-cyclodextrin are ≥ 

0.98, 0.98, 0.99, and 0.98, respectively. D2O (deuterium content 99.9%) is purchased 

from Sigma-Aldrich, Germany. 
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IX.3.2 Apparatus and methods 

Solubility of the of β-Cyclodextrin and the chosen amino acids have been 

precisely checked in triply distilled, deionised and degassed water and it is observed 

that both β-CD and amino acids are soluble properly. The stock solutions of the 

amino acids (uncertainty in molality of the solutions ±0.0001 mol kg-3) for 

physicochemical studies have been prepared by adopting the course mentioned in 

earlier work [17]. 

The surface tension experiments (±0.1 mN∙m−1) are done by using a 

Tensiometer (K9, KRŰSS; Germany) at 298.15 K (0.01 K) and density () of the 

solvent are measured by means of vibrating a U-tube Anton Paar digital density 

meter (DMA 4500M) with an uncertainty of ±0.00005 g cm-3 [17]. Hear the surface 

tension is measured of the sets of solutions of L-Methionine, L-Proline, L-Glutamine 

having concentration 10mM with aqueous β-CD solution by dilution method at 

298.15 K (Table 1).  

NMR spectra are recorded at 300 MHz Bruker ADVANCE at 298.15 K (0.01 K) 

in D2O. Signals are quoted as  values in ppm using residual protonated solvent 

signals as internal standered (D2O:  4.79 ppm). Data are reported as chemical shift. 

The powder XRD patterns of the compounds are recorded by using Cu-Kα 

radiation (Bruker D8 Discover; 40kV, 30 mA). 
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Table 1: Experimental values of surface tension (γ) of selected amino acids in 
deferent mass fraction of β-cyclodextrin mixtures at 298.15 Ka. 

 
 

Conc of β-
CD 
(mM) 

Conc of 
amino acids 

(mM) 

STb (mN m-1) 
L-

Methionine 
L-Proline L-Glutamine 

0.00 10.00 63.8 60.2 80.5 
0.91 9.09 64.9 61.7 79.3 
1.67 8.33 65.9 63.5 78.1 
2.31 7.69 66.9 64.6 77.1 
2.86 7.14 67.6 65.9 76.3 
3.33 6.67 68.2 66.8 75.6 
3.75 6.25 68.9 67.6 74.9 
4.12 5.88 69.5 68.3 74.3 
4.44 5.56 70.0 68.9 73.8 
4.74 5.26 70.1 69.2 73.2 
5.00 5.00 70.2 69.9 72.7 
5.24 4.76 70.3 70.1 72.6 
5.45 4.55 70.4 70.2 72.5 
5.65 4.35 70.4 70.2 72.5 
5.83 4.17 70.5 70.3 72.4 
6.00 4.00 70.6 70.4 72.4 
6.15 3.85 70.7 70.4 72.3 
6.30 3.70 70.8 70.5 72.3 
6.43 3.57 70.8 70.7 72.2 
6.55 3.45 70.9 70.7 72.1 
6.67 3.33 71.0 70.7 72.1 

a Standard uncertainties u is: u(T)=0.01K; b surface tension uncertainties= ±0.1 mN∙m−1  
 
 

IX.3.3 Preparation of solid inclusion complex of amino acids with β- CD 

The three solid inclusion complexes [β-CD+Met, β-CD+Pro, β-CD+Glu] have 

been prepared by taking 1:1 molar ratio the amino acids and CD.  In each case 1:1 

molar ratio of β- Cyd and the amino acid has been taken into a beaker separately and 

stirrer with triply distilled water until it makes a homogeneous mixture (completely 
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dissolved). After that, the guest mixture is added into β- Cyd solution and stirred for 

48hrs without a break. The reaction mixture has been put in refrigerator for 48hrs 

without any disturbance and a white precipitation is observed. The precipitate is 

filtered and washed for several times with triply distilled water. Finally, we have got 

a dry white powder after drying the washed precipitate in oven at 50°C for 24 hrs. 

The resultant solids are further analysed by powder XRD (PXRD) method.  

 

IX. 4. RESULTS AND DISCUSSION 

IX.3.1. Surface tension study explains the inclusion as well as stoichiometric 

nature of the inclusion complexes (ICs) 

Surface tension (γ) measurement is a well known technique to investigate the 

stoichiometry ratio of complexation process between guest molecules with 

cyclodextrins [12, 19, 20]. When the pure aq. solutions of β-CD are introduced 

gradually to the aq. solution of L-Methionine, L-Proline, a significant rise in surface 

tension are observed and found to be lower than that of pure water in both cases 

while no major change in γ is observed with increasing the concentration of pure 

aqueous (aq.) solution of β-CD [27]. This implies that L-Met and L-Pro both behave 

like surfactants. This result is found due to the formation of inclusion complexes of 

amino acids from the air–water interface into the β-CD hollow space (Scheme 2). 

But reverse result is found in case of L-Gln (i.e. γ decreases with increasing 

concentration of β-CD) which responsible for ICs as well as for the interaction in 

solution due to the presence of a hydrophilic group,   at the end of the side 

chain [19]. Amino acids being exist as zwietter ionic form Show significant variation 

in surface tension in their aqueous solution. 
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Scheme 2. Schematic representation of formation of inclusion complexes between 
amino acid and β-CD in aqueous medium at 298.15 K. 

 

Each plot (Figure 1) indicates that there is a single break point at certain 

concentrations after which the slops become lower. It is evident that formation of 

single, double and so on break point in a plot indicates 1:1, 1:2 and so on 

stoichiometry of (β-CD:guest) ICs (Scheme 3) [10,12,21]. The values of surface 

tension and the corresponding concentration of β-CD solution at each break point 

have been mentioned in Table 2. From  single break point, it is concluded that the 

formation of ICs is in 1:1 ratio have been occurred (Scheme 4) as finding of break 

point in surface tension curve not only indicates conception of ICs but also provides 

in sequence about its stoichiometry.  

 
 
Figure 1. Variation of surface tension of aqueous (A) L-Methionine solution, (B) L-
Proline solution, and (C) L-Glutamine solution respectively with increasing 
concentration of β-CD.  
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Table 2. Values of Surface Tension (γ) at the break point with corresponding 
concentration of aqueous β-cyclodextrin at 298.15 Ka. 
 
 

Surface Tension 
 L-Methionine L-proline L-Glutamine 
 
 
 

β-cyclodextrin 

Conc. 
/mM 

  γb 
        /mN.m-1 

Conc. 
/mM 

γb 
/mN.m-1 

Conc. 
/mM 

γb/mN.m-1 

 
4.86 

 
70.1 

 
5.2 

 
70.0 

 
5.22 

 
72.6 

a Standard uncertainties u is: u(T)=0.01 K; b surface tension uncertainties= ±0.1 mN∙m−1  
 

 

 

 

Scheme 3.  Different possibilities of host-guest ratio for inclusion complex. 
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Scheme 4. Schematic representation of formation of inclusion complexes of L-
Methionine, L-Proline and L-Glutamine with β-CD. 
 

IX. 4.2 Density: Interactions study between amino acids and β -cyclodextrin   

The prominent evidence to understand the interactions in case of the  inclusion 

phenomenon can be obtained from volumetric properties, such as, apparent molar 

volume (ϕv), limiting apparent molar volume (ϕvo) [19]. The value of ϕv is the 

measure of the entire geometric volume of the central solute molecule and changes 

in solvent volume due to interactions with the solute around the co-sphere and the 

parameters ϕvo suggests the solute-solvent interactions that present in a (here, 

amino acids (solute) + aq. β-CD(co-solvent)) ternary solution systems [22]. The 

density of aqueous cyclodextrin solution increases with increasing mass fraction of 

β-CD (Table 3) due to structure making contribution of cyclodextrins with water 

molecules [19, 22]. For this purpose, the values of ϕv are determined from the 

experimental values of density of the solutions using the proper equation by taking 

0.001, 0.004, 0.007 mass fractions of β-cyclodextrins in aqueous medium (Table 4)  
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at 298.15 K. The magnitude of ϕv is found to be large and positive for all the studied 

systems, suggesting  effectively strong solute–solvent interactions [19] and ϕv 

decreases with increasing square root of molal concentration(√m) (Table 5) and fits 

to Masson equation from where limiting apparent molar volume (ϕvo) has been 

estimated (Table 6) [23]. Considering particular an amino acids (e.g L-Methionine), 

it is seen that the values of ϕvo increases with increasing the molar mass fraction of 

β-CD (ϕvo0.007 > ϕvo0.004 > ϕvo0.001) and similar results are found for the other two 

amino acids (viz. L-Proline, L-Glutamine) (Table 6). This implies that ion- 

hydrophilic interaction (between zwitterionic centres of the amino acids and the –

OH groups of β-CD) which predominate over ion–hydrophobic interactions 

(between zwitterionic centres and non-polar parts of β-CD) and hydrophobic–

hydrophobic interactions (between non-polar parts of the amino acids and -CD) .Due 

to these interactions, the electrostriction of water caused by the charged centers of 

the amino acid will be reduced, which results in an increase in volume and decrease 

in the order (Figure 2) 

L-Methionine >L-Proline>L-Glutamine 

 

Figure 2.  Plot of limiting molar volume (ϕvo) against mass fraction (w) of β-CD for L-
Methionine (blue), L-Proline (brown) and L-Glutamine (green) respectively at 298.15 Ka 
(a Standard uncertainties u is: u(T)=0.01 K ). 
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Table 3. Experimental values of density (ρ) in different mass fraction of aqueous 
β-cyclodextrin mixtures at 298.15 K a. 

 
 

                                                                                                Density 

                            ρ∙10-3/kg∙m-3 

β-cyclodextrin 

w = 0.001 w = 0.004 w = 0.007 

0.99747 0.99849 0.99953 

a Standard uncertainties u is: u(T)=0.01 K. 
 
 
Table 4: Experimental values of density (ρ) of chosen amino acids in deferent 
mass fraction of β-cyclodextrin mixtures at 298.15 Ka. 

 
 

molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

Glysine 

w = 0.001 

L-Methionine 

w = 0.001 

0.003 0.99763 0.003 0.99758 

0.004 0.99770 0.004 099763 

0.005 0.99777 0.005 0.99768 

0.006 0.99785 0.006 0.99773 

0.007 0.99793 0.007 0.99778 

0.008 0.99801 0.008 0.99784 

w = 0.004 w = 0.004 

0.003 0.99864 0.003 0.99858 

0.004 0.99871 0.004 0.99862 

0.005 0.99878 0.005 0.99866 

0.006 0.99885 0.006 0.99870 

0.007 0.99893 0.007 0.99875 

0.008 0.99901 0.008 0.99880 

w = 0.007 w = 0.007 

0.003 0.99966 0.003 0.99964 
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0.004 0.99972 0.004 0.99970 

0.005 0.99978 0.005 0.99976 

0.006 0.99984 0.006 0.99982 

0.007 0.99991 0.007 0.99989 

0.008 0.99998 0.008 0.99996 

L-Proline 

w= 0.001 

L-Glutamine 

 w = 0.001 

0.003 0.99760 0.003 0.99766 

0.004 0.99767 0.004 0.99775 

0.005 0.99775 0.005 0.99784 

0.006 0.99784 0.006 0.99794 

0.007 0.99795 0.007 0.99805 

0.008 0.99780 0.008 0.99817 

w = 0.004 w = 0.004 

0.003 0.99860 0.003 0.99866 

0.004 0.99867 0.004 0.99874 

0.005 0.99875 0.005 0.99883 

0.006 0.99884 0.006 0.99892 

0.007 0.99893 0.007 0.99902 

0.008 0.99904 0.008 0.99913 

w = 0.007 w = 0.007 

0.003 0.99966 0.003 0.99972 

0.004 0.99973 0.004 0.99981 

0.005 0.99983 0.005 0.99992 

0.006 0.99993 0.006 1.00003 

0.007 1.00005 0.007 1.00015 

0.008 1.00018 0.008 1.00028 
a Standard uncertainties u is: u(T)=0.01K; w is mass fraction of β-cyclodextrin in 
aqueous mixture 
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Table 5:  The changes of apparent molar volume (ϕv) with squar root molal 
concentration (√m) of selected amino acids in different mass fractions of 
aqueous β-CD mixture at 298.15Ka. 

 

Molality 

/mol∙kg-1 

√m 

/mol1/2∙kg-1/2 

ϕv ×10-

6 

/ m3 mol-1 

molality 

/mol∙kg-1 

√m 

/mol1/2∙kg-1/2 

ϕv ×10-

6 

/ m3 mol-1 

Glysine; w = 0.001    L-Methionine; w = 0.001 

0.003 0.0548 21.79 0.003 0.0548 112.83 

0.004 0.0633 17.61 0.004 0.0633 109.49 

0.005 0.0708 15.11 0.005 0.0708 107.48 

0.006 0.0775 11.77 0.006 0.0775 106.15 

0.007 0.0837 09.38 0.007 0.0837 105.19 

0.008 0.0895 07.59 0.008 0.0895 103.22 

 w = 0.004   w = 0.004  

0.003 0.0548 25.11 0.003 0.0548 119.39 

0.004 0.0633 20.10 0.004 0.0633 116.89 

0.005 0.0708 17.10 0.005 0.0708 115.38 

0.006 0.0775 15.09 0.006 0.0775 114.38 

0.007 0.0837 12.23 0.007 0.0837 112.24 

0.008 0.0895 10.09 0.008 0.0895 110.63 

 w = 0.007   w = 0.007  

0.003 0.0548 31.75 0.003 0.0548 112.60 

0.004 0.0633 27.58 0.004 0.0633 106.76 

0.005 0.0708 25.08 0.005 0.0708 103.26 

0.006 0.0775 23.41 0.006 0.0775 100.92 
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0.007 0.0837 20.79 0.007 0.0837 97.83 

0.008 0.0895 18.83 0.008 0.0895 95.50 

L-Proline; w= 0.001  L-Glutamine w = 0.001 

0.003 0.0548 71.98 0.003 0.0548 83.03 

0.004 0.0633 65.30 0.004 0.0633 76.34 

0.005 0.0708 59.28 0.005 0.0708 72.33 

0.006 0.0775 53.60 0.006 0.0775 67.99 

0.007 0.0837 46.68 0.007 0.0837 63.45 

0.008 0.0895 40.23 0.008 0.0895 58.80 

 w = 0.004   w = 0.004  

0.003 0.0548 78.58 0.003 0.0548 89.62 

0.004 0.0633 70.24 0.004 0.0633 83.78 

0.005 0.0708 63.23 0.005 0.0775 78.27 

0.006 0.0775 56.88 0.006 0.0837 74.60 

0.007 0.0837 52.35 0.007 0.0895 70.54 

0.008 0.0895 46.45 0.008 0.0896 66.25 

 w = 0.007   w = 0.007  

0.003 0.0548 71.83 0.003 0.0548 82.86 

0.004 0.0633 65.16 0.004 0.0633 76.19 

0.005 0.0708 55.16 0.005 0.0708 68.18 

0.006 0.0775 48.49 0.006 0.0775 62.85 

0.007 0.0837 40.86 0.007 0.0837 57.61 

0.008 0.0895 33.90 0.008 0.0895 52.42 

a Standard uncertainties u is: u(T)=0.01K; w is mass fraction of β-cyclodextrin in 
aqueous mixture. 
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IX.4.3 Density study: Group contributions 

The results of the chosen amino acids that have discussed above can be 

rationalized on the basis of the contribution of different groups to ϕvo. If one H from 

the side chain of glycine is replaced by (CH2-CH2-S-CH3),( CH2-CH2-CH2),( CH2-

CH2-CO-NH2) side groups L-Met, L-Pro (Proline is the amino acid with a secondary 

amine. Furthermore, the alpha-amino group is attached directly to the side chain, 

making the alpha carbon a direct substituent of the side chain) and L-Gln are 

originated respectively. The ϕvo for glycine, L-Methionine, L-Proline, L-Glutamine 

have been estimated at 298.15K (Table 6) and a huge change in ϕvo among them has 

been observed. This is because ϕvo has large effect on the inclusion complexes 

happening in the solution environment [24-25]. So, there should be a correlation 

between the structures of the amino acids and the values of ϕvo. The values of ϕvo for 

different groups present in the selected amino acids with different mass fraction 

have been mentioned in Table 7. 

 
Table 6: Limiting apparent molar volume (ϕV o), experimental slope (SV*), of 
amino acids in different mass fractions of aqueous α and β-cyclodextrin 
mixtures at 298.15 Ka. 

 

Aq. Solvent 
Mixture 

ϕ0V 
/ m3 mol-1 

S*V 
/m3mol-

3/2kg1/2 

Aq. solvent 
mixture 

ϕ0V 
/ m3 mol-1 

S*V 
/m3mol-

3/2kg1/2 
Glycine L-Methionine 

w = 0.001  44.016 -411.14 w = 0.001   126.41 -259.35 
w = 0.004 47.33 -419.12 w = 0.004 132.6 -242.56 
w = 0.007 50.95 -360.12 w = 0.007   137.78 -477.33 

 L-Proline   L-Glutamine  
w = 0.001 122.62 -906.21 w = 0.001  120.04 -678.05 
w = 0.004 128.32 -914.75 w = 0.004 125.8 -663.48 
w = 0.007 133.97 -1111.4 w = 0.007   131.39 -883.41 
a Standard uncertainties u is: u(T)=0.01K; w is mass fraction of β-cyclodextrin in 
aqueous mixture. 
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Table 7.  Contribution of  zwitter  ionic group , CH , CH2 ,  group , and end group 
to the limiting apparent molar volume ϕv⁰ for amino acids in different mass 
fraction of aqueous β-cyclodextrin. 
 

Amino Acid Group 
ϕv⁰   × 106/m 3 mol-1 

w = 0.001 w = 0.004 w= 0.007 

L- Methionine 
 

( NH 3+, COO¯ ) 
 

12.58 14.93 17.74 

( ̶  CH  ̶) 
 

15.72 16.20 16.60 

R=( ̶ CH2-CH2-SCH3) 
 

98.11 101.47 103.43 

  L-proline 
 

( NH 2+, COO¯ ) 
 

12.58 14.93 17.74 

( ̶  CH  ̶) 
 

15.72 16.20 16.60 

R=( CH2 )3  94.32 97.19 99.62 

L-Glutamine 

( NH 3+, COO¯ ) 
 

12.58 14.93 17.74 

( ̶  CH  ̶) 
 

15.72 16.20 16.60 

R=(CH2-CH2- CONH2) 91.74 94.67 97.04 
 

 The value of ϕvo of zwitter ion and the contribution of hydrophobic (CH–) 

group increases with increasing the mass fraction (w) of the co-solute β-CD. The 

Table 7 shows that the contribution the end group(R) to ϕvo is much greater than 

that of the zwitter-ionic group whose value belongs in the range of 12.58-17.74 × 10-

6 m3mol-1 .This indicates that the interactions (hydrophobic interactions) between 

the hydrophobic hole (i.e. the inner hole) of the β-CD and end group(R) of the 

selected amino acids are much stronger than the interaction between the secondary 

–OH groups of β-CD and the zwitter ionic group [27]. This promotes to incorporate 

the end group of the chosen amino acids into the hydrophobic cavity to form 

effective inclusion complex with the β-CD. The contribution of R= (̶ CH2-CH2-SCH3) of 
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L-Met to ϕvo is more than the others due to its hydrophobic and non-cyclic nature 

where the R=(CH2)3 of   L-Pro involved in the pyrrolidine side chain and for 

R=(CH2-CH2-CONH2) of L-Gln is less than the others as -CONH2 part of it shows some 

hydrophilic character. 

IX.4.4 1H NMR study: Supports inclusion phenomenon 

In the stereo-chemical structure of β-CD it may be found that three protons 

(H1, H2 and H4) are located in the exterior surface of the cavity and the rest two 

protons (H3 and H5) are located in the interior surface. H3 protons are close to the 

wider exit and H5 are nearer to narrow side of the hole [28]. The β-CD protons are 

named according to Scheme 5. The formation of IC can be explained on the light of 

the 1HNMR spectroscopy study. The H3 and H5 protons of cyclodextrin, which are 

directed towards the interior of the cyclodextrin will show a considerable upfield 

shift if inclusion does really occur and the H1, H2 and H4 protons will show only 

marginal upfield shifts [29,30]. This method based on the changes of chemical shifts 

of protons due to encapsulation of guest molecule into the β-CD cavity [31, 32]. 

 

Scheme 5.  Stereo-chemical configuration (A), truncated conical structure of β- 
cyclodextrin with interior and exterior protons. 
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In this purpose the mechanisms of molecular interactions between the selected 

amino acids and β-CD have been investigated with 1H NMR of 1:1 mixture of β-CD 

and each amino acid in D2O at 298.15 K. The interactions were assessed by 

comparing the spectrum of β-CD and amino acid with β-CD: amino acid complexes. 

Figure 3-5 show the qualitative appearance relating to the interaction of amino acid 

with β-CD. It is seen that there are significant upfield shifts (Δδ) of interior H3 and 

H5 protons and subsidiary shifts of external H1, H2 and H4 protons of β-CD, as well 

as that interacting protons of the amino acids. In the light of this observation, the 

change in shift suggests that each amino acid comes into considerable contact with 

the interior protons of the β-CD. The chemical shifts (Δδ) values of the H3 and H5 

have been listed in the Table 8. As found from the chemical shifts, interaction of the 

each amino acid with H3 is much higher than that of the H5, proving the guest 

entered through the wider rim of β-CD (Scheme 4) [2]. 
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Figure 3.  1H NMR spectra of (a) β-CD, (b) L-Methionine and (c) 1:1 molar ratio of β-CD 
& L-Methionine in D2O at 298.15 Ka (a Standard uncertainties u is: u(T)=0.01 K).  
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Figure 4. 1H NMRspectraof(a)β-CD, (b) L-Prolineand (c)1:1 M ratio of β-CD & L-Proline 
in D2O at 298.15 Ka (a Standarduncertainties u is: u(T) = 0.01 K). 
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Figure 5.  1H NMR spectra of (a) β-CD, (b) L-Glutamine and (c) 1:1 molar ratio of β-CD & 
L-Glutamine in D2O at 298.15 K. 

 

1H NMR DATA 

β-Cyclodextrin: 1H NMR (300 MHz, D2O): δ = 3.49-3.54 (6H, t, J = 9.2 Hz), 3.57-

3.60 (6H, dd, J = 9.6, 3.2 Hz), 3.79-3.84 (18H, m), 3.87-3.92 (6H, t, J = 9.2 Hz), 5.00-

5.01 (6H, d, J = 3.6 Hz). 

L-Methionine: 1H NMR (300 MHz, D2O): δ = 3.7-3.8 (1H, m), 2.49-2.51 (2H, m), 

1.9-2.1 (5H, m). 

L-Proline: 1H NMR (300 MHz, D2O): δ = 4.0-4.1 (1H, m), 3.1-3.3 (2H, m), 2.2-2.3 

(2H, m), 1.8-2.0 (2H, m). 

L-Glutamine: 1H NMR (300 MHz, D2O): δ = 3.6-3.7 (1H, m), 2.3-2.4 (2H, m), 1.9-

2.1 (2H, m). 
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β-CD+L-Met: 1H NMR (300 MHz, D2O): δ = 1.8-2.0 (5H, m), 2.45-2.47 (2H, m), 

3.45-3.50 (6H, t, J = 9.0 Hz), 3.54-3.56 (6H, dd, J = 9.2, 3.2 Hz), 3.58-3.64 (6H, t, J = 9.2 

Hz), 3.6-3.7 (1H, m), 3.69-3.72 (18H, m), 5.00-5.01 (6H, d, J = 3.6 Hz). 

β-CD+ L-Pro: 1H NMR (300 MHz, D2O): δ = 1.8-1.9 (2H, m), 2.1-2.2 (2H, m), 3.1-

3.2 (2H, m), 3.47-3.52 (6H, t, J = 9.4 Hz), 3.53-3.57 (6H, dd, J = 9.6, 3.4 Hz), 3.60-3.64 

(6H, t, J = 9.2 Hz), 3.69-3.73 (18H, m), 3.9-4.0 (1H, m), 5.00-5.02 (6H, d, J = 3.8 Hz). 

β-CD+ L-Gln: 1H NMR (300 MHz, D2O): δ = 1.9-2.0 (2H, m), 2.2-2.3 (2H, m), 

3.48-3.52 (6H, t, J = 9.2 Hz), 3.53-3.56 (6H, dd, J = 9.6, 3.2 Hz), 3.59-3.64 (6H, t, J = 9.2 

Hz), 3.5-3.6 (1H, m), 3.69-3.74 (18H, m), 5.00-5.01 (6H, d, J = 3.6 Hz). 

 

Table 8. Change in Chemical shifts (ppm) of the H3 and H5 protons of β-
cyclodextrin in inclusion complexes in D2O at 298.15 K. 

 

Δδ/ppm 

L-Met L-Pro L-Gln 

H3 H5 H3 H5 H3 H5 

0.289 0.091 0.245 0.075 0.218 0.042 

 

IX.4.5. Powder X-ray diffraction pattern 

 The direct evidence for the detection of β-CD complexation with guest 

molecules in powder states can be obtained from the analysis of powder X-ray 

diffraction spectrum because crystalline nature of guest molecules have been 

changed in solid phase  [33,34].  Figure 6 is the diffraction patterns of β-CD, amino 

acids and the corresponding complexes. The characteristic peaks are assigned at 

12.43, 14.71, 15.30, 17.06, 19.61, 21.12, 22.64, 24.33, 27.12 for β-CD,  5.87, 23.29, 

29.25, 35.36 for L-Met, 15.11, 18.01, 19.48, 24.66 for L-Pro and at 20.61, 23, 48, 

24.95, 25.46 for L-Glu respectively [34,35]. Such sharp and intense peaks of β-CD 
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and the amino acids which are suggestive of its crystalline character are shifted, 

disappeared or become less intense in complexed forms due to encapsulations of 

amino acids into the nano hydrophobic cavity of β-CD. The differences are observed 

among these patterns confirm the formation of new solid phase [36, 37].  

 

 

 

Figure 6.  Powder X-ray diffraction pattern of (a) β-CD, (b) methionine (Met), (c) 
proline (Pro), (d) glutamine(Glu), (e) β-Cyd: Met, (f) β-CD: Pro and (g) β-CD: Glu  (1:1 
molar ratio) inclusion complex. 

 

IX.5. CONCLUSION 

Inclusion complexes between β-cyclodextrin and the selected amino acids are 

formed successfully in solution phase with 1:1 stoichiometry ratio which has been 

confirmed by surface tension, 1H NMR study. The amino acids-β-CD interactions 
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have been explained by density measurement. The group contributions to ϕvo 

facilitated to understand the proper interactions between the host and guest. The 

results come from PXRD suggest that the selected guest molecules monomer formed 

ICs with nano hydrophobic core of β-CD effectively. The aim of this work is to apply 

these three amino acids in complexed form by using β-CD in liquid medium in the 

field of controlled delivery systems. 
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In my thesis, I have tried to introduce some new type of inclusion complexes in 

host- guest chemistry which may help to employ in various field of science. The 

different kinds of physicochemical techniques have been performed to understand 

the different types of molecular as well as ionic interactions on ionic liquids in 

solution environments.  I have studied interaction present in the inclusion 

complexes both in solution as well as in solid phase and to collect detailed 

information about the nature and strength of various interactions. 

The surface tention, density and conductometric studies helped us to evaluate 

the extent of molecular interaction in a particular solution quantitatively whereas 

the UV-vis, fluorescence, FTIR and NMR spectroscopic measurements gave an 

insight into the types of molecular interactions occurring in any given systems. 

Scanning Electron Microscopy (SEM) gives information about the surface 

morphological structures of solid materials. ESI-MS study confirmed the 

stoichiometry ratio of a complexation process. The direct evidence for the 

complexation between host and guest molecule has been provided from the analysis 

of powder X-ray diffraction spectrum and the thermal stability of solid complexed 

materials have been demonstrated by TGA study.   

In chapter IV, the interactions of DEPM with β-Cyd are investigated in liquid 

medium by UV-spectra in terms of Job plot and association constant (K). Both satisfy 

the formation of IC with 1:1 stoichiometry. Different pH environment shows that it 

has great influence on association constant (K). Determination of ΔG value indicates 

that the process is thermodynamically controlled. The results come from 1HNMR, 

FT-IR,  powder XRD and SEM studies suggest that the selected guest molecule DEPM 
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monomer formed IC with nano hydrophobic core of β-Cyd effectively which will 

make possible DEPM to be solubilised in water successfully. 

In chapter V, the obtained result of conductivity and the association constant 

(kf) for the complexation between 1-ethyl-1 methylpyrrolidinium 

hexafluorophosphate and 18C6 and DB18C6 can be explained in terms of the 

electrons donor ability of oxygen atoms to substrate. The thermodynamics 

parameters for this complexation process articulate that the overall complex 

formation path thermodynamically favorable. The five membered pyrrolidinium 

cationic head group is integrated into the macrocyclic polyether network via N⁺∙∙∙Oδ‒ 

non-covalent ion-dipole, H-bonds and C‒H∙∙∙π interactions (host-guest interactions) 

has been established by 1HNMR. ESI-MS study confirmed the host-guest 

complexation process with 1:1 ratio. The FTIR spectroscopy study of the resulting 

solids between crown ethers and IL also gives distinct evidence about this host-

guest complexation process. 

In chapter VI, the solute-solvent interaction behavior of studied ionic liquid and 

amino acids in aqueous solution have been determined by conductance measurements at 

three different temperatures and spectroscopic studies.  The ILs and amino acids systems 

in aqueous solution indicate the non-covalent interactions among them and causing an 

increase of hydrodynamic radii of ions and a decrease of their ionic mobility, hence we 

have got the result a decrease in molar conductance.  It has been concluded from the 

association constant values of the selected ILs with AAs obtained by using Uv-vis and 

fluorescence measurements that among the two ILs, 1-butyl-3-methylimidazolium 

octylsulphate [BMIM][C8SO4] interact more firmly with L-tyrosine than L-phenylalanine 

and in each system both IL and AA have been promoted to each due to non-covalent such 

as  strong hydrophobic- hydrophobic, weak π∙∙∙π, columbic force of attraction, H-bond 
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interactions etc. amongst themselves. The significant chemical shifts of ILs protons in 

presence of amino acids in 1HNMR studies also support the results obtained from other 

spectroscopic and conductance measurements.  

In chapter VII, in this research, the interaction of NTHCL with β-CD and 

stability constant (K) of this complexation have been elucidating using UV-

spectroscopy and fluorescence measurement. The job’s method reveals that the 

NTHCL/ β-CD forms 1:1 complex. Characterization by 1HNMR, ROSEY, 13CNMR, FTIR, 

PXRD have been performed and all of these techniques are utilised to support the 

complexation phenomenon. 1HNMR and ROSEY clearly suggest that the not only the 

aliphatic tail is involved but the tricyclic ring also participates in this process The 

resultant complex is found to be water soluble which can be used as regulatory 

releaser of the selected drug in human body and suitable for successive applications. 

In chapter VIII, from the results of our experiments, it has been concluded that 

the UV-B protector sunscreen agent padimate O can form an inclusion complex with 

α-CD and β-CD which can be used as regulatory releaser of this agent. The 

encapsulation of PMO molecule inside the hydrophobic core of cyclodextrins has 

been proved in aqueous medium by UV-Vis spectroscopy and in solid state by FTIR, 

Mass, XRD and TGA analysis.  The stoichiometric behaviour with 1:1 ratio of the 

complexes has been confirmed through continuous variation job’s method and ESI-

MS experiments. The association constant values demonstrated PMO is somewhat in 

good agreement with β-cyd than α-cyd and the thermodynamic parameters making 

the overall process thermodynamically favourable. FTIR spectroscopy, PXRD and 

TGA support the complexation phenomena and according to the results of PXRD and 

TGA techniques, it can be said that newly obtained PMO/ α-cyd and PMO/ β-cyd 

complexes have different physicochemical properties compared to their free forms. 
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Thus it can be concluded that our work may be regarded as an alternation way to 

protect our skin from sun damage and beneficial to medicinal science. 

In chapter IX, inclusion complexes between β-cyclodextrin and the selected 

amino acids are formed successfully in solution phase with 1:1 stoichiometry ratio 

which has been confirmed by surface tension, 1H NMR study. The amino acids-β-CD 

interactions have been explained by density measurement. The group contributions 

to ϕv
o facilitated to understand the proper interactions between the host and guest. 

The results come from PXRD suggest that the selected guest molecules monomer 

formed ICs with nano hydrophobic core of β-CD effectively. The aim of this work is 

to apply these three amino acids in complexed form by using β-CD in liquid medium 

in the field of controlled delivery systems. 
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in this work using 1HNMR, 13C NMR and FTIR spectros-
copy. The most considerable evidence for inclusion of nor-
triptyline tricyclic ring and the protons located inside the 
β-Cyd cavity is the 2D NMR ROESY cross-peaks. Changes 
in chemical shifts in 1H NMR and behaviour of 2D ROESY 
cross peak suggest the inclusion complex formation.

Graphical Abstract Preparation, mechanism and charac-
terization of the complexation phenomenon for nortriptyline 
hydrochloride a TCA drug with β-Cyd (a good drug recep-
tor) have been done in solution/solid phase.

Abstract The study is related to characterise the forma-
tion, mechanism behaviour and importance of the compl-
exation between nortriptyline hydrochloride (NTHCL), a 
class of tricyclic antidepressant (TCA) drug and also having 
neuroprotective effects, with β-cyclodextrin (β-Cyd) acts as 
an excellent drug-receptor. The continuous various method 
(Job plot), UV-spectroscopy, fluorescence measurements and 
powder XRD have been reported to confirm the inclusion 
complex with 1:1 stoichiometry with the TCA aliphatic tail. 
A variant view of NTHCL/β-CD complex where the inter-
action of tricyclic ringring with β-Cyd cavity is presented 
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Introduction

Cyclodextrins (Cyds) are first isolated as degradation prod-
uct of starch by Villiers in 1891 [1]. They are character-
ized as natural cyclic oligosaccharides. The main fractions 
of Cyds are composed with 6 (α-Cyds), 7(β-Cyds) and 
8(γ-Cyds) glucose units respectively linked by α-(1, 4) gly-
cosidic linkages [2, 3]. Cyds are a very vital class of host 
molecules that are used as drug excipients [4–6] and drug 
receptor or carrier in human body [7–11]. These applica-
tions confide to the capability of Cyds to form inclusion 
complexes (ICs). Such host–guest ICs are of great interest 
for scientific research as they exists in aqueous medium and 
encapsulate guest molecule(s) into their hydrophobic cavity 
through hydrophobic, H-bonds, van der Waals, interactions 
which are so important in biological systems and furnish the 
information about the non-covalent intermolecular interac-
tions. Thus they serve as models for studying topochemical 
problems and the mode of action of drugs. The most sig-
nificant property of such ICs is that the unique “torus-like” 
shaped cyd molecules can behave as host to accommodate 
size-fit entirely or at least partially guest components into 
its hole without any covalent bonds being formed [12–15].

Nortriptyline [3-(10,11-dihydro-5H-dibenzo[a,d]cyclo-
hepten-5-ylidene)-N-methyl-1-propanamine] hydrochloride 

(NTHCL) belongs to the class of drugs known as tricyclic 
antidepressant (TCAs). Depression is fetching one of the 
most imperiling diseases disturbing human health and qual-
ity of living [16–20]. Compared with other TACs drugs, 
NTHCL shows many advantages. The antidepressant effects 
of TCA are thought to be due to an overall increase in sero-
tonergic neurotransmission and in depressed individuals, 
nortriptyline exerts a positive effect on mood. TCAs also 
block histamine-H1 receptors, α1-adrenergic receptors which 
accounts for their sedative, hypotensive effects respectively. 
Nortriptyline exerts less sedative side effects compared to 
the tertiary amine TCAs. NTHCL has also neuroprotective 
effects and it is used as key models of chronic neurodegen-
eration. It expanded as strong inhibitor of mitochondrial per-
meability transition (MPT) in both isolated [21] and brain. 
MPT results due to openings of protein pores that are formed 
in the inner membrane of mitochondria and allow free dif-
fusion of molecules having molecular weight less than 
1500 Da., resulting mitochondrial swelling and cell death 
[22]. NTHCL can also inhibit the release of cytochrome C 
and caspase activation in tissue. As, cyds are secure and 
friendly for human health and considered as safe drug carrier 
in human body [23], so, formulating inclusion complex of 
NTHCL with β-cyds could potentially introduce a new pros-
pect and hope in drug delivery systems and also in research 
field.

In this work, the possible formation of IC between 
NTHCL and β-cyds (Scheme S1) has been investigated by 
UV-spectroscopy, fluorescence measurements in solution 
phase including 1HNMR, 2D NMR, 13CNMR, FTIR and 
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powder XRD techniques that have been performed with the 
resultant 1:1 solid IC of NTHCL and β-cyds.

Experimental section

Reagents

Nortrptyline and β-cyclodextrin (β-Cyd) of puriss grade are 
purchased from Sigma-Aldrich, Germany and have been 
used without further purification. The mass fraction purity 
of nortrptyline and β-Cyd is ≥0.99 for both. Triply distilled 
and degassed water is used to ready all solutions.

Apparatus

UV–visible spectra were recorded by JASCO V-530 UV/VIS 
spectrophotometer. All the absorption spectra were recorded 
at 25 ± 1 °C.

A photon Technology International (PTI), USA (Model: 
Quantamaster-40) fluorescence spectrophotometer was used 
to record fluorescence spectra.

NMR (1HNMR, 2D ROSEY and 13C NMR) spectra were 
recorded at 300 MHz Bruker ADVANCE at 298.15 K in 
 D2O. Signals are quoted as δ values in ppm using residual 
protonated solvent signals as internal Standard  (D2O: δ 
4.71 ppm). Data are reported as chemical shift.

Infrared spectra were measured in Perkin Elmer, FTIR 
spectrometer. Samples are prepared as KBr pellets with 1 mg 
components and 100 mg of dry KBr. FTIR measurements 
were performed in the scanning range of 4000–400 cm−1 
in the room temperature. A manual press was used to form 
the pellets.

The powder XRD patterns of the compounds were 
recorded by using Cu-Kα radiation (Bruker D8 Discover; 
40 kV, 30 mA).

Preparation of solid inclusion complex of NTHCL 
with β‑CD

The solid inclusion complex of (NTHCL + β-CD) has 
been prepared by taking 1:1 molar ratio of both compo-
nents. Both components are dissolved in triply distilled 
and degassed water separately and stirred over magnetic 
stirrer until it makes a clear solution. After that the drug 
solution is added into β-CD solution and stirred for 48 h 
at 55 °C without a break. A precipitation is observed after 
cooling. The precipitate is filtered and washed for several 
times with triply distilled water. Finally, we have got a dry 
white powder after drying the washed precipitate in oven 
at 50 °C for 24 h.

Results and discussion

UV–visible spectroscopy: job plot: elucidation 
of stoichiometry behaviour

The stoichiometry of the IC has been discerned utilising 
continuous variation Job’s method [24] in the solution 
medium by plotting ΔA × R against R (where ΔA = Ao − A, 
is the shifts of absorbance at λmax of β-CD-NTHCL com-
plex [A] from absorbance at λmax of pure NTHCL  [Ao]) 
and the spectral data have been listed in Table S1. The 
value of R at the maxima on curve provides the stoichi-
ometry ratio of ICs  (IC1:2, R = 0.33;  IC1:1, R = 0.5;  IC2:1, 
R = 0.66) [25, 26]. It can be seen that the resultant curve 
shows the maximum deviation at R = 0.5 which suggests 
that the complex has 1:1 stoichiometry (Fig. 1).

Effects of β‑Cyd: interaction of NTHCL with β‑cyd 
in liquid environment by UV–Vis and fluorescence 
study

The spectral data of NTHCL (2 × 10−4 M) in absence and 
in presence of various concentration of β-cyd solutions 
have been mentioned in Table S2. The strong absorption 
peaks of NTHCL (2 × 10−4 M) appears at 216 nm and 
with addition of β-CD blue shifting is observed. Gradu-
ally increases of absorbance intensities of NTHCL due to 
addition of β-cyd solutions indicate the insertion of the 
drug molecule to the β-cyd core and the presence of some 
non-covalent interactions (viz. hydrophobic and van der 
Waals interaction) which are the driving forces behind the 
complexation process [27, 28].

The fluorescence spectra of the NTHCL at constant concen-
tration in aqueous medium as a function of gradually increase 
in β-cyd concentration is depicted in Fig. 2 which shows a 

Fig. 1  Job plot of NTHCL/β- Cyd systems at 298.15 K
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molecular association is arising between included drug and 
the β-cyd causing the enhancement of the fluorescence inten-
sities of the drug upon the addition of increasing concentra-
tion of β-cyd [29–31] (Table S2). It is seen that with the addi-
tion of β-cyd solution both the shorter wavelength and longer 
wavelength intensities of the guest moiety are increased. The 
increase in the absorbance indicates that the NTHCL molecule 
is entrapped into the β-cyd hydrophobic hollow space to form 
IC through the hydrophobic interactions and it is attributed 
detergent action of β-cyd [32, 33].

In general the formation of isobestic point in both absorp-
tion and emission spectra is the indication to the existence 
of 1:1 complex [34–36] but as in this case no such clear iso-
bestic point is observed so some possibilities are can be pro-
posed for this deviation-(i) more than one NTHCL molecule is 

accommodated within a single β-cyd, (ii) due to space restric-
tion of β-cyd cavity there may be present more than one type of 
complex each having 1:1 stoichiometry and (iii) the detergent 
action of β-cyd can be prohibited the formation of isobestic 
point. The β-cyds is the cone-shaped molecule having height 
of 7.8 Å with diameters of the wider rim side and narrow rim 
part are 6.5 and 5.8 Å. It can be expected that the vertical 
distance between the aromatic rings of the NTHCL is also 
~7.5 Å, [37] so it cannot entrapped entirely into the β-cyds 
cavity. Hence the first one scheme can be cancelled. Several 
TCAs have been reported to form an IC with β-cyds with 1:1 
stoichiometry [30, 38, 39]. From the job plot method (Fig. 1), 
we have also got the evidence about the formation the complex 
having 1:1 stoichiometry. The plausible structures of the 1:1 
inclusion complex between the NTHCL and β-cyds are repre-
sented in Scheme 1 [39, 48, 50].

The association constant (Ka) of the host–guest complexa-
tion can be calculated by modified Benesi–Hildebrand equa-
tion for the one-to-one (1:1) association (Eq. 1) [27] using the 
UV–vis and emission spectra (fluorescence) data (Table S2).

where Io is the initial intensity of absorption/fluorescence 
of uncomplexed NTHCL, I is the absorption/fluorescence 
intensity with a particular concentration of β-cyd and I″ is 
the absorption/fluorescence intensity at maximum concen-
tration of β-cyd used.

According to Eq.  1 the double reciprocal plots of 
1/I − Io versus 1/ [β-cyd] for NTHCL in both absorption 
and fluorescence are shown in Fig. 3a, b respectively. In 
both cases a good linear correlation  (R2

(absorption) = 0.998; 

(1)
1

I − I
o

=
1

Ka(I�� − I
o
)
⋅

1

[β − cyd]
+

1

(I�� − I
o
)

Fig. 2  Fluorescence spectra of NTHCL in different β-Cyd concentra-
tions (µM): 1 0, 2 20, 3 30, 4 40, 5 50, 6 60, 7 70 and 8 80

Scheme 1  The probable 
mechanism of the association 
phenomenon of the complexa-
tion for NTHCL with β-Cyd
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 R2
(fluorescence) = 0.997) are observed and showing that the 

IC is 1:1. The value of Ka is evaluated by the ratio of the 
intercept to the slop [40]. Thereby, the Ka values of 235 
and 211 M−1 are obtained from absorption and fluorescence 
spectra respectively which are close enough to each other 
[41, 42].

The thermodynamic parameter free energy change (ΔG) 
for both cases are calculated from the Ka values by using 
the following Eq. 2

The ΔG values for the two binding partners (NTHCL and 
β-Cyd) are negative (-ΔG) (Table S2) which indicates that 
the host- guest IC proceeded spontaneously at 298.15 K and 
thermodynamically controlled.

NMR spectroscopy

1HNMR analysis is one of the most acceptable methods for 
the study of inclusion complex [40, 43]. 1HNMR spectra 
of the 1:1 mixture of solid inclusion complex have been 
recorded (Fig. 4) and the chemical shift (Δδ) for protons of 
both β-Cyd and NTHCL are studied. Since, under this condi-
tion, only shift changes of the signals occur, it follows that 
the inclusion phenomenon is a dynamic process in which a 
fast exchange exists between the free and the bound states. 
The upfield shift of β-Cyd protons and downfield shift in 
guest protons made known the presence of NTHCL mol-
ecules into the β-Cyd cavity. Insertion of the NTHCL guest 
molecule towards the cyclodextrin ring through the wider 
rim side rather than the narrower dimension can be predict 
from the chemical shift displacements (Δδ) of the H3 and 
H5 β-Cyd protons as the shifting (Δδ) of the H3 proton that 
is located near the wider rim is significantly high than the 
shifting (Δδ) of the H5 protons which is placed near the 
narrower rim [44, 45].

(2)ΔG = −RT lnKa

1HNMR data

β‑Cyclodextrin

1H NMR (300  MHz, D2O): δ = 4.928–4.919 (7H, 
d, J = 3.3  Hz), 3.484–3.496 (7H, dd, J = 9.6  Hz), 
3.860–3.863(7H, t, J = 3.6  Hz), 3.412–3.418(7H, t, 
J = 9.9 Hz), 3.793–3.812 (21H, m).

NTHCL

1H NMR (300 MHz, D2O): δ = 2.528 (3H, s); 2.960–3.025 
(4H, m); 5.745–5.794 (1H, t, J = 7.5); 2.38–2.444 (2H, m); 
2.765–2.866 (2H, m); 7.303–7.051 (8H, m).

β‑CD: NTHCL

1H NMR (300 MHz, D2O): δ = 2.553 (3H, s); 3.017–3.079 
(4H, m); 5.785–5.834 (1H, t, J = 7.5); 2.445–2.518 (2H,m); 
2.789–2.833 (2H,m); 6.926–7.308 (8H,m); 4.903–4.914 
(7H, d, J = 3.3  Hz); 3.466–3.407 (7H, dd, J = 9.6  Hz); 
3.534–3.546 (7H, t, J = 3.6  Hz); 3.350–3.284 (7H, t, 
J = 9.9 Hz); 3.598–3.567 (21H, m).

2D NMR ROSEY analysis

Two dimensional (2D) ROESY NMR spectra have been 
performed additionally to get better the geometry of the 
NTHCL/β-Cyd complex. 2D-ROESY provides the informa-
tion about the spatial proximity between the host and guest 
molecules by observing intermolecular cross-relations [46, 
47]. The appearance of cross-peaks (Fig. 5) between –CH3 
group protons, H-α, H-β and H-γ protons of NTHCL and the 
H3, H5 protons of β-Cyd supports the proposed complexa-
tion of the NTHCL molecules into the hollow space. Clear 
cross-peaks of aromatic protons and the cyclohentane (2, 

Fig. 3  Benesi–Hildebrand double reciprocal plot of 1/I − Io versus 1/[β-Cyd] for NTHCL in a UV-absorption and b fluorescence at 298.15 K
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2′) protons of NTHCL with the H3, H5 protons of β-Cyd 
in 2D-ROESY are assigning the encapsulation of aromatic 
moiety into the β-Cyd cavity [39, 48–50].

13C NMR spectroscopy

13C spectroscopy is a helpful method to investigate inclu-
sion phenomenon. It is used to assess the information on 
the environment of individual carbons and intermolecular 
interactions [15, 51, 52]. The shifts of six carbon atoms for 
β-Cyd and the chemical shifts of NTHCL carbons have been 
listed in Table 1 (Fig. 6). The significant shifting of  C1

β−CD 
and  C4

β−CD in solid inclusion complex are due to conforma-
tional changes of the α-1, 4 glycosidic bond. The shifting of 
 C2

β−CD,  C3
β−CD and  C5

β−CD also approved the incorporation 
of the NTHCL to β-Cyd hole. In solid IC, the change in δ 
value of the  C6

β−CD carbon that bears the primary alcohol 
indicates the conformational changes (gauche/trans confor-
mations) of the primary alcohol [53]. These shifting sug-
gest that host–guest complexation occurs between NTHCL 
molecule and β-Cyd. All carbon atoms of β-Cyd are shifted 
due to encapsulation of NTHCL molecule into the core of 
β-Cyd. The 13C-chemical shift displacements of NTHCL by 

the addition of β-Cyd under the same condition have also 
been listed in Table 1. A larger shift changes are observed 
in the side chain of NTHCL than the tri-cyclic moiety of 
NTHCL. These results suggest that β-Cyd includes prefer-
ably the side chain moiety of NTHCL within the whole of 
the β-Cyd.

FTIR study for complex

FTIR spectra of NTHCL, β-Cyd and NTHCL/β-Cyd com-
plex (1:1) is shown in Fig. 7. IC formation may also be con-
firmed by FTIR spectroscopy [54, 55]. The resulting bands 
from the included guest molecule are usually shifted or 
nowhere to be found in the resulting form or their intensi-
ties are changed. The valence vibration of the N–H bond 
(secondary amine) and C–H aromatic ring at 3431 and 
3070 cm−1 are recorded respectively. The absorption bands 
with maxima at 1595 and 1159 cm−1 are shown for aromatic 
C=C benzene ring and C–N in the amino group respec-
tively. The band valence vibration of the C–N–C bending 
and N–CH3 bond stretching have been assigned to 590 and 
2944 cm−1 respectively.

Fig. 4  1HNMR spectra of a β-Cyd, b 1:1 molar ratio of NTHCL/β-Cyd inclusion complex and c NTHCL in  D2O at 298.15 K
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The broad band at 3368 cm−1 that appears in pure β-CD 
spectrum (Fig. 7, curve b) indicates the valence vibrations of 
O‒H (vbr(O‒H)) groups connected by H-bond. The vsp

3(C‒
H) bond stretching of β-CD is assigned at 2923 cm−1. The 
vbend(O‒H) stretching of COH groups and water molecules is 
recorded at 1638 cm−1. The v(C‒O‒C) bond stretching and 
v(C‒C‒O) bond stretching are found at 1157 and 1030 cm−1 
respectively [56–58].

The significant intensities changes and the shifting in 
characteristic bands of the two binding partners undoubtedly 
confirm the insertion of the NTHCL in β-CD in the result-
ant complex (Fig. 7, curve c). The non-covalent interactions 
like hydrogen bond (H-bond), hydrophobic interaction and 
Van der Waals interaction that appear in complex are held 
responsible for the changes.

Powder X‑ray diffraction pattern

The X-ray powder diffraction patterns of a complex should 
be evidently different from that superimposition of each 

component if an actual inclusion complex has been formed 
[38, 59, 60]. The presence of characteristic diffraction 2θ 
patterns with reduced peak intensity of the drug in lyophi-
lized product with β-Cyd confirms hollow model with entire 
disappearance of characteristic diffraction peaks of NTHCL 
(Fig. 8) signifying proper inclusion.

Conclusion

In this research, the interaction of NTHCL with β-CD and 
stability constant (K) of this complexation have been elu-
cidating using UV-spectroscopy and fluorescence meas-
urement. The job’s method reveals that the NTHCL/ β-CD 
forms 1:1 complex. Characterization by 1HNMR, ROSEY, 
13CNMR, FTIR, PXRD have been performed and all of 
these techniques are utilised to support the complexation 
phenomenon. 1HNMR and ROSEY clearly suggest that the 
not only the aliphatic tail is involved but the tricyclic ring 
also participates in this process The resultant complex is 

Fig. 5  2D ROESY spectra of solid inclusion complex of NTHCL and β-CD in  D2O (correlation signals are marked by green circles). (Color 
figure online)
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found to be water soluble which can be used as regulatory 
releaser of the selected drug in human body and suitable for 
successive applications.

Table 1  13C NMR-chemical shift displacements of β-Cyd, NTHCL 
and β-Cyd/ NTHCL at 1:1 molar ratio in  D2O at 298.15K

Standard uncertainties in temperature (T) = 0.01 K

δC (ppm) δIC (ppm) Δδ(ppm)

β-CD
 C1

β−CD 101.83 101.99 0.016
 C2

β−CD 73.32 73.36 0.04
 C3

β−CD 71.61 71.92 0.31
 C4

β−CD 81.02 81.19 0.17
 C5

β−CD 78.95 78.84 −0.11
 C6

β−CD 60.20 59.67 −0.53
NTHCL
 C1 47.58 48.42 0.84
 C2 25.10 25.61 0.51
 C3 124.34 124.02 −0.32
 C4 35.11 35.82 0.71
 C5 145.13 146.81 1.68
 C6 125.55 125.38 −0.17
 C7 127.97 128.00 0.03
 C8 127.60 127.67 0.07
 C9 129.71 129.52 −0.19
 C10 32.52 32.43 −0.09
 C11 138.88 138.79 −0.09
 C12 136.60 136.63 0.03

Fig. 6  13CNMR spectra of a β-Cyd, b 1:1 molar ratio of solid NTHCL/β-Cyd inclusion complex and c NTHCL in  D2O at 298.15 K

Fig. 7  FT-IR spectra of a β-Cyd (in KBr), b NTHCL and c NTHCL/
β-Cyd (1:1 molar ratio) solid complex (in KBr)
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Inclusion Composites between β-cyclodextrin and amino acids (viz., L-Methionine, L-Proline and L-Glutamine)
are established in aqueous medium. Such complexation of amino acids in aqueous medium without using any
organic solvent provides great ideas in different industries. The complexes are characterized by 1H NMR which
proves the formation of inclusion complex. The interactions of β-CD with amino acids are analyzed by means
of surface tension and density. Contributions of different groups of the guest molecules to the limiting apparent
molar volume are determined. Additionally, the stoichiometry of the inclusion complexes is also determined to
be 1:1 in all the three cases. The solid inclusion complex formations of β-CD with amino acids are confirmed
by PXRD analysis.
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1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharide of glucopyranose
units that play an important role as a host in inclusion complexes,
where non-covalent interactions are involved. They contain six (α-
CD), seven (β-CD) and eight (γ-CD) glucopyranose units, which are
bound by α-(1–4) linkages forming a truncated conical with a hollow
cavity [1,2]. Cyclodextrins (CDs), with hydrophobic inner cavities and
hydrophilic outer rims, are capable of interacting with a large variety
of guest molecules to form non-covalent inclusion complexes [3]. CDs
have been widely employed for encapsulation of several substances
which are used in food, pharmaceutical industries, pesticides, toilet arti-
cles, textile processing, and other industry [4–7], supramolecular and
host-guest chemistry [8,9], models for studying enzyme activity, molec-
ular recognition, studying intermolecular interactions and chemical sta-
bilization [1,3,10]. In the field of agriculture and environmental science
huge applications of cyclodextrin have been found as encapsulating
agent [11–13].

In this present work, β-CD has been used as host because of its bio-
compatibility, relatively non-toxicity and relatively low price. The se-
lected biologically active amino acids viz., L-Methionine (L-Met), L-
Proline (L-Pro) and L-Glutamine (L-Gln) (Scheme1) that have been cho-
sen as guest, having a numbers of important roles in the human body

[14–16]. All of them are used in biosynthesis of proteins. L-Met is essen-
tial in humans i.e. it must be introduced from outsides and β-CD can be
used as good carriers. L-Pro both L-Gln both are non-essential in
humans, meaning the body can synthesize it but sometimes body de-
mands glutamine in larger amount then L-Gln must be incorporated
from outsides [17]. Moreover, the formation of proline/β-CD complexa-
tion is reported in theoretical background but no suchworks have been
done to propose a model for 1:1 complexation with L-proline [18]. En-
capsulation of guest molecules into CDmodifies some physicochemical
properties such as state, solubility and stability of the guest molecules
after formation of inclusion complex. Changes in the physicochemical
properties have been used to characterize whether guest molecules
are really included in the cyclodextrin cavity.

In this purpose, the surface tension and density have beenmeasured
to find out the nature and interactions of host-guest inclusion complex
of the selected amino acids in w = 0.001, 0.004, 0.007 mass fraction of
aqueous β-cyclodextrin (β-CD) solution at 298.15 K. 1HNMR technique
has also been performed to confirm the inclusion phenomenon.

2. Experimental section

2.1. Materials

The titled compounds e.g. amino acids (viz., L-Methionine, L-Proline,
L-Glutamine) and β-cyclodextrins of puriss grade, are purchased from
Sigma-Aldrich, Germany. The mass fraction purity of L-Met, L-Pro, L-
Gln, and β-cyclodextrin are ≥0.98, 0.98, 0.99, and 0.98, respectively.
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D2O (deuterium content 99.9%) is purchased from Sigma-Aldrich,
Germany.

2.2. Apparatus and methods

Solubility of the of β-Cyclodextrin and the chosen amino acids have
been precisely checked in triply distilled, deionised and degassed water
and it is observed that both β-CD and amino acids are soluble properly.
The stock solutions of the amino acids (uncertainty inmolality of the so-
lutions± 0.0001mol kg−3) for physicochemical studies have been pre-
pared by adopting the course mentioned in earlier work [17].

The surface tension experiments (±0.1 mNm−1) are done by using
a Tensiometer (K9, KRŰSS; Germany) at 298.15 K (±0.01 K) and densi-
ty (ρ) of the solvent aremeasured bymeans of vibrating a U-tube Anton
Paar digital density meter (DMA 4500 M) with a uncertainty of
±0.00005 g cm−3 [17]. Hear the surface tension is measured of the
sets of solutions of L-Methionine, L-Proline, L-Glutamine having concen-
tration 10 mM with aqueous β-CD solution by dilution method at
298.15 K (Table S2).

NMR spectra are recorded at 300 MHz Bruker ADVANCE at 298.15 K
(±0.01 K) in D2O. Signals are quoted as δ values in ppm using residual
protonated solvent signals as internal standered (D2O: δ 4.79 ppm).
Data are reported as chemical shift.

Scheme 1. The molecular structure of the selected amino acids in aqueous solutions (A) and the structure of β- CD (B) (host molecule).

Scheme 2. Schematic representation of formation of inclusion complexes between amino acid and β-CD in aqueous medium at 298.15 K.
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The powder XRD patterns of the compounds are recorded by using
Cu-Kα radiation (Bruker D8 Discover; 40 kV, 30 mA).

2.3. Preparation of solid inclusion complex of amino acids with β- CD

The three solid inclusion complexes [β-CD+Met, β-CD+Pro, β-CD
+ Glu] have been prepared by taking 1:1 M ratio the amino acids and
CD. In each case 1:1 M ratio of β- Cyd and the amino acid has been
taken into a beaker separately and stirrer with triply distilled water

until it makes a homogeneous mixture (completely dissolved). After
that, the guest mixture is added into β- Cyd solution and stirred for
48 h without a break. The reaction mixture has been put in refrigerator
for 48 h without any disturbance and a white precipitation is observed.
The precipitate is filtered and washed for several times with triply dis-
tilled water. Finally, we have got a dry white powder after drying the
washed precipitate in oven at 50 °C for 24 h. The resultant solids are fur-
ther analyzed by powder XRD (PXRD) method.

3. Results and discussion

3.1. Surface tension study explains the inclusion as well as stoichiometric
nature of the inclusion complexes (ICs)

Surface tension (γ) measurement is a well known technique to in-
vestigate the stoichiometry ratio of complexation process between
guest molecules with cyclodextrins [12,19,20]. When the pure aq. solu-
tions of β-CD are introduced gradually to the aq. solution of L-Methio-
nine, L-Proline, a significant rise in surface tension are observed and
found to be lower than that of pure water in both cases while no
major change in γ is observed with increasing the concentration of

Fig. 1. Variation of surface tension of aqueous (A) L-Methionine solution, (B) L-Proline solution, and (C) L-Glutamine solution respectively with increasing concentration of β-CD.

Table 1
Values of Surface Tension (γ) at the break point with corresponding concentration of
aqueous β-cyclodextrin at 298.15 Ka.

Surface tension

L-Methionine L-proline L-Glutamine

β-cyclodextrin Conc.
/mM

γb

/mN·m−1
Conc.
/mM

γb

/mN·m−1
Conc.
/mM

γb

/mN·m−1

4.86 70.1 5.2 70.0 5.22 72.6

a Standard uncertainties u is: u(T) = 0.01 K.
b Surface tension uncertainties = ±0.1 mN·m−1.

Scheme 3. Schematic representation of formation of inclusion complexes of L-Methionine, L-Proline and L-Glutamine with β-CD.
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pure aqueous (aq.) solution of β-CD [27]. This implies that L-Met and L-
Pro both behave like surfactants. This result is found due to the forma-
tion of inclusion complexes of amino acids from the air–water interface
into the β-CD hollow space (Scheme 2). But reverse result is found in
case of L-Gln (i.e. γ decreases with increasing concentration of β-CD)
which responsible for ICs as well as for the interaction in solution due

to the presence of a hydrophilic group, at the end of the side

chain [19]. Amino acids being exist as zwietter ionic form Show signifi-
cant variation in surface tension in their aqueous solution.

Each plot (Fig. 1) indicates that there is a single break point at certain
concentrations after which the slops become lower. It is evident that
formation of single, double and so on break point in a plot indicates
1:1, 1:2 and so on stoichiometry of (β-CD:guest) ICs (Scheme.4) [10,

12,21]. The values of surface tension and the corresponding concentra-
tion of β-CD solution at each break point have been mentioned in Table
1. From single break point, it is concluded that the formation of ICs is in
1:1 ratio have been occurred (Scheme 3) as finding of break point in
surface tension curve not only indicates conception of ICs but also pro-
vides in sequence about its stoichiometry.

3.2. Density: interactions study between amino acids and β -cyclodextrin

Theprominent evidence to understand the interactions in case of the
inclusion phenomenon can be obtained from volumetric properties,
such as, apparent molar volume (ϕv), limiting apparent molar volume
(ϕv

o) [19]. The value of ϕv is themeasure of the entire geometric volume
of the central solute molecule and changes in solvent volume due to in-
teractions with the solute around the co-sphere and the parameters ϕv

o

suggests the solute-solvent interactions that present in a (here, amino
acids (solute) + aq. β-CD(co-solvent)) ternary solution systems [22].

Scheme 4. Different possibilities of host-guest ratio for inclusion complex.

Scheme 5. Stereo-chemical configuration (A), truncated conical structure of β- cyclodextrin with interior and exterior protons.

Fig. 2. Plot of limiting molar volume (ϕv
o) against mass fraction (w) of β-CD for L-

Methionine (blue), L-Proline (brown) and L-Glutamine (green) respectively at 298.15 Ka

(a Standard uncertainties u is: u(T) = 0.01 K). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Contribution of zwitter ionic group, CH, CH2, group, and end group to the limiting apparent
molar volume ϕv

0 for amino acids in different mass fraction of aqueous β-cyclodextrin.

Amino acid Group ϕv
0 × 106

/m3 mol−1

w = 0.001 w = 0.004 w = 0.007

L-Methionine (NH3
+
, COO¯) 12.58 14.93 17.74

( ̶ CH ̶) 15.72 16.20 16.60
R = (CH2 ̶ CH2 ̶ SCH3) 98.11 101.47 103.43

L-proline (NH2
+
, COO¯) 12.58 14.93 17.74

( ̶ CH ̶) 15.72 16.20 16.60
R = (CH2)3 94.32 97.19 99.62

L-Glutamine (NH3
+
, COO¯) 12.58 14.93 17.74

( ̶ CH ̶) 15.72 16.20 16.60
R = (CH2 ̶ CH2 ̶ CONH2) 91.74 94.67 97.04
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The density of aqueous cyclodextrin solution increases with increasing
mass fraction of β-CD (Table S1) due to structure making contribution
of cyclodextrins with water molecules [19,22]. For this purpose, the
values of ϕv are determined from the experimental values of density
of the solutions using the proper equation by taking 0.001, 0.004,
0.007 mass fractions of β-cyclodextrins in aqueous medium (Table S3)
at 298.15 K. The magnitude of ϕv is found to be large and positive for
all the studied systems, suggesting effectively strong solute–solvent in-
teractions [19] and ϕv decreases with increasing square root of molal
concentration(√m) (Table S4) and fits to Masson equation from
where limiting apparent molar volume (ϕv

o) has been estimated
(Table S5) [23]. Considering particular an amino acids (e.g L-

Methionine), it is seen that the values of ϕv
o increases with increasing

the molar mass fraction of β-CD (ϕv
o
0.007 N ϕv

o
0.004 N ϕv

o
0.001) and sim-

ilar results are found for the other two amino acids (viz. L-Proline, L-Glu-
tamine) (Table S5). This implies that ion- hydrophilic interaction
(between zwitterionic centres of the amino acids and the –OH groups
of β-CD) which predominate over ion–hydrophobic interactions (be-
tween zwitterionic centres and non-polar parts of β-CD) and hydropho-
bic–hydrophobic interactions (between non-polar parts of the amino
acids and -CD) .Due to these interactions, the electrostriction of water
caused by the charged centres of the amino acid will be reduced,
which results in an increase in volume and decrease in the order
(Fig. 2) L-Methionine N L-Proline N L-Glutamine.

Fig. 3. 1H NMR spectra of (a) β-CD, (b) L-Methionine and (c) 1:1 M ratio of β-CD & L-Methionine in D2O at 298.15 Ka (a Standard uncertainties u is: u(T) = 0.01 K).

Fig. 4. 1H NMR spectra of (a) β-CD, (b) L-Proline and (c) 1:1 M ratio of β-CD & L-Proline in D2O at 298.15 Ka (a Standard uncertainties u is: u(T) = 0.01 K).

574 M. Kundu et al. / Journal of Molecular Liquids 240 (2017) 570–577



3.3. Density study: group contributions

The results of the chosen amino acids that have discussed
above can be rationalized on the basis of the contribution of
different groups to ϕv

o. If one H from the side chain of glycine
is replaced by (−CH2−CH2−S−CH3),(−CH2−CH2−CH2−),
(−CH2−CH2−CO−NH2) side groups L-Met, L-Pro (Proline is the
amino acid with a secondary amine. Furthermore, the alpha-
amino group is attached directly to the side chain, making the
alpha carbon a direct substituent of the side chain) and L-Gln are
originated respectively. The ϕv

o for glycine, L-Methionine, L-Proline,
L-Glutamine have been estimated at 298.15 K (Table S5) and a huge
change in ϕv

o among them has been observed. This is because ϕv
o has

large effect on the inclusion complexes happening in the solution
environment [24–25]. So, there should be a correlation between
the structures of the amino acids and the values of ϕv

o [26]. The
values of ϕv

o for different groups present in the selected amino
acids with different mass fraction have been mentioned in Table 2.

The value of ϕv
o of zwitter ion and the contribution of hydrophobic

(\\CH\\) group increases with increasing the mass fraction (w) of the
co-soluteβ-CD. The Table 2 shows that the contribution the end group(R)
to ϕv

o is much greater than that of the zwitter-ionic group whose value
belongs in the range of 12.58–17.74 × 10−6 m3 mol−1 .This indicates
that the interactions (hydrophobic interactions) between the
hydrophobic hole (i.e. the inner hole) of the β-CD and end group(R)
of the selected amino acids are much stronger than the interaction
between the secondary\\OH groups of β-CD and the zwitter ionic
group [27]. This promotes to incorporate the end group of the chosen
amino acids into the hydrophobic cavity to form effective inclusion
complex with the β-CD. The contribution of R = ( ̶ CH2 ̶ CH2 ̶ SCH3) of
L-Met toϕv

o ismore than the others due to its hydrophobic andnon-cyclic
nature where the R = ( ̶ CH2 ̶ )3 of L-Pro involved in the pyrrolidine
side chain and for R= (CH2 ̶ CH2 ̶ CONH2) of L-Gln is less than the others
as -CONH2 part of it shows some hydrophilic character.

3.4. 1H NMR study: supports inclusion phenomenon

In the stereo-chemical structure of β-CD it may be found that three
protons (H1, H2 andH4) are located in the exterior surface of the cavity

and the rest two protons (H3 andH5) are located in the interior surface.
H3 protons are close to the wider exit and H5 are nearer to narrow side
of the hole [28]. The β-CD protons are named according to Scheme 5.
The formation of IC can be explained on the light of the 1HNMR spec-
troscopy study. The H3 and H5 protons of cyclodextrin, which are di-
rected towards the interior of the cyclodextrin will show a
considerable upfield shift if inclusion does really occur and the H1, H2
and H4 protons will show only marginal upfield shifts [29,30]. This
method based on the changes of chemical shifts of protons due to en-
capsulation of guest molecule into the β-CD cavity [31,32].

In this purpose the mechanisms of molecular interactions between
the selected amino acids and β-CD have been investigated with 1H
NMR of 1:1 mixture of β-CD and each amino acid in D2O at 298.15 K.
The interactions was assessed by comparing the spectrum of β-CD and
amino acid with β-CD:amino acid complexes. Figs. 3–5 show the quali-
tative appearance relating to the interaction of amino acid with β-CD. It
is seen that there are significant upfield shifts (Δδ) of interior H3 andH5
protons and subsidiary shifts of external H1, H2 andH4protons of β-CD,
as well as that interacting protons of the amino acids. In the light of this
observation, the change in shift suggests that each amino acid comes
into considerable contact with the interior protons of the β-CD. The
chemical shifts (Δδ) values of the H3 and H5 have been listed in the
Table 3. As found from the chemical shifts, interaction of the each
amino acid with H3 is much higher than that of the H5, proving the
guest entered through the wider rim of β-CD (Scheme 3) [2].

3.5. 1H NMR data

β-Cyclodextrin: 1H NMR (300 MHz, D2O): δ= 3.49–3.54 (6H, t, J=
9.2 Hz), 3.57–3.60 (6H, dd, J = 9.6, 3.2 Hz), 3.79–3.84 (18H, m), 3.87–
3.92 (6H, t, J = 9.2 Hz), 5.00–5.01 (6H, d, J = 3.6 Hz).

Fig. 5. 1H NMR spectra of (a) β-CD, (b) L-Glutamine and (c) 1:1 M ratio of β-CD & L-Glutamine in D2O at 298.15 K.

Table 3
Change in Chemical shifts (ppm) of the H3 and H5 protons of β-cyclodextrin in inclusion
complexes in D2O at 298.15 K.

Δδ/ppm

L-Met L-Pro L-Gln

H3 H5 H3 H5 H3 H5
0.289 0.091 0.245 0.075 0.218 0.042
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L-Methionine: 1H NMR (300 MHz, D2O): δ= 3.7–3.8 (1H, m), 2.49–
2.51 (2H, m), 1.9–2.1 (5H, m).

L-Proline: 1H NMR (300 MHz, D2O): δ = 4.0–4.1 (1H, m), 3.1–3.3
(2H, m), 2.2–2.3 (2H, m), 1.8–2.0 (2H, m).

L-Glutamine: 1H NMR (300MHz, D2O): δ=3.6–3.7 (1H, m), 2.3–2.4
(2H, m), 1.9–2.1 (2H, m).

β-CD+ L-Met: 1H NMR (300MHz, D2O): δ=1.8–2.0 (5H,m), 2.45–
2.47 (2H, m), 3.45–3.50 (6H, t, J = 9.0 Hz), 3.54–3.56 (6H, dd, J = 9.2,
3.2 Hz), 3.58–3.64 (6H, t, J = 9.2 Hz), 3.6–3.7 (1H, m), 3.69–3.72
(18H, m), 5.00–5.01 (6H, d, J = 3.6 Hz).

β-CD + L-Pro: 1H NMR (300 MHz, D2O): δ = 1.8–1.9 (2H, m), 2.1–
2.2 (2H, m), 3.1–3.2 (2H, m), 3.47–3.52 (6H, t, J = 9.4 Hz), 3.53–3.57
(6H, dd, J = 9.6, 3.4 Hz), 3.60–3.64 (6H, t, J = 9.2 Hz), 3.69–3.73
(18H, m), 3.9–4.0 (1H, m), 5.00–5.02 (6H, d, J = 3.8 Hz).

β-CD+ L-Gln: 1H NMR (300 MHz, D2O): δ = 1.9–2.0 (2H, m), 2.2–
2.3 (2H, m), 3.48–3.52 (6H, t, J = 9.2 Hz), 3.53–3.56 (6H, dd, J = 9.6,
3.2 Hz), 3.59–3.64 (6H, t, J = 9.2 Hz), 3.5–3.6 (1H, m), 3.69–3.74
(18H, m), 5.00–5.01 (6H, d, J = 3.6 Hz).

4. Powder X-ray diffraction pattern

The direct evidence for the detection of β-CD complexation with
guest molecules in powder states can be obtained from the analysis of
powder X-ray diffraction spectrum because crystalline nature of guest
molecules have been changed in solid phase [33,34]. Fig. 6 is the diffrac-
tion patterns of β-CD, amino acids and the corresponding complexes.
The characteristic peaks are assigned at 12.43, 14.71, 15.30, 17.06,
19.61, 21.12, 22.64, 24.33, 27.12 for β-CD, 5.87, 23.29, 29.25, 35.36 for
L-Met, 15.11, 18.01, 19.48, 24.66 for L-Pro and at 20.61, 23, 48, 24.95,
25.46 for L-Glu respectively [34,35]. Such sharp and intense peaks of
β-CD and the amino acids which are suggestive of its crystalline

character are shifted, disappeared or become less intense in complexed
forms due to encapsulations of amino acids into the nano hydrophobic
cavity of β-CD. The differences are observed among these patterns con-
firm the formation of new solid phase [36,37].

5. Conclusion

Inclusion complexes between β-cyclodextrin and the selected
amino acids are formed successfully in solution phase with 1:1 stoichi-
ometry ratio which has been confirmed by surface tension, 1H NMR
study. The amino acids-β-CD interactions have been explained by den-
sity measurement. The group contributions to ϕv

o facilitated to under-
stand the proper interactions between the host and guest. The results
come from PXRD suggest that the selected guest molecules monomer
formed ICs with nano hydrophobic core of β-CD effectively. The aim of
this work is to apply these three amino acids in complexed form by
using β-CD in liquidmedium in the field of controlled delivery systems.
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Fig. 6. Powder X-ray diffraction pattern of (a) β-CD, (b) methionine (Met), (c) proline (Pro), (d) glutamine(Glu), (e) β-Cyd: Met, (f) β-CD: Pro and (g) β-CD: Glu (1:1 M ratio) inclusion
complex.
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ABSTRACT
Complexation process of the selected macrocyclic crown compound such as 18-crown-6 (18C6) and dibenzo 18C6 
(DB18C6) with 1‑ethyl‑1‑methylpyrrolidinium hexafluorophosphate [EMPyrr] PF6 as a guest molecule have 
been intended in acetonitrile medium at by conductometry (three different temperatures), 1H nuclear magnetic 
resonance (NMR) and mass spectra. The formation constants of the complexes are evaluated in solution phase 
from the molar conductance-mole ratio values. The result shows that the stability of the resulting complexes with 
the same inward cationic moiety follows in the order 18C6: [EMPyrr]+>DB18C6:[EMPyrr]+ and based on the 
character of the crown ethers. The calculated thermodynamic parameters support this complexation process. 
The host‑guest complexations of the five‑membered nitrogen‑containing cation with two different macrocyclic 
polyethers are supported by studying 1H NMR. The electrospray mass spectrometry has been used to support the 
complexation process with the proper stoichiometry ratio. The solid complex formation between the selected two 
crown ethers and the ionic liquid are established by Fourier transform infrared study.

Graphical Abstract

Key words: Formation constant, 1H nuclear magnetic resonance, Electrospray ionization mass spectrometry, 
Fourier transform infrared spectroscopy.

1. INTRODUCTION
Crown ethers are the macrocyclic polyether. The 
most significant and exceptional property of the 
macrocyclic “crown compounds” (used as host, also 
known as ligand) is their affinity to form complexes 
with the various class of guest species, for example, 
metal ions, amino acids, and ionic liquids (IL) [1‑5]. 
Over the past years, they have engrossed broad 
attention due to their unique capacity to form 

complex with cations [2,4]. Such complexes are 
held together in unique structural relationships by 
electrostatic attraction between the cation and the 
negative end of the C‑O dipoles other than those 
of full covalent bond. The firmness of such crown 
ether‑guest complexes strongly depends on how well 
the cation moiety fits into the ring of the polyether; 
and also influenced by the charge density of the 
cation, the nature and the number of the heteroatoms 
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in the ring and the variety of the substituent on the 
ligand. The nature of solvent also plays an important 
role on the stability and selectivity of the complex 
formation [6‑8].

Among various guest molecules, the IL has been 
chosen because of having a vast area of interest 
for vital reasons associated with their negligible 
vapor pressure, that is, they do not evaporate to 
the environment and their potential as “designer 
solvents” and “green” replacement for toxic volatile 
organic solvent, good ionic mobility, excellent 
thermal, and chemical stabilities. There is a wide 
range of industrial applications of ILs due to 
their unique physicochemical character [9‑11]. 
Nowadays, the uses of such ILs increase the interest 
in the various field to the develop of some new ideas 
and methods.

IL‑crown ether has versatile and remarkable 
self‑assembly ability and can form various novel 
nanostructures with fine sizes. In the present 
work, the information about the 1‑ethyl‑1‑methyl 
pyrrolidinium hexafluorophosphate ([EMPyrr]PF6) 
forms complex with 18‑crown‑6 (18C6) and dibenzo 
18C6 (DB18C6) (macrocyclic ligands) (Scheme 1), 
respectively, reveals a special interest. This work 
is planned to inspect formation constant using 
conductance at three different temperatures 20°C, 
25°C and 30°C to see the effect of temperature on 
the complex formation. The 1H nuclear magnetic 
resonance (NMR) and electrospray mass spectrometry 
techniques confirmed the complexation process. 
The Fourier transform infrared (FTIR) spectral of 
the solid form of [EMPyrr]PF6‑crown compounds 
are also scrutinized and try to shed some light on 
the host‑guest interaction. As both the selected 
compounds having huge applications in different 
fields of science, so, the resulting complexes would 
be definitely very useful and valuable in the field of 
science.

2. EXPERIMENTAL SECTION
2.1. Sources and Purity of Sample
The selected IL [EMPyrr]PF6 and the crown ethers 
(viz. 18C6 and DB18C6) were purchased from 
Sigma‑Aldrich, Germany. The mass fraction purity of 
18C6, DB18C6 and [EMPyrr]PF6 were ≥0.98, 0.98, 
and 0.99, respectively. The acetonitrile purchased 
from Sigma‑Aldrich, Germany. The mass fraction of 
purity of acetonitrile was ≃ 0.998.

2.2. Instruments and Procedure
Preceding to the start of the experimental work the 
solubility of two selected crown ethers and the chosen 
IL in acetonitrile has been checked separately, and 
it is seen that they were properly soluble. Here, the 
binary acetonitrile solution of crown ether was used 

as solvent. All the binary stock solutions of IL were 
prepared by mass (measured using Mettler Toledo 
AG‑285 with uncertainty 0.0001 g) and the working 
solutions were obtained by mass dilution.

Specific conductance values of experimental solution 
were measured by systronics‑308 conductivity bridge 
of accuracy ±0.01%, using a dip‑type immersion 
conductivity cell CD‑10. The cell was calibrated using 
a 0.01 M KCl aqueous solution. A thermostated water 
bath was used to maintain a constant experimental 
solution temperature (293.15 K, 298.15 K, and 
303.15 K) having deviations of ±0.01 K.

The molar conductance (Λm) has been calculated 
using equation 1 at three different temperatures are 
mentioned in Tables 1 and 2.

Λm = 1000 κ/c (1)

Where, c = Molar concentration of the studied solution.

Now, the mole ratio of [H]/[EMPyrr]+ at the point from 
where the Λm starts to change not Figures 1 and 2 has 
been calculated by solving the following two equations 
of the two lines are listed in Table 3. For instance, in 
the case of IL+18C6 solution at 298.15 K.

y=−19.96x + 140.0,

y=−3.232x + 125.1.

Where, y=([H]/[EMPyrr]+)=0.89.

IR spectra were measured in 8300 FTIR spectrometer 
(Shimadzu, Japan). The details of the instrument have 
already been described [12] KBr pellet is used for 
solid samples.

NMR spectra were recorded at 300 MHz Bruker 
ADVANCE at 298.15 K in CD3CN. Signals are quoted 
as δ values in ppm using residual protonated solvent 
signals as internal standard (D2O: 1.93 δ ppm). Data 
are reported as chemical shift.

HRMS analyses were studied with quad time of 
flight high‑resolution instrument by positive mode 
electrospray ionization.

Scheme 1: Structures of selected ionic liquid (a), 
18‑crown‑6 (18C6) (b) and dibenzo 18C6 (DB18C6) (c).

cba
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2.3. Preparation of Solid Complex of Crown Ethers 
with [EMPyrr]PF6
A total of 0.2643 g of 18C6 and 0.2592 of [EMPyrr]
PF6 (1:1 ratio) were placed in a 50 ml beaker and 10 
ml acetonitrile was added. After that, the mixture was 

set over electromagnetic stirrer in a round bottom flask 
with a reflux condenser and continuously stirred for 
4 h at 75°C with 350 rpm. The resulting solid dried in 
desiccators over CaC2 for 5 days (Complex I).

Same procedure was followed in case of DB18C6 and 
[EMPyrr]PF6. Here, 0.3604 g of DB18C6 and 0.2592 

Figure 1: Molar conductance versus mole ratio of 
[H]/1‑ethyl‑1 methylpyrrolidinium [EMPyrr]+ of 
18‑crown‑6+ionic liquid at 293.15 K (pink), 298.15 K 
(blue) and 303.15 K (orange).

Table 1: Conductivity values for the [EMPyrr]++18C6 system at three different temperatures (Ka).

Volume of 18C6 
added (mL)

Total 
volume (mL)

Concentration of 
18C6[H] (mM)

Concentration 
of [IL] (mM)

[H]
[EMPyrr]+

Molar conductance S cm2 mol−1

293.15 K 293.15 K 303.15 K

0 10 0.000 10.000 0.0 132.791 141.439 149.241
1 11 0.909 9.091 0.1 130.389 138.458 146.558
2 12 1.667 8.334 0.2 127.968 135.914 143.914
3 13 2.308 7.692 0.3 125.657 133.519 141.719
4 14 2.857 7.143 0.4 123.778 131.251 139.751
5 15 3.333 6.667 0.5 121.534 129.399 137.699
6 16 3.750 6.250 0.6 119.979 127.535 135.868
7 17 4.118 5.882 0.7 118.752 125.695 134.095
8 18 4.445 5.556 0.8 117.659 123.779 132.879
9 19 4.737 5.263 0.9 116.971 122.319 132.119
10 20 5.000 5.000 1.0 116.645 121.589 131.619
11 21 5.238 4.762 1.1 116.289 121.048 131.248
12 22 5.455 4.545 1.2 115.839 120.775 130.935
13 23 5.652 4.348 1.3 115.769 120.489 130.789
14 24 5.833 4.167 1.4 115.589 120.265 130.411
15 25 6.000 4.000 1.5 115.269 120.072 130.189
16 26 6.154 3.846 1.6 115.098 119.812 129.899
17 27 6.296 3.704 1.7 114.934 119.611 129.683
18 28 6.429 3.571 1.8 114.651 119.452 128.252
19 29 6.552 3.448 1.9 114.547 119.221 128.946
20 30 6.667 3.333 2.0 114.242 119.089 128.589
aStandard uncertainties in temperature (T)=0.01 K. [EMPyrr]=1‑ethyl‑1‑methylpyrrolidinium, 18C6=18‑crown‑6, IL: Ionic 
liquid

Figure 2: Molar conductance versus mole ratio of 
[H]/1‑ethyl‑1 methylpyrrolidinium [EMPyrr]+ of 
dibenzo 18‑crown‑6 + ionic liquid at 293.15 K (green), 
298.15 K (red) and 303.15 K (violet).
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of [EMPyrr]PF6 (1:1 ratio) has been taken and do the 
same as mentioned above (Complex II).

3. RESULTS AND DISCUSSION
3.1. Conductivity Study Illustrates Complexation 
Process with their Stoichiometric Behavior and 
Formation Constant
The study of molar conductance of 18C6:[EMPyrr]+ 

and DB18C6:[EMPyrr]+ systems give a vital clue 
about the intermolecular complex formations between 
the IL and macrocyclic ligand. To investigate the 
complexation of 18C6 and DB18C6 with [EMPyrr]PF6, 
the molar conductance (Λm) is monitored as a function 

of mole ratio of [H]/[EMPyrr]+ (where, [H]=Mole 
concentration of 18C6, DB18C6 and [EMPyrr]+=Molar 
concentration of selected IL) in solution at three different 
temperatures. The resulting series of molar conductance 
(Λm)‑mole ratio in acetonitrile are presented in Figures 
1 and 2. It has been noticed that there is a significant 
change in molar conductance (Λm), that is, molar 
conductance gradually decreases with increase in [H]/
[EMPyrr]+ mole ratio (Tables 1 and 2). This suggests 
that there must be formed complexation of cation by 
ion‑dipole interactions with crown ether rather than 
pairing or covalent bond. It results the higher mobility 
of pyrrolidinium cation in the complexation process 
than the mobility of [EMPyrr] PF6 in acetonitrile in the 
absence of the selected crown ethers. First, the molar 
conductance decreases sharply during the addition 
of crown solution, but after a point slow changes is 
observed. This point indicates about the stoichiometric 
behavior of the resulting complex formation. As at 
that point, the mole ratio of [H]/[EMPyrr]+ is close to 
unity (Table 3), it suggests the formation of stable ~ 1:1 
complex of 18C6:[EMPyrr]+ and DB18C6:[EMPyrr]+ 
at different temperatures [13‑15]. Consequently, 
the general reaction can be given by the following 
equilibrium [16],

Table 2: Conductivity values for the [EMPyrr]++DB18C6 system at three different temperatures (Ka).

Volume of 18C6 
added (mL)

Total 
volume (mL)

Concentration of 
DB18C6[H] (mM)

Concentration 
of IL (mM)

[H]
[EMPyrr]+

Molar conductance S cm2 mol−1

293.15 K 293.15 K 303.15 K

0 10 0.000 10.000 0.0 133.191 141.439 149.541
1 11 0.909 9.091 0.1 130.634 139.759 147.436
2 12 1.667 8.334 0.2 128.214 138.356 145.673
3 13 2.308 7.692 0.3 126.156 136.837 144.171
4 14 2.857 7.143 0.4 124.565 135.382 142.675
5 15 3.333 6.667 0.5 122.785 134.023 141.126
6 16 3.750 6.250 0.6 121.135 132.654 139.762
7 17 4.118 5.882 0.7 120.073 130.935 138.671
8 18 4.445 5.556 0.8 119.021 129.743 137.823
9 19 4.737 5.263 0.9 118.063 128.743 137.292
10 20 5.000 5.000 1.0 117.164 128.245 136.723
11 21 5.238 4.762 1.1 116.852 127.823 136.286
12 22 5.455 4.545 1.2 116.583 127.353 135.783
13 23 5.652 4.348 1.3 116.092 127.072 135.338
14 24 5.833 4.167 1.4 115.838 126.782 135.135
15 25 6.000 4.000 1.5 115.662 126.521 135.684
16 26 6.154 3.846 1.6 115.364 126.383 134.385
17 27 6.296 3.704 1.7 115.273 126.156 133.973
18 28 6.429 3.571 1.8 114.937 125.878 133.832
19 29 6.552 3.448 1.9 114.774 125.647 133.642
20 30 6.667 3.333 2.0 114.693 125.339 133.367
aStandard uncertainties in temperature (T)=0.01 K. [EMPyrr]=1‑ethyl‑1‑methylpyrrolidinium, 18C6=18‑crown‑6, IL: Ionic 
liquid, DB18C6: Dibenzo 18C6

Table 3: Values of the mole ratio of [H]/
[EMPyrr]+ for 18C6 and DB18C6 at three different 
temperatures (Ka).

Complex 293.15 K 298.15 K 303.15 K
18C6/[EMPyrr]+ 0.95 0.89 0.85
18C6/[EMPyrr]+ 0.93 0.86 0.84
aStandard uncertainties in temperature (T)=0.01 K. 
[EMPyrr]=1‑ethyl‑1‑methylpyrrolidinium, 
18C6=18‑crown‑6, IL: Ionic liquid, DB18C6: Dibenzo 
18C6
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[EMPyrr] +Crown [EMPyrr] Crown
+ +

  (2)

The corresponding equilibrium constant (Kf) of the 
reaction can be represented as,

K
ILH f ILH

IL H f IL f H
f =

[ ] ( )

[ ][ ] ( ) ( )
 (3)

Where, [EMPyrr]+crown=[ILH], [EMPyrr]+=[IL], 
crown=[H] and f are the molar concentration of the 
complex, uncomplexed IL, uncomplexed macrocyclic 
crown compound and the activity coefficient of the 
indicated species, respectively. Since the experiment 
has been performed by dilution method, the activity 
coefficient (f) can be considered as unity. On the basis 
of Debye‑Hückel limiting law the activity coefficient 
of f(ILH)≃f(IL), thus the ratio f(ILH)/f(IL) is also 
unity. Thus, the equation 3 reduces as [6,13],

K
ILH

IL H
f

IL obs

obs ILH

= =
−

−
[ ]

[ ][ ]

( )

( )[ ]

Λ Λ
Λ Λ Η

 (4)

Where, Η
Λ Λ

Λ Λ
[ ] = −

−
−

C
C

C
IL IL obs

obs ILH

( )

( )
 (5)

Here, ΛIL=Molar conductivity of the IL before addition 
of ligand; ΛILH=Molar conductivity of complexed ion; 
Λobs= Molar conductivity of the experimental solution 
during the experiment; Cc the analytical concentration 
of the crown added and CIL the analytical concentration 
of the IL.

Now, using these equation 4 and equation 5 the 
formation constant (Kf) and the molar conductance 
of the complex have been calculated at different 
temperatures and the corresponding values of log Kf 
have been listed in Table 4 and are plotted in Figure 3.

3.2. Thermodynamics Parameters
According to van’t Hoff equation (equation 6) various 
values of thermodynamics parameters (ΔH°, ΔS°) are 
derived (Table 5) from the slope and intercept of the 
plot of Figure 3.

2 303. logK
H

RT

S

R
f = − +

∆ ∆ 

 (6)

The free energy (ΔG°) values can be calculated using 
the above thermodynamics parameters and have 
been listed in Table 5. The negative values of ΔG° 
suggest that complex formation process proceeds 
spontaneously, whereas the negative values of ΔH° 
and positive values of ΔS° specify that the procedure 
stabilizes the whole system by decreasing energy 
and entropy‑controlled, respectively [6] in case of 
18C6:[EMPyrr]+ complex higher value of −ΔG° 
than DB18C6:[EMPyrr]+ implies that for the former 
the interactions are stronger than the later and more 
spontaneous.

The molar conductance increases, but the formation 
constant decreases with the increase in temperature 
(Kf

293.15>Kf
298.15>Kf

303.15), this is due to the high 
mobility of the [EMPyrr]+ ions. This also increases 
the thermal energy, that is, the process of complex 
formation is exothermic in nature (−ΔH°). The values 
of formation constant (log Kf) (Table 4) evidently 
point out that the 18C6:[EMPyrr]+ forms more firmly 
held complex than DB18C6:[EMPyrr]+. Both crown 
ethers have almost same cavity size 2.6‑3.2 Å [17], so 
such variation must be originated due to the presence 
of two benzo groups’ substitution on 18C6. The 
electron withdrawing effect of benzo groups reduces 
the Lewis basic character (electron donor property) 
of oxygen atoms of DB18C6 toward the incoming 
guest charged moiety, that is, [EMPyrr]+ ion that are 
involved in complexation with the crown ether ring 
by the hetaro (oxygen) atoms. As a result, 18C6 can 
form N+∙∙∙Oδ‒ non‑covalent electrostatic ion‑dipole 
interactions strongly and hence, the interaction in 
the case of 18C6:[EMPyrr]+is predominant over the 
DB18C6:[EMPyrr]+.

3.3. 1H NMR Spectra
The 1H NMR spectra have in addition established the 
interplay of pyrrolidinium cation [EMPyrr]+ with the 
crown ethers in solution phase. The shifting of protons 

Table 4: log Kf values of 18C6:[EMPyrr]+ and 
DB18C6:[EMPyrr]+ complexes in acetonitrile 
medium at different temperatures (Ka).

Complex log Kf

293.15 K 298.15 K 303.15 K
18C6:[EMPyrr]+ 3.94 3.91 3.89
DB18C6:[EMPyrr]+ 3.37 3.34 3.31
aStandard uncertainties in temperature (T)=0.01 K. 
[EMPyrr]=1‑ethyl‑1‑methylpyrrolidinium, 
18C6=18‑crown‑6, DB18C6: Dibenzo 18C6

Figure 3: Log Kf versus 1000/T for 18‑crown‑6 
(18C6): Ionic liquid (IL) (█) and dibenzo 18C6:IL (●) 
complexation.
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of the IL (pyrrolidinium cation) and the crown ethers 
in Complex I and Complex II are used to analysis for 
the formation of the complex. Figures 4 and 5 show the 
1H NMR spectra of uncomplexed IL, complexed IL 
and free 18C6 and DB18C6, respectively. In Complex 
I, the H1, H4, H5, and H6 protons of pyrrolidinium ion 
are upfield shifted significantly, whereas the shifting 
of H2, H3, and H7 protons are marginal. In acetonitrile 
(polar solvent) 18C6 prefers D3d conformation where 
all the six oxygen atoms pointed toward the cavity[2] 
and hence, the effective N+∙∙∙Oδ‒ non‑covalent 
electrostatic ion‑dipole interactions are developed 
between the pyrrolidinium ion and the oxygen atoms 
of 18C6 [1,18]. Comparing with the free component, it 
is seen that peak of − OCH2 group protons of 18C6 are 
also upfield shielded in complexed form. Hence, it is 
concluded that such chemical shifts must occur due to 
host‑guest complex formation of pyrrolidinium cation 
with 18C6 (Scheme 2).

In case of Complex II (Figure 5) large upfield shift are 
observed for pyrrolidinium ring protons (H1, H2, H3, 
and H4), whereas the chemical shifts of alkyl protons 

(H5 and H6) displayed small downfield changes. 
This suggests that pyrrolidinium ion [EMPyrr]+ 
resides in the DB18C6 network with the alkyl groups 
directed away from the cavity to form host‑guest 
complex [19]. Due to the presence of two phenyl 
substitutions and bowl‑like structure of DB18C6, it 
has two possible arrangements for interactions with 
incoming guest moiety ‒ (i) ‑O‑CH2‑CH2‑O‑ chains, 
the minor site that may possesses very weak H‑ bonds 
with the H5 and H6 protons and (ii) the major site, 
the two phenyl rings [20‑22]. The H‑atoms of five 
membered pyrrolidinium ring are involved strongly 
in C‒H∙∙∙π interactions with the phenyl π ring systems 
(Scheme 2) [19]. This leads to formation of successful 
1:1 host‑guest complexation between of [EMPyrr]+ 
with DB18C6 (Scheme 2) and also supported the 
results that we have got from conductance method.

3.3.1. 1H NMR data [EMPyrr]PF6
1H NMR (300 MHz, in CD3CN): δ=3.49‑3.37 
(2H, m), 2.14‑2.08 (2H, m), 2.92 (3H, s), 3.35‑3.27 
(2H, q, J = 7.32 Hz), 1.31‑1.25 (3H, m); 18C6: 
1H NMR (300 MHz, in CD3CN): δ=3.60‑3.51 
(24H, m); DB18C6: 1H NMR (300 MHz, in CD3CN): 
δ=6.99‑6.87 (8H, m), 4.16‑4.10 (8H, m), 3.78‑3.67 

Scheme 2: Schematic representation of complexation of 
1‑ethyl‑1‑methylpyrrolidinium hexafluorophosphate 
with 18‑crown‑6 (18C6) and dibezo‑18C6 (DB18C6).

Table 5: Values of the thermodynamic parameters (ΔH°, ΔS°, ΔG°) are calculated from Van’t Hoff equation of 
the complexes.

Comples Temperature (Ka) ΔH°/kJ mol−1 ΔS°/J mol−1 K−1 ΔG° (298.15 Ka)/kJ mol−1

18C6:[EMPyrr]+ 293.15

298.15

303.15

−8.50 46.36 −22.32

DB18C6:[EMPyrr]+ 293.15

298.15

303.15

−10.21 29.70 −19.06

aStandard uncertainties in temperature (T)=0.01 K. [EMPyrr]=1‑ethyl‑1‑methylpyrrolidinium, 18C6=18‑crown‑6, 
DB18C6: Dibenzo 18C6

Figure 4:  1H nuclear magnetic resonance 
spectra of (a) 1‑ethyl‑1 methylpyrrolidinium 
hexafluorophosphate [EMPyrr]PF6 and (b) 1:1 molar 
ratio of 18‑crown‑6:[EMPyrr]+ in D2O at 298.15 K.

b

a
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(8H, m); 18C6+[EMPyrr] cation (Complex I): 1H 
NMR (300 MHz, in CD3CN): δ=3.45‑3.32 (2H, m), 
2.11‑2.07 (2H, m), 2.94‑2.86 (3H, m), 3.24‑2.14 
(2H, q, J=7.32 Hz), 1.32‑1.25 (3H, m), 3.67‑3.55 
(24H, m); DB18C6+[EMPyrr] (Complex II): 1H 
NMR (300 MHz, in CD3CN): δ=3.28‑3.15 (2H, m), 
2.09‑1.97 (2H, m), 2.94 (3H, s), 3.37‑3.30 (2H, q, 
J = 7.32 Hz), 1.30‑1.25 (3H, m), 6.98‑6.89 (8H, m), 
4.15‑4.09 (8H, m), 3.77‑3.68 (8H, m).

3.4. Mass Spectra
Positive electrospray ionization mass spectrometry 
(ESI‑MS) is very useful method that has been used 
to examine the host‑guest complexation with crown 
ethers [20‑23]. The mass spectrum of 1:1 stiochiometry 
of 18C6‑[EMPyrr]PF6 and DB18C6‑[EMPyrr] PF6 
systems are analyzed by ESI‑MS. In Figure 6a, the 
peaks assigned at m/z 115.0455, 137.0453, 287.4872, 
379.5210, 401.5309 indicate the singly charged 
[EMPyrr+H]+, [EMPyrr+Na]+, [18C6+Na]+, [EMPyrr 
+18C+H]+, [EMPyrr+18C+Na]+, respectively. The 
peaks at m/z 383.4140, 475.4610 and 497.4593 
correspond to [DB18C6+Na]+, [EMPyrr+DB18C6+ 
H]+ and [EMPyrr+DB18C+Na]+ (Figure 6b). These 
experimental data of the selected IL/crown ether 
complexes suggested that the [EMPyrr]+ cation 
simultaneously associated in polyethers cavity with 
1:1 stiochiometry.

3.5. FTIR Spectroscopy Study: Effect of Complex 
Formation on the IR Spectra
The interactions have been investigated also by 
comparing the FTIR spectroscopy of the solid 18C6 
and DB18C6 with the solid form of complexes of 
[EMPyrr] PF6 with 18C6 and DB18C6, respectively. 
The shift in bands in IR spectra in 4000‑500 cm − 1 
region of each crown‑ether provides the evidence of 
complex formation.

In the case of 18C6 the distinctive absorption due to 
vas(C‑O‑C) stretching is assigned at 1119 cm−1 and 
shifting of vas(C‑O‑C) in Complex I from 1129 cm−1 
to 1111 cm−1 is observed (Figure 7). The vas(C‑O‑C) 
stretching frequency for DB18C6 is shifted from 
1128 cm−1 to lower frequency 1116 cm−1 when it 
forms Complex II (Figure 8). These shifting provide 
the prominent evidence about the interaction of 
[EMPyrr]+ with the oxygen atoms of the crown 
compounds [17,24]. In the case of DB18C6 spectra 
and in Complex II in the range of 1200‑1302 cm− 1 
two different kinds of assignable strong bands are 
observed. These indicate to stretching frequencies 
of anisol vs(Ph‑O‑C) and vas(Ph‑O‑C) [17,25] After 
complexation, the vs(Ph‑O‑C) shifts from 1302 cm−1 to 
1287 cm−1 and the vas(Ph‑O‑C) shifts from 1240 cm−1 
to 1224 cm−1. The v(C‑H) stretching frequencies of 
methylene groups of crown ethers come in the range 
of 2742‑2938 cm−1. It is shifted from 2920 cm−1 to 

Figure 5:  1H nuclear magnetic resonance spectra of (a) 1‑ethyl‑1 methylpyrrolidinium hexafluorophosphate 
[EMPyrr]PF6 and (b) 1:1 molar ratio of dibenzo 18‑crown‑6:[EMPyrr]+ in D2O at 298.15 K.

b

a

Figure 6: Electrospray mass spectra of equimolecular mixture of ionic liquid with (a) 18‑crown‑6 and (b) dibenzo 
18‑crown‑6.

ba
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lower frequency 2890.7 cm−1 in Complex I and 
from 2938 cm− 1 to 2932 cm−1 in Complex II. The 
remarkable shifts in v(C‑H) stretching suggests the 
effect of complex formations. The comparative study 
of the IR spectra of 18C6 and DB18C6 reveal the 
absorption band of substituent; although, it is difficult 
enough to assign as their distinctive bands may 
overlap with those ethylene glycol groups. However, 
the scrutiny on Figure 8 allowed us to identify the 
absorption of vbenzene(C‑H) frequency that appears at 
3071 cm−1. The aromatic varomatic(C‑C) br bonds are at 
1586 cm−1, 1511 cm−1, 1480 cm−1 [17].

As the interactions involved mainly on the electron 
donor ability of oxygen atoms of the crown compounds 
so it is seen that there are significant shifts for all ether 
linkage (Table 6). On the basis of these observations, 
it is suggested that there are considerable interactions 
that favor the complexation process and supports the 
plausible mechanism that is shown in Scheme 2.

4. CONCLUSION
In the present work, the obtained result of conductivity 
and the association constant (kf) for the complexation 
between [EMPyrr]PF6 and 18C6 and DB18C6 can 
be explained in terms of the electrons donor ability 
of oxygen atoms to substrate. The thermodynamics 
parameters for this complexation process articulate that 
the overall complex formation path thermodynamically 
favorable. The five‑membered pyrrolidinium cationic 
head group is integrated into the macrocyclic polyether 
network via N+∙∙∙Oδ‒ non‑covalent ion‑dipole, 
H‑bonds, and C‒H∙∙∙π interactions (host‑guest 
interactions) has been established by 1H NMR. 
ESI‑MS study confirmed the host‑guest complexation 
process with 1:1 ratio. The FTIR spectroscopy study 
of the resulting solids between crown ethers and IL 
also gives distinct evidence about this host‑guest 
complexation process.
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The aim of this present work is tomake soluble DEPM in aqueousmedium through the formation inclusion com-
plex into the hydrophobic hollow space of β-cyclodextrin (β-Cyd) which will provide a novel approach for de-
signing drug delivery system in aqueous medium. The study of supramolecular complexation of DEPM with β-
Cyd has been designed in both solution and solid state. In solution phase the evidences of the presence of non-
covalent interactions in inclusion complex with 1:1 stoichiometry behaviour are obtained by investigating the
UV-spectroscopy. The resultant solid of DEPM and β-Cyd is established by 1H NMR, FTIR, powder XRD and
SEM techniques. So, β-Cyd has the ability to encapsulate DEPM into their core without formation any covalent
bonds and also increases the bioavailability of the water insoluble DEPM drug.

© 2017 Published by Elsevier B.V.
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1. Introduction

Cyclodextrin (Cyd) is the cyclic oligosaccharide having torus shaped
cavity with wide and narrow openings rather than the perfect cylindri-
cal shaped [1]. Based on the structural design they containing α-1,4
linked glucopyranose unit with hydrophilic primary hydroxyl groups
on narrow side and secondary hydroxyl groups on wide edge and hy-
drophobic cavity in the core (Scheme 1) which can hold completely or
at least partially a large variety of polar and non-polar guest molecules
[2] e.g. drugs [3,4], amino acids [5,6], polymers [7,8], ionic liquids [9,
10] vitamins [11], and dyes [12]. Actually, the hydrophobic part of the
guest molecule is accommodated into the hydrophobic cavity of the
Cyds whereas the hydrophilic part (if any) of the guest are associated
via non-covalent bonds (hydrophobic interactions, van derWall attrac-
tions, hydrogen bonding etc.) with polar side of Cyds causing
stabilisation of inclusion complex(s). The encapsulation capacity of
Cyd with guest molecules has introduced great advantages that are
widely applied in various industries. The most common industrial uses
of such inclusion complexes are to enhance the solubilisation rate of
poorly soluble or immiscible drugs in aqueous environment and pro-
mote to improve its bioavailability [13–16]. Additionally, they can be
used to convert liquid drugs into powders, prevent drug–drug interac-
tions, reduce or eliminate unpleasant smell or taste [13]. Encapsulation
of guest molecules into Cyd modifies some physicochemical properties
such as state, solubility, stability against heat, light and oxidation, reduc-
tion of volatility of the guestmolecules without affecting the framework

structure of host molecules andmore benefits applications are obtained
after formation of inclusion complex [15–20].

Diethyl phenylmalonate (DEPM) belongs to drug family. The water
insoluble mono-substituted aromatic malonic ester (DEPM) has enor-
mous potentials in the synthesis of another kind of drugs that acts as
central nervous system depressants [21]. So, DEMP is very effective
drug and has huge applications in designing drug delivery system.

The purpose of the presentwork is to investigate and justified the in-
teraction between DEPM and β-Cyd (Scheme 1)with proper stoichiom-
etry ratio; enrichment of solubility of DEPM in water and finally, 1H
NMR, FTIR, powder XRD and SEM methods have been carried out to
confirm the formation of solid inclusion complex (IC). The most benefit
of this work is that the smell of DEPM is removed and the pharmaceuti-
cal industries can be able to overcome the complicationswithwater im-
miscible DEPM drug. It is hoped that the complexation with the drug
receptor β-Cydmay permit for the development of analytical and reme-
diation actions.

2. Experimental Section

2.1. Reagents

The selected drug diethyl phenylmalonate (DEPM) (mass fraction
purity ≥ 0.98) and β-Cyd of purris grade are purchased from Sigma-Al-
drich, Germany and have been used without further purification. Etha-
nol (purity ≥ 0.99) is purchased from Merck. Buffer capsules having
pH7.0±0.05 andpH9.2±0.05 are brought fromMerck. Triply distilled
and degassed water is used to ready all solutions. Each buffer capsule is
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twisted and pulled apart and then dissolved in 100 ml triply distilled
and degassed water to prepared desired pH solution.

2.2. Apparatus

UV–visible spectra were recorded by JASCO V-530 UV/VIS Spectro-
photometer. All the absorption spectra were recorded at 25 °C ± 1 °C.

NMR spectra were recorded at 300 MHz Bruker ADVANCE at
298.15 K in D2O. Signals are quoted as δ values in ppm using residual
protonated solvent signals as internal standard (D2O: δ 4.71 ppm).
Data are reported as chemical shift.

Infrared spectra were measured in Perkin Elmer, FTIR spectrometer.
The powder XRD patterns of the compoundswere recorded by using

Cu-Kα radiation (Bruker D8 Discover; 40 kV, 30 mA).
The scanning electron microscopy (SEM) images were obtained

using Nova Nanosem 600, FEI Field emission scanning electron micro-
scope (FESEM).

2.3. Preparation of Solid Inclusion Complex of DEPM With β-Cyd

First 1.134 g of β-Cyd with 30 ml triply distilled and degassed water
is mixed in a round bottom flask and is stirred enough over magnetic
stirrer. Then 0.236 g of DEPM is placed into a beaker and 10 ml ethanol
is poured on it and stirred over magnetic stirrer until it makes a homo-
geneous mixture (completely dissolved). 1:1 M ratio of β-Cyd and
DEPM has been used. After that, the guest mixture is added into β-Cyd
solution and stirred for 48 h without a break. The reaction mixture has
been put in refrigerator for 52 h without any disturbance. After 2 days
later a white precipitation was observed. The precipitate is filtered
and washed for several times with triply distilled water. Finally, we
have got a dry white powder after drying the washed precipitate in
oven at 50 °C for 24 h. The resultant solid is inclusion complex between
DEPM and β-Cyd [22]. It is further analysed by FTIR, NMR, powder XRD
and SEMmethod.

3. Results and Discussion

3.1. Job Plot: Elucidation of Stoichiometry Behaviour of β-Cyd: DEPM Inclu-
sion Complex

The stoichiometry ratio of β-Cyd: DEPM (host: guest) IC has been
provided by using the continuous variation Job's method [23]. The Job
plot has been done in neutral (7.0 ± 0.5) and alkaline (9.2± 0.5)medi-
um. In this method, the total molar concentration of the two binding
partners ([β-Cyd] + [DEPM]) is kept constant at 100 μM but their
mole fraction are varied so that the mole fractions of DEPM complete

the range of 0–1(R = [DEPM] / [β-Cyd] + [DEPM]) (Table S1, Table
S2) [24,25]. The absorbance values are measured at λmax at 298.15 K
for a series of solutions. The plot of ΔA × R against R represents the
job plot (where ΔA = Ao − A, is the shifts of absorbance at λmax of β-
Cyd-DEPM complex [A] from absorbance at λmax of pure DEPM [Ao])
as shown in Fig. 1. The resultant plot shows the maximum deviation
of R at 0.05 in both cases with well symmetrical shapes which signify
the occurrence of 1:1 stoichiometry between β-Cyd and DEPM [26].

3.2. Association Constant: Interaction of DEPM With β-Cyd in Liquid
Environment

The UV absorption spectra of DEPM in aqueous β-Cyd medium are
carried out in pH=7.0±0.5 and pH=9.2±0.5 respectively. The spec-
tral data of DEPM in various concentration of β-Cyd in different pH has
been listed in Table S3. Both Fig. 2a and b depicts the absorption spectra
of DEPM (2 × 10−4 M) in absence and presence of β-Cyd solutions. The
strong absorption peaks of DEPM (2 × 10−4 M) appears at 208 nm and
with addition of β-Cyd blue shift is occurred in both case. No consider-
able isosbestic point is noticed in the spectra. In each case the absor-
bance intensities of DEPM gradually increase with increasing the
concentration of β-Cyd. This fact confirms the encapsulation of guest
molecule into the β-Cyd cavity due to the presence of hydrogen

Scheme1.Geometry ofβ-Cyd (a) and Ball & stick representation of (b)β-Cyd and (c)DEPM; blue for carbon and red for oxygen. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 1. Job plot of DEPM-β-Cyd systems at 298.15 K in neutral (pink, ) and alkaline (blue,
)medium. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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bonding, hydrophobic and van derWaals interaction between the guest
monomer and β-Cyd molecules [26,27]. So, such non-covalent interac-
tions act as the main driving forces to be integrated the guest molecule
into the β-Cyd cavity to form 1:1 IC throughout the complexation pro-
cess by promoting the dissolution of the guest molecule (DEPM).

In both cases, from the Job plot it is confirmed that DEPM-β-Cyd
form 1:1 IC. Hence, the IC formed between DEPM and β-Cyd can be
expressed as

β‐Cydþ DEPM⇄β‐Cyd⋯DEPM

For a 1:1 complexation process the association constant (K) has been
estimated by using the double reciprocal plots on the basis of Benesi-
Hildebrand equation [28]. The absorption values are used in the follow-
ing Benesi-Hildebrand Eq. (1) [23].

1
Α−Αo

¼ 1

Ka Α″−Αo

� � � 1
β‐Cyd½ � þ

1

Α″−Αo

� � ð1Þ

Fig. 3 depicts the plot of 1 / A − Ao against 1 / [β-Cyd] for DEPM in
both pH. In both cases a good linear correlation (R2

(7.0±0.5) = 0.999;
R2

(9.2±0.5) = 0.998) are occurred and showing that both IC is 1:1. The

values of K are evaluated by using the Eq. (2) from the slop values of
straight lines. The resultant association constant of DEPM in neutralme-
dium (K= 121.84) is significantly high than its alkaline medium (K =
108.78) (Table S3).

K ¼ 1

Slope A″−Αo

� � ð2Þ

3.3. Effect of pH

At pH ~ 7 DEPM exists as a neutral form. We have also recorded the
UV spectral data in alkalinemedium at pH ~ 9.2 to see howmuch pH in-
fluences on UV spectra as well as on association constant. The spectral
data shows that there is marginal shift in absorption at these pH ranges
and the spectral shape of DEPM in both pH is very close to each other.
Therefore, it has been concluded that as the association constant (K) is
very sensitive to change in pH range [29], hence we have got the signif-
icant change of association constant (K) in neutral and alkalinemedium
respectively.

3.4. Spontaneity of Inclusion Complex

The free energy change (ΔG) is a very vital thermodynamic param-
eter that has been easily estimated from association constant (K) by
using the following Eq. (3) [24,29]

ΔG ¼ −RT lnK ð3Þ

The ΔG values for the two binding partners (DEPM and β-Cyd) are
negative (−ΔG) (Table S3) which indicates that the host-guest IC
proceeded spontaneously at 298.15 K and the complexation is an exer-
gonic process.

3.5. 1H NMR

The formation of IC can be explained on the light of the 1H NMR
spectroscopy study [30,31]. This method based on the changes of chem-
ical shifts of protons due to encapsulation of guest molecule into the β-
Cyd cavity [3,25,30]. In β-Cyd structure the H3 (near to wider opening
side) and H5 (close to narrow rim side) are located inside part of the
β-Cyd cavity. The H6 of methylene group (bearing the primary\\OH
group) remains on the narrow opening side of β-Cyd and the rest of
the other H\\atoms H1, H2, H4 are situated on the outer surface of β-

Fig. 2. Adsorption spectra of DEPM (2 × 10−4 M) in (a) pH= 7.0 ± 0.5 and (b) pH= 9.2 ± 0.5 at different concentration of β-Cyd (1) absence of β-Cyd, (2) 0.002 M, (3) 0.004 M, (4)
0.006 M, (5) 0.008 M, (6) 0.010 M, (7) 0.012 M.

Fig. 3. Benesi-Hildebrand plot of 1 / A− Ao vs. 1 / [β-CD] for DEPM in pH= 7.0 ± 0.5 and
pH= 7.0 ± 0.5 at 298.15 K.
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Cyd as shown in Scheme 2 [26,31]. The 1H NMR spectra of β-Cyd, pure
DEPM and the solid IC of DEPM with β-Cyd (1:1) are represented in
Fig. 4. It is clearly observed from Table 1 that for H3 and H5, a large up-
field shift has been occurred. The considerable changes of chemical
shifts (Δδ) suggested that the DEPM monomer entered into the nano
hydrophobic hole of β-Cyd. The upfield shift of H3 (Δδ = 0.142 ppm)

is much greater than the H5 shifting (Δδ = 0.067 ppm) and the com-
plexation of DEPM with β-Cyd splits the signal of H3 into doublets Fig.
4b. On the other hand, minor chemical shifts are observed for H1, H2,
H4 and H6 that are not part of the interior hydrophobic hole of β-Cyd.

Similarly, further support for complexation, 1H NMR of DEPM has
also been performed in DMSO-d6 and significant downfield shifting for

Scheme 2. The probable mechanism of the reaction of the inclusion complex of DEPM with β-Cyd.

Fig. 4. 1H NMR spectra of (a) β-Cyd, (b) 1:1 M ratio of β-CD:DEPM IC in D2O and 1H NMR spectra of (c) DEPM in DMSO-d6 at 298.15 K.
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the aromatic ring protons of DEPM that are situated in hydrophobic hol-
low space of β-Cyd have been found because of the interactions of
DEPM with β-Cyd [32–34]. These all changes clearly indicate that well
encapsulation of the aromatic ring of the guest DEPM into interior hy-
drophobic cavity of β-Cyd has been occurred and enters through the
wider ring opening side as shown in Scheme 2. The detailed variations
of chemical shifts of the two binding partners before and after forming
IC have been mentioned in Table 1.

3.6. FTIR

Successful solid formation between host and guest molecules is
established by FTIR spectroscopy since the frequencies of bands of the
integrated guest molecule become shifted or nowhere to be found in

the resulting form or their intensities altered [25,35,36]. The non-cova-
lent interactions like hydrogen bond (H-bond), hydrophobic and van
der Waals interaction that appear in complex are responsible for the
changes. From Fig. 5 it is clear that there are prominent differences in
β-Cyd (Fig. 5a) andDEPM (Fig. 5b) spectrawith the resulting solid com-
plex (Fig. 5c). The broad band at 3368 cm−1 that appears in pure β-Cyd
spectrum indicates the valence vibrations of O\\H (vbr(O\\H)) groups
connected by H-bond. The vsp

3 (C\\H) bond stretching of β-Cyd is
assigned at 2923 cm−1. The vbend(O\\H) stretching of COH groups and
water molecules is recorded at 1638 cm−1. The v(C\\O\\C) and
v(C\\C\\O) bond stretching are found at 1157 cm−1 and 1030 cm−1 re-
spectively [37–39]. The characteristic absorption peak due to v(NC_O)
and v(C\\O\\) of ester groups is assigned at 1735 cm−1 and
1031 cm−1. The former peak (1735 cm−1) is appeared in complex

Table 1
1H NMR chemical shift displacements of β-Cyd, DEPM and β-Cyd/DEPM at 1:1 molar ratio at 298.15 Ka.

β-Cyd protons Free β-Cyd δ (ppm) β-Cyd: DEPM δ (ppm) Δδ (ppm)

H1 4.928 4.923 0.005
H2 3.484 3.479 0.005
H3 3.860 3.718 0.142
H4 3.412 3.405 0.007
H5 3.793 3.726 0.067
H6 3.820 3.809 0.011

DEPM protons Free DEPM δ (ppm) β-Cyd: DEPM δ (ppm) Δδ (ppm)

Aromatic ring 7.252–7.298 7.285–7.321 n.c.
CH 4.938 4.798 0.14
CH2 4.093–4.204 4.108–4.153 n.c.
CH3 1.093–1.140 1.149–1.176 n.c.

n.c. = not calculated.
a Standard uncertainties in temperature (T) = 0.01 K.

Fig. 5. FT-IR spectra of (a) β-Cyd (in KBr), (b) DEPM and (c) DEPM: β-Cyd (1:1 M ratio) solid complex (in KBr).
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with a new peak at 1725 cm−1. This suggests that Fig. 5 shows amolec-
ular association is arising from hydrogen bond between the oxygen
atom of ester groups (NC_O) of included drug and the rim hydroxyl
groups of β-Cyd via O\\H⋯O_Cb which weakens the NC_O double
bond character and causing the v(NC_O) frequency mode to vibrate
at a lower frequency [7,40,41]. In complex spectra (Fig. 5c) there is a
sharp peak at 1032 cm−1 which indicates that either the C\\O\\bond
encapsulates into the β-Cyd cavity and shifts to 1032 cm−1 or it is
being masked with the v(C\\C\\O) bond frequency of β-Cyd but the
former seems more reliable (Scheme 2). In IR spectra of DEPM, the
stretching frequency of vbenzene(C\\Hsp

2 ) at 3066 cm−1, 3032 cm−1

and vbenzene(C_C) at 1603 cm−1, 1498 cm−1 are recorded. The vibra-
tion spectra vsp

3 (C\\H) of\\CH2\\CH3 moiety is found at 2983 cm−1.
For mono-substituted benzene ring the peak is appeared at 728 cm−1.

In the spectra of β-Cyd-DEPM complex, it is already mentioned
above that the peak of NC_O group is altered. Additionally, it is ob-
served that the frequency peak of vbenzene(C\\Hsp

2 ), vbenzene(C_C) and
vsp
3 (C\\H) does not appear in complex. The mono-substituted sharp

and prominent peak that appeared at 728 cm−1 is absent in Fig. 5c.
This indicates that the aromatic ring part is in good agreement with
the β-Cyd hydrophobic cavity core. From the above discussion it could
be concluded that theDEPMguestmolecule fits properly and entrapped
into β-Cyd hollow space and resulting complex is “Host-Guest” type.

3.7. Powder X-ray Diffraction Pattern

The direct evidence for the complexation between host and guest
molecule can be obtained from the analysis of powder X-ray diffraction
spectrum [42–44]. Fig. 6 shows that the diffraction pattern and the char-
acteristic peak intensity of the resultant IC are quite different from the
diffractogram of β-Cyd monomer which suggests the formation of a
new phase of solid inclusion complex. The characteristic peaks of β-
Cyd are assigned at 2θ (degree) values of 9.04, 10.65, 12.43, 14.71,
15.30, 17.06, 19.61, 21.12, 22.64, 24.33, 27.12, 31.94 and 34.72 (Fig.
6a) and these peaks were not overlay with the peaks of the solid inclu-
sion complex (Fig. 6b). Inβ-Cyd: DEPMsolid, thenewpeaks appeared at
2θ (degree) values of 3.11, 5.54, 6.56, 11.18, 14.49, 15.04, 17.55, 23.51.
This study clearly established that DEPM forms IC successfully with β-
Cyd.

3.8. Scanning Electron Microscopy (SEM)

Electron microscopy (SEM) is a very well-known technique for
analysing the surface texture and particle size of solid materials [26,
42,45,46] The surface morphological structures of β-Cyd and the solid
IC (DEPM: β-Cyd) are shown in Fig. 7a and b respectively. From Fig. 7
it is clear that the two morphological structures are totally different
from each other. This gives clear evidence that the DEPM fits enough
into the hydrophobic cavity of β-Cyd to form of solid IC.

4. Conclusion

The interactions of DEPM with β-Cyd are investigated in liquid me-
dium by UV-spectra in terms of Job plot and association constant (K).
Both satisfy the formation of IC with 1:1 stoichiometry. Different pH en-
vironment shows that it has great influence on association constant (K).
Determination of ΔG value indicates that the process is thermodynam-
ically controlled. The results come from 1HNMR, FT-IR, powder XRDand
SEM studies suggest that the selected guest molecule DEPM monomer
formed IC with nano hydrophobic core of β-Cyd effectively which will
make possible DEPM to be solubilised in water successfully.
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Fig. 6. Powder X-ray diffraction pattern of (a) β-Cyd and (b) DEPM: β-Cyd (1:1 M ratio)
inclusion complex.

Fig. 7. Scanning electron microscope (SEM) morphology of (a) β-Cyd and (b) DEPM: β-Cyd (1:1 M ratio) inclusion complex.
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