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PREFACE 

 

The research work described in this thesis entitled “STUDY TO EXPLORE THE FORMATION 

OF HOST-GUEST INCLUSION COMPLEXES OF CYCLODEXTRINS WITH BIOLOGICALLY 

ACTIVE MOLECULES AND CROWN ETHERS WITH IONIC LIQUIDS BY SPECTROSCOPIC AND 

PHYSICOCHEMICAL TECHNIQUES” was started in December 2013 under supervision of 

Prof. Mahendra Nath Roy in Department of Chemistry, University of North Bengal. 

This research work involves thorough exploration of formation of host-guest inclusion 

complexes of various cyclodextrins and crown ethers with vitamins, neurotransmitters, 

amino acids, drugs, nucleosides and ionic liquids in aqueous, non-aqueous mediums and 

solid states by highly sophisticated calorimetric, spectroscopic techniques and various 

physicochemical methods. 

In the journey of this research work I have presented my research in various symposiums 

and conferences across the country. I was highly nurtured and motivated by interacting 

with distinguished scientists and researchers, which helped me a lot in my research. I am 

also very happy to publish my research works described in this thesis in reputed 

international journals. 

In writing this thesis all scientific observations of other researchers related to the 

concerned work have been duly acknowledged. I must admit the responsibility of any 

unintended exclusion and mistake, which might have crept in spite of insurances. 

I expect further challenges in my life in order to exercise my earned knowledge for the 

development of the society. 
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ABSTRACT 

This thesis expresses the research works involving systematic exploration of 

formation of host-guest inclusion complexes of various cyclodextrins and crown ethers 

with vitamins, neurotransmitters, amino acids, drugs, nucleosides and ionic liquids by 

various calorimetric, spectroscopic and physicochemical techniques. 

Importance of host-guest chemistry of cyclodextrins: Molecular encapsulation 

and release are exceptionally significant in pharmacology and drug delivery science in 

recent years. For this purpose various host molecules, such as calixarenes, pillararenes, 

cucurbiturils, cyclodextrins, etc. have been widely used as excellent receptors for guest 

recognition. The host-guest complexes could be applied to construct stimuli-responsive 

supramolecular materials, where series of external stimuli, such as, enzyme activation, 

photo sensing, temperature dependence, changes in pH/redox and competitive binding 

may be employed to operate the release of guest molecules from the inclusion complexes. 

In the last decade attention has been focused on molecular sensing, anti-cancer drug 

release, gene transfection etc. with the help of mechanized nanoparticles capable of 

trapping and regulating the release of cargo molecules by a range of external stimuli. 

Macrocyclic host molecules are of immense importance in inclusion complexes as the 

cyclized and constrained conformation offer the benefit of molecular selectivity. The 

cyclodextrins are exclusively interesting in this regard, due to their amphiphilic nature. The 

interest in amphiphiles comes up from their self-assembly in aqueous systems to form well 

defined structures, such as micelles, nanotubes, nanorods, nanosheets and vesicles, which 

can be applied in several grounds ranging from nano-devices, drug delivery and cell 

imaging. In recent times cyclodextrin modified nanoparticles are of great attention as they 

appreciably improve the characteristics of the assemblies, such as the electronic, 

conductance, thermal, fluorescence and catalytic properties improving their potential 

applications as nanosensors and drug delivery vehicles. Various sophisticated probes have 

been designed for this purpose for their applications in the manufacture of molecular 

switches, molecular machines, supramolecular polymers, chemosensors, transmembrane 

channels, molecule-based logic gates and other interesting host−guest systems. 

Cyclodextrins are the cyclic oligosaccharides having six (α-CD), seven (β-CD) and eight (γ-
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CD) glucopyranose units which are bound together by α-(1–4) linkages making a truncated 

conical structure, which allows cyclodextrins to form host–guest inclusion complexes with 

different sized guest molecules. The structures and the properties of the inclusion 

complexes formed by cyclodextrins are determined by their architectures, i.e., interplay 

between the hydrophilic−hydrophobic balance and geometric packing constraints. The 

experimental conditions, such as concentration, temperature, pH, etc. also play crucial roles 

exhibiting their potential applications in gene and drug delivery. Due to their above 

mentioned advantages, the inclusion complexes are being widely investigated in materials 

and biomedical sciences, especially, the applications in biologically and pharmaceutically 

relevant fields have produced tremendous interest of researchers in recent years. The 

exterior of the cyclodextrin cavity is highly polar due to the hydroxyl groups, while the 

interior is non-polar, making them suitable and fascinating hosts for supramolecular 

chemistry. The chemical stability of guest molecule also increases due to encapsulation 

inside the cavity. 

Importance of host-guest chemistry of crown ethers: Crown ethers are used as 

important hosts in supramolecular chemistry, where the host–guest interaction mimics 

natural systems as well as constructs various materials. Crown ethers are macromolecular 

heterocyclic compounds with essential repeating unit -CH2CH2O-. A number of researchers 

are working on fabrication of crown-ether-based stimuli-responsive materials that have 

unique characters of ion recognize ability. A variety of current supramolecular materials, 

for instance rotaxanes are made on these unique recognition properties of CEs. Binding of 

CEs with cations with high selectivity and affinity has found remarkable importance in 

chemistry. Formation of molecular assemblies has vast implication for the building of 

molecular machines having plausible use as analogous to sophisticated machines of natural 

systems. Hence, fundamental investigations of the interactions between CEs and cationic 

species are important for their advanced applications.  

Importance of vitamins as guest molecules: Nicotinic acid and ascorbic acid are 

the essential human nutrients with many important functions in biological systems. 

Nicotinic acid is used to treat hypercholesterolemia and pellagra while its deficiency causes 

nausea, skin and mouth lesions, anemia, headaches, and tiredness. On the other hand 



xi 
 

scurvy, fatigue, depression, and connective tissue defects are the common syndromes 

caused by deficiency of ascorbic acid. Thus to protect these important bio-molecules from 

external effects (e.g., oxidation, structural modification etc.) and for their regulatory 

release, it is crucial to investigate whether these molecules can be encapsulated into the CD 

molecule and to explore the thermodynamic aspect of the process. 

Importance of neurotransmitters as guest molecules: Dopamine is  an  

important  neurotransmitter in  the  mammalian central  nervous  system  and  is  a 

member  of catecholamines. It is involved in neuropsychiatric disorders such as 

Perkinson’s disease, which is the second most common central nervous system disorder. 

Tyramine is also a neurotransmitter and acts as a catecholamine releasing agent, having 

nonpsychoactive peripheral sympathomimetic effects. Epinephrine is a hormone and a 

neurotransmitter, serves as chemical mediators for conveying the nerve impulses to 

effectors organs. Epinephrine remains a useful medicine for several emergency indications 

and is used as a drug to treat cardiac arrest and other cardiac dysrhythmias. 

Importance of sulfa-drugs as guest molecules: The stabilization and regulatory 

release of the sulfa-drugs are of great concern in pharmacology. Thus to protect these 

drugs from external effects and for their regulatory release, it is crucial to investigate 

whether they can be encapsulated into the CD molecule. Sulfonamides are bacteriostatic 

material and their range of activity is analogous for all. Sulfonamides restrain bacterial 

synthesis of dihydrofolic acid by inhibiting the condensation of the pteridine with 

aminobenzoic acid by competitive inhibition of the enzyme dihydropteroate synthetase. 

Topically applied sulfonamides act against vulnerable strains of various bacterial eye 

pathogens, for example, Escherichia coli, Staphylococcus aureus, Streptococcus 

pneumoniae, Streptococcus, Haemophilus influenzae, Klebsiella species, Enterobacter 

species, etc. Sulfacetamide sodium 10% topical lotion is approved for the treatment of acne, 

seborrheic dermatitis, conjunctivitis and various external visual infections due to 

susceptible for microorganisms. It has been considered in the treatment of pityriasis 

versicolor and rosacea. It also has anti-inflammatory property while used to treat 

conjunctivitis. It is found that sulfacetamide sodium may be used in the treatment of mild 
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forms of hidradenitis suppurativa. There are a number of topical products containing 

sulfacetamide sodium, e.g., foams, shampoos, cream, etc. Sulfacetamide is a competitive 

inhibitor of bacterial para-aminobenzoic acid, which is necessary for bacterial synthesis of 

folic acid, a vital constituent for bacterial growth. The multiplication of bacteria is thus 

inhibited by the action of sulfacetamide. Sulfacetamide sodium can also be used orally to 

treat urinary tract infections and the oral absorption of sulfacetamide sodium is found to 

be 100%. Sulfacetamide causes slight irritation in presence of UV-A light, as it gets 

sensitized and degraded leading to toxicity when used continuously. 

Importance of RNA nucleosides as guest molecules: RNA nucleosides are very 

important biomolecules having enormous applications in the field of modern biological 

sciences, for example, RNA-based information technologies, RNA cloning, recombinant RNA 

technology and other genetic engineering processes. 

Importance of amino acids as guest molecules: Amino acids play a crucial role in 

almost all biological processes and they are the building blocks of proteins. A large 

proportion of our cells, muscles and tissue are made up of amino acids. There are different 

types of amino acids. The polar amino acids include serine, threonine, asparagine, 

glutamine, histidine and tyrosine. The hydrophobic amino acids include alanine, valine, 

leucine, isoleucine, proline, phenylalanine, tryptophane, cysteine and methionine. The role 

of amino acids goes ahead of building blocks. They are essential for the synthesis of 

proteins, enzymes, hormones, neurotransmitters, metabolic pathways, mental stabilization 

and just about every function that takes place within the human body. 

Importance of ionic liquids as guest molecules: The ionic liquids, namely, 1-

butyl-3-methylimidazolium chloride [BMIm]Cl, 1-butyl-4-methylpyridinium chloride 

[BMPy]Cl and 1-butyl-1-methylpyrrolidinium chloride [BMP]Cl are biologically highly 

significant as they play important roles in enzymatic reactions. They are also important in 

organometallic, organic and material chemistry for their exceptional physical, chemical and 

electrical properties. Cetylpyridinium chloride is structurally significant because of having 

long lipophilic chain and pyridinium cationic head and also has medicinal applications. 

Pyridinium based ionic liquids are biologically extremely significant and also have role in 
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material chemistry for their extraordinary properties. The structure of cetylpyridinium 

chloride is very important to make supramolecular materials and also has biological and 

medicinal functions. 

 

Summary of work done 

Chapter I 

 This chapter contains the detail object of the research work, 

their scope and applications in the contemporary science. It 

also includes the reason of choosing the bio-molecules, ionic 

liquids, cyclodextrins, crown ethers and the solvent systems. 

This chapter has a short list of all the methods of 

investigations used in the research work. 

Chapter II 

This chapter includes the review of the earlier works in 

this field of research done by various scientists and 

researchers across the world. This chapter also provides a 

detail theory of investigations, where the interacting forces 

among the molecules have been described. Here, the 

background theory of all the investigating methods, i.e., 

theory of 1H NMR spectroscopy, 2D ROESY, FTIR spectroscopy, UV-visible spectroscopy, 

high resolution mass spectrometry, isothermal titration calorimetry, surface tension study, 

conductivity study, pH study, solution density, viscosity, refractive index, ultrasonic speed 

study have been discussed thoroughly and the significance of their use in the research 

work described in this thesis have been shown. 

 

 



 

Chapter III 

and use of the instruments involved in the research work.

Chapter IV 

assembly. Stereo-chemical nature of the inclusion complexes has been explained by 2D 

NMR spectroscopy. Surface tension and conductivity studies further support the inclusion 

process. Association constants

calculated by UV-visible spectroscopy using both Benesi

linear programme, while the thermodynamic parameters have been estimated with the 

help of van’t Hoff equation. Isothermal 

to determine the stoichiometry, association constant and thermodynamic parameters with 

high accuracy. The outcomes reveal that there is a 

negative value of ΔHO, making the overall inclusion process thermodynamically favorable.

The association constant is found to be higher for ascorbic acid than that for nicotinic acid, 

which has been explained on the basis of their molecular structures.

 

xiv 

This chapter contains the experimental section. It 

covers the name, structure, physical properties and 

applications of the biologically active molecules, 

cyclodextrins, ionic liquids, crown ethers and solvents 

used in the research work. It also includes the details 

about the experimental methods and the 

and use of the instruments involved in the research work. 

This chapter includes the host–guest

complexes of β-cyclodextrin with two vitamins

nicotinic acid and ascorbic acid in aqueous medium. 

The work has been explored by spectroscopic, 

physicochemical and calorimetric methods. Job plots 

have been drawn by UV-visible spectroscopy

confirm the 1:1 stoichiometry of the host

chemical nature of the inclusion complexes has been explained by 2D 

NMR spectroscopy. Surface tension and conductivity studies further support the inclusion 

process. Association constants for the vitamin-β-CD inclusion complexes have been 

visible spectroscopy using both Benesi–Hildebrand method and 

, while the thermodynamic parameters have been estimated with the 

help of van’t Hoff equation. Isothermal titration calorimetric studies have been performed 

to determine the stoichiometry, association constant and thermodynamic parameters with 

high accuracy. The outcomes reveal that there is a drop in ΔSO, which is overcome by higher 

ing the overall inclusion process thermodynamically favorable.

The association constant is found to be higher for ascorbic acid than that for nicotinic acid, 

which has been explained on the basis of their molecular structures. 

This chapter contains the experimental section. It 

name, structure, physical properties and 

applications of the biologically active molecules, 

, ionic liquids, crown ethers and solvents 

It also includes the details 

experimental methods and the description 

guest inclusion 

cyclodextrin with two vitamins namely, 

nicotinic acid and ascorbic acid in aqueous medium. 

The work has been explored by spectroscopic, 

physicochemical and calorimetric methods. Job plots 

visible spectroscopy to 

confirm the 1:1 stoichiometry of the host-guest 

chemical nature of the inclusion complexes has been explained by 2D 

NMR spectroscopy. Surface tension and conductivity studies further support the inclusion 

CD inclusion complexes have been 

Hildebrand method and non-

, while the thermodynamic parameters have been estimated with the 

titration calorimetric studies have been performed 

to determine the stoichiometry, association constant and thermodynamic parameters with 

, which is overcome by higher 

ing the overall inclusion process thermodynamically favorable. 

The association constant is found to be higher for ascorbic acid than that for nicotinic acid, 



 

Chapter V 

This chapter comprises the 

cyclodextrin with few of the most important 

neurotransmitters,

hydrochloride

medium. The work has been

physicochemical techniques as potential drug delivery systems. 

Job plots confirm the 1:1 host

conductivity studies illustrate the inclusion process. The inclusion complexes were 

characterized by 1H NMR spectroscopy and association constants have been calculated by 

using Benesi–Hildebrand method. Thermodynamic parameters for the formation of 

inclusion complexes have been 

overall inclusion processes are thermodynamically favorable.

Chapter VI 

cyclodextrins. Various physicochemical techniques have been employed to establish the 

outcome of the work. Isothermal titration calorimetric method has been used to evaluate 

the stoichiometry, association constant and thermodynamic parameters with high 

accuracy. The solid inclusion complexes have been analyzed by spectroscopic technique, 

which ascertain the encapsulation of the investigating drug into the cavity of α and 

cyclodextrins. This inclusion phenomenon of the drug is exceedingly significant for its 

stabilization from external hazards, like oxidation, sensitization, photolytic cleavage etc., 

for regulatory release of essential amount 

proficiently and accurately and for preventing overdose when applied 

solution and ointment. 

xv 

This chapter comprises the molecular assemblies of 

cyclodextrin with few of the most important 

neurotransmitters, namely, dopamine hydrochloride

hydrochloride and (±)-epinephrine hydrochloride

medium. The work has been explored by spectroscopic and 

physicochemical techniques as potential drug delivery systems. 

Job plots confirm the 1:1 host-guest inclusion complexes, while surface tension and 

lustrate the inclusion process. The inclusion complexes were 

H NMR spectroscopy and association constants have been calculated by 

Hildebrand method. Thermodynamic parameters for the formation of 

inclusion complexes have been derived by van’t Hoff equation, which demonstrate that 

overall inclusion processes are thermodynamically favorable. 

This chapter consists of the molecular 

encapsulation of one of the most 

important sulfa-drugs, namely, 

sulfacetamide sodium in solution and solid 

phase within the cavity of α and 

cyclodextrins. Various physicochemical techniques have been employed to establish the 

Isothermal titration calorimetric method has been used to evaluate 

ation constant and thermodynamic parameters with high 

accuracy. The solid inclusion complexes have been analyzed by spectroscopic technique, 

which ascertain the encapsulation of the investigating drug into the cavity of α and 

n phenomenon of the drug is exceedingly significant for its 

stabilization from external hazards, like oxidation, sensitization, photolytic cleavage etc., 

for regulatory release of essential amount of drug at the targeted site for a period of time 
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olecular assemblies of β-
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dopamine hydrochloride, tyramine 
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explored by spectroscopic and 

physicochemical techniques as potential drug delivery systems. 

guest inclusion complexes, while surface tension and 

lustrate the inclusion process. The inclusion complexes were 

H NMR spectroscopy and association constants have been calculated by 

Hildebrand method. Thermodynamic parameters for the formation of 

derived by van’t Hoff equation, which demonstrate that the 

This chapter consists of the molecular 

encapsulation of one of the most 

drugs, namely, 

in solution and solid 

within the cavity of α and β-

cyclodextrins. Various physicochemical techniques have been employed to establish the 
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accuracy. The solid inclusion complexes have been analyzed by spectroscopic technique, 
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at the targeted site for a period of time 
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Chapter VII 

acetonitrile medium by conductivity in a range of temperature to elucidate the 

stoichiometry of the complexes. The programmed mathematical study with the help of 

conductivity data provides association constants for the complexes, by which the 

thermodynamic properties have been evaluated for improved understanding about 

complexation. The molecular interactions have been explained and critically discussed with 

the help of FT-IR and 1H NMR spectroscopic studies, which illustrate H

dipolar attractions primarily exist in complexation.

Chapter VIII 

host–guest inclusion complexes are formed with all the guest molecules at both low and 

high pH. The variation of the thermodynamic parameters with guest size and state are used 

to draw inferences about contributions to the overall binding from the driving force

namely, hydrophobic effect, van der Waals forces, H

effect and configurational theory. The formation and comparative study of inclusion 

complexes have been analyzed by available data supplemented with surface tens

density, viscosity and refractive index.
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This chapter contains supramolecular host

complexation with excellent comparison among three 

similarly substituted ionic liquids, namely, 

methylimidazolium chloride, 

methylpyridinium chloride and 1

methylpyrrolidinium chloride with 18

acetonitrile medium by conductivity in a range of temperature to elucidate the 

of the complexes. The programmed mathematical study with the help of 

conductivity data provides association constants for the complexes, by which the 

thermodynamic properties have been evaluated for improved understanding about 

interactions have been explained and critically discussed with 

H NMR spectroscopic studies, which illustrate H

dipolar attractions primarily exist in complexation. 

This chapter includes the studies of mole

inclusions of a congener series of guest amino acid 

molecules into the host cavity of α and β

cyclodextrins in aqueous solution focusing on 

modern research gaining far reaching effect. With 

both the α and β-cyclodextrins, it is found that 1 : 1 

guest inclusion complexes are formed with all the guest molecules at both low and 

high pH. The variation of the thermodynamic parameters with guest size and state are used 

to draw inferences about contributions to the overall binding from the driving force

namely, hydrophobic effect, van der Waals forces, H-bonds, electrostatic forces, structural 

effect and configurational theory. The formation and comparative study of inclusion 

complexes have been analyzed by available data supplemented with surface tens

density, viscosity and refractive index. 

This chapter contains supramolecular host-guest 

complexation with excellent comparison among three 

similarly substituted ionic liquids, namely, 1-butyl-3-

methylimidazolium chloride, 1-butyl-4-

methylpyridinium chloride and 1-butyl-1-

18-crown-6 in 

acetonitrile medium by conductivity in a range of temperature to elucidate the 

of the complexes. The programmed mathematical study with the help of 

conductivity data provides association constants for the complexes, by which the 

thermodynamic properties have been evaluated for improved understanding about 

interactions have been explained and critically discussed with 

H NMR spectroscopic studies, which illustrate H-bond and ion-

This chapter includes the studies of molecular 

inclusions of a congener series of guest amino acid 

molecules into the host cavity of α and β-

cyclodextrins in aqueous solution focusing on 

modern research gaining far reaching effect. With 

cyclodextrins, it is found that 1 : 1 

guest inclusion complexes are formed with all the guest molecules at both low and 

high pH. The variation of the thermodynamic parameters with guest size and state are used 

to draw inferences about contributions to the overall binding from the driving forces, 

bonds, electrostatic forces, structural 

effect and configurational theory. The formation and comparative study of inclusion 

complexes have been analyzed by available data supplemented with surface tension, pH, 



 

Chapter IX 

crown-6 and dicyclohexano-18

series of temperatures to reveal the 

Programme based mathematical treatment of the conductivity data affords association 

constants for complexations from which the thermodynamic parameters were derived for 

better comprehension about the process. The interactions at molecular level have been 

explained and decisively discussed by means of FT

that demonstrate H-bond type interactions as the primarily force of attraction for the 

investigated supramolecular complexations.

Chapter X 

whereas β-cyclodextrin has that with all the four nucleosides, namely, adenosine, 

guanosine, uridine and cytidine. The for

been characterized using surface tension study, Job’s method by ultraviolet spectroscopy 

and pH measurements. The limiting apparent molar volume, viscosity 

apparent molar adiabatic compressibility and limiting molar refraction data have been 

used to characterize the interaction between nucleosides and cyclodextrins in the 

experimental ternary solution systems. The inclusion phenomenon has been confirmed by 

xvii 

This chapter incorporates the 

supramolecular complexations of 

cetylpyridinium chloride 

comparable cavity dimension based crown 

ethers, namely, dibenzo-18

18-crown-6 in acetonitrile with the help of conductivity in a 

series of temperatures to reveal the stoichiometry of the three host-guest complexes. 

Programme based mathematical treatment of the conductivity data affords association 

for complexations from which the thermodynamic parameters were derived for 

better comprehension about the process. The interactions at molecular level have been 

explained and decisively discussed by means of FT-IR and 1H NMR spectroscopic studies 

bond type interactions as the primarily force of attraction for the 

investigated supramolecular complexations. 

This chapter comprises the exploration of 

stable host-guest inclusion complexes with 

the guest RNA nucleosides inside aqueou

and β-cyclodextrins. α-cyclodextrin has been 

found to have favorable structural features 

for inclusion with uridine and cytidine, 

cyclodextrin has that with all the four nucleosides, namely, adenosine, 

guanosine, uridine and cytidine. The formation and nature of the inclusion complexes have 

been characterized using surface tension study, Job’s method by ultraviolet spectroscopy 

and pH measurements. The limiting apparent molar volume, viscosity B-coefficient, limiting 

ompressibility and limiting molar refraction data have been 

used to characterize the interaction between nucleosides and cyclodextrins in the 

experimental ternary solution systems. The inclusion phenomenon has been confirmed by 

This chapter incorporates the 

supramolecular complexations of 

cetylpyridinium chloride with three 

comparable cavity dimension based crown 

18-crown-6, 18-

in acetonitrile with the help of conductivity in a 

guest complexes. 
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proton NMR study. Associatio

evaluated for the formed inclusion complexes by ultraviolet spectroscopy.

Chapter XI 

1H NMR study establishes the formation of inclusion complexes, while surface tension and 
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stoichiometry. Nature of the complexes has been established by thermodynamic 

parameters, based on density, viscosity, and refractive index measurements. Contributions 
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parameters support the formation of the inclusion complexes, which are explained basing 

upon hydrophobic effect, H-bonds, electrostatic forces and structural effects.
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hydrochloride and (c) 1:1 molar ratio of β-CD & (±)-

epinephrine hydrochloride in D2O at 298.15 K. 

Figure 7. Benesi-Hildebrand double reciprocal plot for 

the effect of β-CD on the absorbance of dopamine 

hydrochloride (278 nm), tyramine hydrochloride (275 

nm) and (±)-epinephrine hydrochloride (278 nm) at 

different temperatures (X axis = 1/[β-CD] and Y axis = 

1/ΔA). 

Figure 8. Plot of lnKa vs 1/T for the interaction between 

(±)-epinephrine hydrochloride (▲), dopamine 

hydrochloride (■) and tyramine hydrochloride (●) with 

β-CD. 
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Chapter VI Figure 1. Job plots of (a) SS-α-CD system and (b) SS-β-CD 

system at λmax = 256 nm at 298.15 K. R  =  [SS]/([SS] + 

[CD]),  ΔA  =  absorbance  difference  of  SS  without  and  

with CD. 

Figure 2. Variation of surface tension of aqueous SS with 

increasing concentration of (a) α-CD and (b) β-CD 

solution respectively at 298.15 K. 

Figure 3. Variation of conductivity of aqueous SS with 

increasing concentration of (a) α-CD and (b) β-CD 

solution respectively at 298.15 K. 

Figure 4. Benesi-Hildebrand double reciprocal plots for 

the effect of α-CD on the absorbance of SS (256 nm) at 

different temperatures. 

Figure 5. Benesi-Hildebrand double reciprocal plots for 

the effect of β-CD on the absorbance of SS (256 nm) at 
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different temperatures. 

Figure 6. Plot of lnKa vs 1/T for the interaction of SS with 

α-CD (●) and β-CD (■). 

Figure 7. Plot of lnKa
 vs 1/T for the interaction of SS 

with α-CD (■) and β-CD (●). 

Figure 8. ITC isotherms for the interaction of (a) SS with 

α-cyclodextrin and (b) SS with β-cyclodextrin at 298 K. 

The upper panels represent the raw heats of association 

obtained upon titration of SS to α and β-cyclodextrin. The 

lower panels are the association isotherm fitted to the 

raw data using one site model. 

Figure 9. 1H NMR spectra of sulfacetamide sodium salt in 

D2O at 298.15 K. 

Figure 10. 1H NMR spectra of α-cyclodextrin in D2O at 

298.15 K. 

Figure 11. 1H NMR spectra of β-cyclodextrin in D2O at 

298.15 K. 

Figure 12. 1H NMR spectra of solid inclusion complex of 

SS and α-CD in D2O at 298.15 K. 

Figure 13. 1H NMR spectra of solid inclusion complex of 

SS and β-CD in D2O at 298.15 K. 

Figure 14. 2D ROESY spectra of solid inclusion complex 

of SS and α-CD in D2O (correlation signals are marked by 

red circles). 

Figure 15. 2D ROESY spectra of solid inclusion complex 

of SS and β-CD in D2O (correlation signals are marked by 

red circles). 

Figure 16. ESI mass spectra of (a) SS-α-CD inclusion 

complex and (b) SS-β-CD inclusion complex. 

Figure 17. FTIR spectra of (a) SS, (b) α-CD, (c) β-CD, (d) 
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SS-α-CD IC, (e) SS-β-CD IC. 200 

Chapter VII Figure 1. Variation of conductance of 18-Crown-

6/[BMIm]Cl mole ratio at different temperatures (█ 293 

K, █298 K, █ 303 K, █ 308 K, █ 313 K). 

Figure 2. Variation of conductance of 18-Crown-

6/[BMPy]Cl mole ratio at different temperatures ( 293 

K,  298 K,  303 K,  308 K,  313 K). 

Figure 3. Variation of conductance of 18-Crown-

6/[BMP]Cl mole ratio at different temperatures ( 293 K, 

 298 K,  303 K,  308 K,  313 K). 

Figure 4. Plot of lnKa vs 1/T for the interaction of 18-C-6 

with [BMIm]Cl (∎), [BMPy]Cl () and [BMP]Cl (). 

Figure 5. FTIR spectra of 18-C-6 (top), [BMIm]Cl 

(middle) and complex (bottom). 

Figure 6. FTIR spectra of 18-C-6 (top), [BMPy]Cl (middle) 

and complex (bottom). 

Figure 7. FTIR spectra of 18-C-6 (top), [BMP]Cl (middle) 

and complex (bottom). 

Figure 8. 1H NMR spectra of 18-C-6, [BMIm]Cl and 

complex in CD3CN at 298.15 K. 

Figure 9. 1H NMR spectra of 18-C-6, [BMPy]Cl and 

complex in CD3CN at 298.15 K. 

Figure 10. 1H NMR spectra of 18-C-6, [BMP]Cl and 

complex in CD3CN at 298.15 K. 
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Chapter VIII Figure 1. Plot of surface tension (γ) against concentration 

of amino acids (m) in pure α-CD (×), w1=0.000(□), 

w1=0.001(), w1=0.003(▲), w1=0.005(●) mass fraction 

of α-CD and in pure β-CD ( ), w2=0.000(■) w2=0.001(), 

w2=0.003(∆), w2=0.005(○) mass fraction of β-CD 

respectively. 

Figure 2. Plot of limiting molar volume (ϕV0) vs mass 

fraction for L-Lys (brown), L-Phe (blue), L-Glu (yellow) in 
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aqueous α-CD and for L-Lys (red), L-Phe (green), L-Glu 

(black) in aqueous β-CD respectively. 

Figure 3. Plot of viscosity B-coefficient vs mass fraction 

for L-Lys (black), L-Phe (blue), L-Glu (yellow) in aqueous 

α-CD and for L-Lys (indigo), L-Phe (green), L-Glu (red) in 

aqueous β-CD respectively. 

Figure 4. Plot of limiting molar refraction (RM0) for the 

amino acids in different mass fraction of aqueous α and β-

CD respectively. 
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Chapter IX Figure 1. Variation of conductance of DB-18-crown-

6/CPCl mole ratio at different temperatures ( 293 K,  

298 K,  303 K,  308 K,  313 K). 

Figure 2. Variation of conductance of 18-crown-6/CPCl 

mole ratio at different temperatures (∎ 293 K, ∎ 298 K, ∎ 

303 K, ∎ 308 K, ∎ 313 K). 

Figure 3. Variation of conductance of DCH-18-crown-

6/CPCl mole ratio at different temperatures ( 293 K,  

298 K,  303 K,  308 K,  313 K). 

Figure 4. Plot of lnKa vs 1/T for the interaction of CPCl 

with DB-18-C-6 (), 18-C-6 () and DCH-18-C-6 (∎). 

Figure 5. FTIR spectra of DB-18-C-6 (top), CPCl (middle) 

and complex (bottom). 

Figure 6. FTIR spectra of 18-C-6 (top), CPCl (middle) and 

complex (bottom). 

Figure 7. FTIR spectra of DCH-18-C-6 (top), CPCl 

(middle) and complex (bottom). 

Figure 8. 1H NMR spectra of DB-18-Crown-6, CPCl and 

complex in CD3CN at 298.15 K. 

Figure 9. 1H NMR spectra of 18-Crown-6, CPCl and 

complex in CD3CN at 298.15 K. 

Figure 10. 1H NMR spectra of DCH-18-Crown-6, CPCl and 
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complex in CD3CN at 298.15 K. 

Chapter X Figure 1. Plot of surface tension with increasing 

concentration of nucleosides in different molarity of α-

cyclodextrin (w1) and β-cyclodextrin (w2) respectively at 

298.15 K. 

Figure 2. Job plot of various nucleoside-cyclodextrin 

systems at λmax (nm) = 261  for uridine, 270 for cytidine, 

259 nm for adenosine, 253 for guanosine at 298.15 K. R  =  

[nucleoside]/([nucleoside] + [CD]),  ΔA  =  absorbance  

difference  of  the  nucleoside  without  and  with  

cyclodextrin. 

Figure 3. Plot of pH with increasing concentration of 

nucleosides. (a) molarity (w1) of α-CD = 0.001, (b) 

molarity (w2) of β-CD = 0.001, (c) molarity (w1) of α-CD = 

0.0025, (d) molarity (w2) of β-CD = 0.0025, (e) molarity 

(w1) of α-CD = 0.004 and (f) molarity (w2) of β-CD = 0.004 

at 298.15 K. 

Figure 4. Limiting apparent molar volume (ϕv0) of 

nucleosides in different molarity (w1) of aqueous α-CD at 

various temperatures (T). 

Figure 5. Limiting apparent molar volume (ϕv0) of 

nucleosides in different molarity (w2) of aqueous β-CD at 

various temperatures (T). 

Figure 6. Viscosity B-coefficient of nucleosides in 

different molarity (w1) of aqueous α-CD at various 

temperatures (T). 

Figure 7. Viscosity B-coefficient of nucleosides in 

different molarity (w2) of aqueous β-CD at various 

temperatures (T). 

Figure 8. Limiting partial molar adiabatic compressibility 

(ϕK0) of nucleosides at different molarity of α and β-

cyclodextrin at 298.15 K. 

Figure 9. Limiting molar refraction (RM0) of nucleosides 

at different molarity of α and β-cyclodextrin at 298.15 K. 
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Figure 10. 1H NMR spectra of α-CD, adenosine and 1:1 

molar ratio of α-CD & adenosine in D2O at 298.15 K. 

Figure 11. 1H NMR spectra of α-CD, guanosine and 1:1 

molar ratio of α-CD & guanosine in D2O at 298.15 K. 

Figure 12. 1H NMR spectra of α-CD, uridine and 1:1 molar 

ratio of α-CD & uridine in D2O at 298.15 K. 

Figure 13. 1H NMR spectra of α-CD, cytidine and 1:1 

molar ratio of α-CD & cytidine in D2O at 298.15 K. 

Figure 14. 1H NMR spectra of β-CD, adenosine and 1:1 

molar ratio of β-CD & adenosine in D2O at 298.15 K. 

Figure 15. 1H NMR spectra of β-CD, guanosine and 1:1 

molar ratio of β-CD & guanosine in D2O at 298.15 K. 

Figure 16. 1H NMR spectra of β-CD, uridine and 1:1 molar 

ratio of β-CD & uridine in D2O at 298.15K. 

Figure 17. 1H NMR spectra of β-CD, cytidine and 1:1 

molar ratio of β-CD & cytidine in D2O at 298.15 K. 

Figure 18. Benesi-Hildebrand double reciprocal plot for 

the effect of α-CD on the absorbance of uridine (261 nm) 

and cytidine (270 nm) at different temperatures. 

Figure 19. Benesi-Hildebrand double reciprocal plot for 

the effect of β-CD on the absorbance of adenosine (259 

nm), guanosine (253 nm), uridine (261 nm) and cytidine 

(270 nm) at different temperatures. 

Figure 20. Plot of lnKa vs 1/T for the interaction of 

various nucleosides with α and β-CD. 
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Chapter XI Figure 1. 1H NMR spectra of (a) α-CD, (b) arginine and (c) 

1:1 molar ratio of α-CD & arginine in D2O at 298.15 K. 

Figure 2. 1H NMR spectra of (a) α-CD, (b) histidine and 

(c) 1:1 molar ratio of α-CD & histidine in D2O at 298.15 K. 

Figure 3. 1H NMR spectra of (a) β-CD, (b) arginine and (c) 
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1:1 molar ratio of β-CD & arginine in D2O at 298.15 K. 

Figure 4. 1H NMR spectra of (a) β-CD, (b) histidine and 

(c) 1:1 molar ratio of β-CD & histidine in D2O at 298.15 K. 

Figure 5. Variation of surface tension of L-arginine 

solution and L-histidine solution with increasing 

concentration of (a) α-cyclodextrin and (b) β-cyclodextrin 

respectively at 298.15 K. 

Figure 6. Variation of conductivity of aqueous (a) L-

arginine solution and (b) L-histidine solution respectively 

with increasing concentration of α and β-cyclodextrin at 

298.15 K. 

Figure 7. Plot of limiting molar volume (ϕV0) against 

mass fraction (w) of aqueous α-CD and aqueous β-CD for 

L-arginine (orange & blue) and L-histidine (green & pink) 

respectively at 298.15 K. 

Figure 8. Plot of viscosity B-coefficient against mass 

fraction (w) of aqueous α-CD and aqueous β-CD for L-

arginine (orange & blue) and L-histidine (green & pink) 

respectively at 298.15 K. 

Figure 9. Plot of limiting molar refraction (RM0) for L-

arginine and L-histidine in different mass fractions (w) of 

aqueous α-CD and aqueous β-CD respectively at 298.15 K. 
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140 
 
 

140 
 
 
 
 

141 
 
 

141 
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Chapter VII Scheme 1. Molecular structure of (a) 1-Butyl-3-
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cyclodextrin. 

Scheme 4. Order of efficiency of inclusion among 
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CHAPTER I 

 

NECESSITY OF THE RESEARCH WORK 

I.1. Scope, Objective and Applications of the Research Work 

Molecular encapsulation and release are exceptionally significant in pharmacology 

and drug delivery science in recent years.[1] For this purpose various host molecules, such 

as calixarenes, pillararenes, cucurbiturils, cyclodextrins, etc. have been widely used as 

excellent receptors for drug recognition.[2] The host-guest complexes could be applied to 

construct stimuli-responsive supramolecular materials, where series of external stimuli, 

such as, enzyme activation, photo sensing, temperature dependence, changes in pH/redox 

and competitive binding may be employed to operate the release of guest molecules from 

the inclusion complexes (ICs).[3] In the last decade attention has been focused on 

molecular sensing, anti-cancer drug release, gene transfection etc. with the help of 

mechanized nanoparticles capable of trapping and regulating the release of cargo 

molecules by a range of external stimuli.[4] Macrocyclic host molecules are of immense 

importance in ICs as the cyclized and constrained conformation offer the benefit of 

molecular selectivity.[5] The cyclodextrins (CDs) are exclusively interesting in this regard, 

due to their amphiphilic nature.[6] The interest in amphiphiles comes up from their self-

assembly in aqueous systems to form well defined structures, such as micelles, nanotubes, 

nanorods, nanosheets and vesicles, which can be applied in several grounds ranging from 

nano-devices, drug delivery and cell imaging.[7] In recent times cyclodextrin modified 

nanoparticles are of great attention as they appreciably improve the characteristics of the 

assemblies, such as the electronic, conductance, thermal, fluorescence and catalytic 

properties improving their potential applications as nanosensors and drug delivery 

vehicles.[8] Various sophisticated probes have been designed for this purpose for their 

applications in the manufacture of molecular switches, molecular machines, 

supramolecular polymers, chemosensors, transmembrane channels, molecule-based logic 

gates and other interesting host−guest systems.[9] 
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Cyclodextrins (CDs) are the cyclic oligosaccharides containing six (α-CD), seven (β-

CD) and eight (γ-CD) glucopyranose units, bound by α-(1–4) linkages forming a truncated 

conical structure.[10] Thus because of their unique structure, i.e., fairly rigid and well-

defined hydrophobic cavities and hydrophilic rims having primary and secondary –OH 

groups they are of particular interest in the modern science.[11] CDs are used for 

controlled delivery of organic, inorganic, biological and pharmaceutical molecules due to 

their ability to form inclusion complexes with diverse guest molecules by encapsulating the 

non-polar part of the guest into its hydrophobic cavity and stabilizing the polar part by the 

polar rims.[12] The use of CDs already has a long history in pharmaceuticals, pesticides, 

foodstuffs etc. for the solubility, bioavailability, safety, stability and as a carrier of the guest 

molecules.[13] 

The structures and the properties of the ICs formed by CDs are determined by their 

architectures, i.e., interplay between the hydrophilic−hydrophobic balance and geometric 

packing constraints.[14] The experimental conditions, such as concentration, temperature, 

pH, etc. also play crucial roles exhibiting their potential applications in gene and drug 

delivery.[15] Due to their above mentioned advantages, the ICs are being widely 

investigated in materials and biomedical sciences, especially, the applications in 

biologically and pharmaceutically relevant fields have produced tremendous interest of 

researchers in recent years.[16] The exterior of the CD cavity is highly polar due to the 

hydroxyl groups, while the interior is non-polar, making them suitable and fascinating 

hosts for supramolecular chemistry.[17] The chemical stability of guest molecule also 

increases due to encapsulation inside the cavity.[18] 

CDs have been widely employed as not only excellent receptors for molecular 

recognition but also excellent building blocks to construct functional materials, where they 

could be applied to construct stimuli-responsive supramolecular devices.[19] Series of 

external stimuli, for example, enzyme activation, light, temperature, changes in pH or redox 

and competitive binding are employed to activate the release of guest molecules from the 

inclusion composites.[20] 
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Molecular recognition is of profound importance in biology and therapeutics, the 

physical chemistry of this phenomenon acknowledges that binding is often associated with 

loss in configurational entropy, but the overall thermodynamics is yet to be well 

understood.[21] Among various approaches CDs have contributed a lot to this aspect of 

drug delivery, because of having fairly rigid and well-defined hydrophobic cavities and 

hydrophilic outer surfaces, they can act as molecular receptors (hosts) for a wide variety of 

organic and inorganic, as well as biological and pharmaceutical guest molecules, forming 

host–guest complexes or supramolecular assemblies.[22] 

The drugs, to be pharmacologically active, must possess some degree of aqueous 

solubility, as well as they should be lipophilic to permeate the biological membranes via 

passive diffusion.[23] If a drug is highly hydrophilic, the dissolved drug molecule will not 

penetrate from the aqueous exterior into a lipophilic bio-membrane. The use of 

cyclodextrins on drug solubility, bioavailability, safety, stability and as a carrier in drug 

formulation may be achieved by formation of inclusion complexes with drug molecules; in 

fact, the use of cyclodextrins already has a long history in pharmacy.[24] 

Crown ethers (CEs) are cyclic polyether based macrocyclic molecules having utmost 

interest in the field of supramolecular chemistry.[25] CEs form diverse complexes with 

versatile species, such as, metal ions and cationic species by various non-covalent 

interactions.[26] These macrocyclic polyethers have the unique property of molecular 

recognition in solution phase, thus can act as phase transfer catalyst, photo sensor, delivery 

vehicle, etc.[27] In modern days researches are also interested in making supramolecular 

polymers, transmembrane channels, nanosensors, molecule-based logic gates and other 

interesting supramolecular systems improving the potential applications of CEs.[28] Thus, 

fundamental studies involving the interactions of CEs with cationic species are significant 

for their advanced applications.[29] The assemblies of CEs with cationic species are already 

known, but mechanistic study involving similarly substituted various ionic liquids (ILs) 

with a CE provides multidimensional information in this field of research.[30] 

Crown ethers (CEs) are used as important hosts in supramolecular chemistry, 

where the host–guest interaction mimics natural systems as well as constructs various 
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materials.[31] CEs are macromolecular heterocyclic compounds with essential repeating 

unit -CH2CH2O-.[32] A number of researchers are working on fabrication of crown-ether-

based stimuli-responsive materials that have unique characters of ion recognize 

ability.[33] A variety of current supramolecular materials, for instance rotaxanes are made 

on these unique recognition properties of CEs.[34] Binding of CEs with cations with high 

selectivity and affinity has found remarkable importance in chemistry.[35] Formation of 

molecular assemblies has vast implication for the building of molecular machines having 

plausible use as analogous to sophisticated machines of natural systems.[36] Hence, 

fundamental investigations of the interactions between CEs and cationic species are 

important for their advanced applications.[37] 

In this thesis the studied two vitamins, namely, nicotinic acid and ascorbic acid are 

the essential human nutrients with many important functions in biological systems. 

Nicotinic acid is used to treat hypercholesterolemia and pellagra while its deficiency causes 

nausea, skin and mouth lesions, anemia, headaches, and tiredness.[38] On the other hand 

scurvy, fatigue, depression, and connective tissue defects are the common syndromes 

caused by deficiency of ascorbic acid.[39] Thus to protect these important bio-molecules 

from external effects (i.e., oxidation, structural modification etc.) and for their regulatory 

release, it is crucial to investigate whether these molecules can be encapsulated into the CD 

molecule and to explore the thermodynamic aspect of the process. Guorong et al., Okazaki 

et al. and Delicado et al. showed different interactions of ascorbic acid with CD, while 

Manzanares et al., Silva et al., Pardave et al. and Hu et al. indicated the formation of 

inclusion complexes between ascorbic acid with β-CD by different electro and 

physicochemical methods. On the other hand Terekhova et al. demonstrated nicotinic acid-

CD interactions by volumetric and heat capacity studies. 

Dopamine is  an  important  neurotransmitter (NT)  in  the  mammalian central  

nervous  system  and  is  a member  of catecholamines.[40] It is involved in 

neuropsychiatric disorders such as Perkinson’s disease, which is the second most common 

central nervous system disorder. Tyramine is also a NT and acts as a catecholamine 

releasing agent, having nonpsychoactive peripheral sympathomimetic effects.[41] 
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Epinephrine is a hormone and a NT, serves as chemical mediators for conveying the nerve 

impulses to effectors organs. Epinephrine remains a useful medicine for several emergency 

indications and is used as a drug to treat cardiac arrest and other cardiac 

dysrhythmias.[42] 

The stabilization and regulatory release of the sulfa-drugs are of great concern in 

pharmacology.[43] Thus to protect these drugs from external effects and for their 

regulatory release, it is crucial to investigate whether they can be encapsulated into the CD 

molecule. Sulfonamides are bacteriostatic material and their range of activity is analogous 

for all. Sulfonamides restrain bacterial synthesis of dihydrofolic acid by inhibiting the 

condensation of the pteridine with aminobenzoic acid by competitive inhibition of the 

enzyme dihydropteroate synthetase.[44] Topically applied sulfonamides act against 

vulnerable strains of various bacterial eye pathogens, for example, Escherichia coli, 

Staphylococcus aureus, Streptococcus pneumoniae, Streptococcus, Haemophilus 

influenzae, Klebsiella species, Enterobacter species, etc. Sulfacetamide sodium (SS) 10% 

topical lotion is approved for the treatment of acne, seborrheic dermatitis, conjunctivitis 

and various external visual infections due to susceptible for microorganisms. SS has been 

considered in the treatment of pityriasis versicolor and rosacea.[45] It also has 

anti-inflammatory property while used to treat conjunctivitis. It is found that SS may be 

used in the treatment of mild forms of hidradenitis suppurativa. There are a number of 

topical products containing SS, e.g., foams, shampoos, cream, etc. Sulfacetamide is a 

competitive inhibitor of bacterial para-aminobenzoic acid, which is necessary for bacterial 

synthesis of folic acid, a vital constituent for bacterial growth.[46] The multiplication of 

bacteria is thus inhibited by the action of sulfacetamide. SS can also be used orally to treat 

urinary tract infections and the oral absorption of SS is found to be 100%. Sulfacetamide 

causes slight irritation in presence of UV-A light, as it gets sensitized and degraded leading 

to toxicity when used continuously. Thus, stabilization from external hazards, i.e., 

oxidation, sensitization, photolytic cleavage etc.; for the regulatory delivery of required 

amount of SS at the targeted site for a period of time professionally and accurately and to 

prevent overdose, encapsulation of the drug is very important. 
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RNA nucleosides are very important biomolecules having enormous applications in 

the field of modern biological sciences, e.g., RNA-based information technologies, RNA 

cloning, recombinant RNA technology and other genetic engineering processes. Xiang et. al. 

demonstrated the formation of inclusion  complexes  of  purine  nucleosides  with  β-CD, as 

well as their stability and carrying capacity by solubility, circular  dichroism,  ultraviolet  

spectrophotometry and  NMR  techniques.[47] Formoso illustrated the binding of nucleic 

acid monomer units as well as dinucleoside phosphates with β-CD by circular dichroism 

studies and calculated the binding constants and thermodynamic parameters, which show 

significant interactions between β-CD and the nucleotide moieties.[48] In this thesis the 

inclusions of all the four RNA nucleosides inside into aqueous α and β-CD have been 

explored, especially towards their formation, stabilization, carrying and controlled release 

without chemical modification by different reliable methods focusing mainly on the 

encapsulation of the RNA nucleosides into the cavity of α and β-CD. 

In this thesis five naturally occurring amino acids (namely, L-Lysine, L-

Phenylalanine, L-Glutamic acid, L-Arginine and L-Histidine) have been studied with α and 

β-cyclodextrins to observe whether they form host-guest inclusion complexes by various 

physicochemical, transport and spectroscopic studies. Nature of the inclusion complexes 

are established by density, viscosity and refractive index measurements by calculating the 

contributions towards the limiting apparent molar volume and viscosity-B coefficient of 

different groups of the guest molecules, solvation number and limiting molar refraction by 

taking different mass fractions of α and β-cyclodextrins in aqueous medium. 1H NMR study 

confirms the encapsulation of the amino acids into the hydrophobic cavity of cyclodextrins.  

 In this thesis 1-butyl-3-methylimidazolium chloride [BMIm]Cl, 1-butyl-4-

methylpyridinium chloride [BMPy]Cl and 1-butyl-1-methylpyrrolidinium chloride [BMP]Cl 

have been investigated with 18-crown-6 (18-C-6) in CH3CN solution to elucidate their 

complexation process in molecular level with specific atomic interactions. Imidazolium, 

pyridinium and pyrrolidinium based ILs are biologically highly significant as they play 

important roles in enzymatic reactions.[49] They are also important in organometallic, 

organic and material chemistry for their exceptional physical, chemical and electrical 
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properties.[50] Here, the complexation processes for the three ILs are different and require 

special considerations. Various non-covalent type interactions are present in solution, but 

H-bond type attraction predominates over others in the complexations of [BMIm]Cl and 

[BMPy]Cl with 18-C-6, while ion-dipolar attraction prevails in complexation of [BMP]Cl 

with the CE in CH3CN medium. These studies furnish specific information about the 

complexation processes for potential applications in supramolecular host-guest chemistry. 

In this thesis cetylpyridinium chloride (CPCl) has been investigated as the cationic 

species, which is structurally significant because of having long lipophilic chain and 

pyridinium cationic head and also has medicinal applications, while three CEs, namely, 

dibenzo-18-crown-6 (DB-18-C-6), 18-crown-6 (18-C-6) and dicyclohexano-18-crown-6 

(DCH-18-C-6) have been selected with similar cavity dimension, but having different and 

tailored abilities to construct supramolecular complexes. The complexation processes have 

been explored in CH3CN solution with definite host-guest type interactions in molecular 

level. Pyridinium based ionic liquids (ILs) are biologically extremely significant and also 

have role in material chemistry for their extraordinary properties.[51] Here, the structure 

of CPCl is very important to make supramolecular materials and also has biological and 

medicinal functions. In this study the three complexation processes require special 

attention to explore the various interactions taking place in molecular level. Conductivity 

measurement and programmed mathematical treatment of the data offer quantitative idea 

about association constant and thermodynamic parameters, whereas FT-IR and 1H NMR 

spectroscopic studies deliver specific information about the complexation processes for the 

potential applications in supramolecular host-guest chemistry.[52] 

I.2. Choice of Host Molecules, Biologically Active Molecules, Ionic Liquids and 

Solvents Used in the Research Work 

Names of the cyclodextrins, crown ethers, biologically active molecules, ionic liquids and 

solvents are listed below: 

Cyclodextrins: 

 α-Cyclodextrin 

 β-Cyclodextrin 
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Crown ethers: 

 18-Crown-6 

 Dibenzo-18-crown-6 

 Dicyclohexano-18-crown-6 

Biologically active molecules: 

 Nicotinic acid 

 Ascorbic acid 

 Dopamine hydrochloride 

 Tyramine hydrochloride 

 (±)-Epinephrine hydrochloride 

 Sulfacetamide sodium monohydrate 

 L-Lysine 

 L-Phenylalanine 

 L-Glutamic acid 

 L-Arginine 

 L-Histidine 

 Adenosine 

 Guanosine 

 Uridine 

 Cytidine 

Ionic liquids: 

 1-Butyl-3-methylimidazolium chloride 

 1-Butyl-4-methylpyridinium chloride 

 1-Butyl-1-methylpyrrolidinium chloride 

 Cetylpyridinium chloride 

Solvents: 

 Water 

 Acetonitrile 
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I.3. Methods of Investigation Used in the Research Work 

Names of the investigation methods are listed below: 

 1H NMR spectroscopy 

 2D ROESY 

 FTIR spectroscopy 

 UV-visible spectroscopy 

 High resolution mass spectrometry 

 Isothermal titration calorimetry 

 Surface tension study 

 Conductivity study 

 pH study 

 Density study 

 Viscosity study 

 Refractive index study 

 Ultrasonic speed study 
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CHAPTER II 

 

REVIEW OF THE EARLIER WORKS 

AND 

THEORY OF INVESTIGATIONS 

 

II.1. Review of the Earlier Works 

In supramolecular chemistry, host–guest chemistry describes complexes that are 

composed of two or more molecules or ions that are held together in unique structural 

relationships by forces other than those of full covalent bonds.[1,2] Host–guest chemistry 

encompasses the idea of molecular recognition and interactions through noncovalent 

bonding. Noncovalent bonding is critical in maintaining the 3D structure of large molecules, 

such as proteins and is involved in many biological processes in which large molecules bind 

specifically but transiently to one another.[3] There are four commonly mentioned types of 

non-covalent interactions: hydrogen bonds, ionic bonds, van der Waals forces, and 

hydrophobic interactions.[4] 

The "host" component can be considered the larger molecule, and it encompasses 

the smaller, "guest", molecule. In biological systems, the analogous terms of host and guest 

are commonly referred to as enzyme and substrate respectively. 

The thermodynamic benefits of host–guest chemistry are derived from the idea that 

there is a lower overall Gibbs energy due to the interaction between host and guest 

molecules. Chemists are exhaustively trying to measure the energy and thermodynamic 

properties of these non-covalent interactions found throughout supramolecular chemistry; 

and by doing so hope to gain further insight into the combinatorial outcome of these many, 

small, non-covalent forces that are used to generate an overall effect on the supramolecular 

structure.[2] 
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In order to rationally and confidently design synthetic systems that perform specific 

functions and tasks, it is very important to understand the thermodynamics of binding 

between host and guest. Chemists are focusing on the energy exchange of different binding 

interactions and trying to develop scientific experiments to quantify the fundamental 

origins of these non-covalent interactions by utilizing various techniques such as NMR 

spectroscopy, Raman spectroscopy, isothermal titration calorimetry, surface tension and 

UV-Vis Spectroscopy. The experimental data are quantified and explained through analysis 

of binding constants Ka, Gibbs energy ΔGo, Enthalpy ΔHo, and entropy ΔSo.[3] 

D. S. Guo et al. described enzyme responsive supramolecular vesicle, which is an 

example of amphiphilic self-assembly.[5] It is very interesting for its applications in 

controlled delivery of Alzheimer’s disease drugs. It is a smart drug delivery system based 

on the concept of supramolecular chemistry. 

R. Sun et al. constructed a light-driven, supramolecular polymer by host−guest 

molecular recognition between calixarene and α-cyclodextrin based pseudorotaxane 

containing binaphthyl and azobenzene moieties.[6] It is a successful supramolecular 

polymerization by non-covalent host−guest molecular recognition. 

G. Yu et al. developed a supramolecular aggregation, which is applied in cancer cell 

imaging.[7] Compared to other conventional fluorophores, tetraphenylethene based 

organic fluorogens show extraordinary aggregation-induced emission feature, which can 

hardly be accomplished without introduction of various driving forces due to the propeller-

shaped structure and the dynamic rotation of the phenyl rings of it. 

S. Angelos et al. presented dual-controlled nano-particle in which two different 

types of machines, i.e., nanoimpellers and nanovalves are brought together in and around 

mesoporous silica nanoparticle.[8] The molecular machines have been designed to work in 

such a way that the system functions as AND logic gate and provides sophisticated control 

of the contents of the pores. 

L. Stricker et al. developed host−guest complexes with β-cyclodextrin, which act as 

light-responsive molecular switches.[9] The two cyclodextrin-based supramolecular 
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systems containing cyclodextrin vesicles and cyclodextrin-functionalized gold 

nanoparticles revealed excellent reversible, light-responsive aggregation and dispersion 

behavior. 

P. Díez et al. constructed smart delivery systems, which consist of β-cyclodextrin-

based supramolecular nanovalve.[10] The nanodevice behaves as an enzymatic logical OR 

operator, which is selectively fueled by the presence of D-glucose and ethyl butyrate. 

E. Iglesias described formation of inclusion complexes of β-cyclodextrin with 

novocaine in aqueous solutions under various conditions by applying fluorescence, UV-vis 

spectroscopy and conductance study.[11] The 1:1 stoichiometry and binding constants 

were also explained by appropriate methods. 

J. Liu et al. explained a supramolecular method for use in versatile gene delivery 

system made of β-cyclodextrin based polymer and adamantyl-terminated functional 

polymer by one step method.[12] They have done in vitro experiments, which revealed that 

the supramolecular assembly had good cytocompatibility and high transfection activity at 

high dose of DNA. Also, the supramolecular vector system exhibited about 60% silencing 

efficiency as a siRNA vector. 

Z. Q. Shi et al. developed a facile method to construct reversible thermoresponsive 

switching for bacteria killing and detachment by host−guest self-assembly of β-

cyclodextrin and adamantane.[13] The proposed method created a new route to extend the 

application of smart surfaces in the fields requiring long-term antimicrobial treatment. 

W. Zhu et al. showed a simple and clean method to prepare cross-linked α-

cyclodextrin nanoparticles with a low dispersion.[14] The nanoparticles were synthesized 

in water by cross-linking the inclusion complex of α-CD and poly-ethylene glycol. 

Anticancer drug cisplatin molecules were included in the cross-linked α-CD nanoparticles, 

and were used to evaluate the drug release behavior. 
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II.2. Theory of Investigations

II.2.1. Hydrophobic Interactions:

The tendency of nonpolar

with one another is called the

molecules are called hydrophobic interactions

Figure 1. Hydrophobic molecules come closer in polar solvent

Hydrophobic interactions can also be seen in the clustering of amphiphillic 

molecules such as phospholipids into bilayers and micelles. The hydrophobic areas of 

amphiphillic molecules cluster together to avoid the ordered "cage" of water molecules that 

would have been surround them and orient th

structure that interacts harmoniously

molecules having long hydrophobic chain 

the hydrophillic outer shell. Bilayers can be seen in cell membranes with hydrophillic outer 

and inner linings with the hydrophobic center.

Figure 2.

II.2. Theory of Investigations 

nteractions: 

The tendency of nonpolar molecules in a polar solvent (usually water) to interact 

with one another is called the hydrophobic effect. The interactions between the nonpolar 

hydrophobic interactions. 

 

Hydrophobic molecules come closer in polar solvent

Hydrophobic interactions can also be seen in the clustering of amphiphillic 

molecules such as phospholipids into bilayers and micelles. The hydrophobic areas of 

molecules cluster together to avoid the ordered "cage" of water molecules that 

surround them and orient the hydrophillic ends as a shield 

harmoniously with the polar water molecules. Micelles occur when 

long hydrophobic chain form a hydrophobic core with the po

hydrophillic outer shell. Bilayers can be seen in cell membranes with hydrophillic outer 

hydrophobic center. 

 

Figure 2. Structures of lipid bilayer and micelle. 

molecules in a polar solvent (usually water) to interact 

. The interactions between the nonpolar 

Hydrophobic molecules come closer in polar solvent. 

Hydrophobic interactions can also be seen in the clustering of amphiphillic 

molecules such as phospholipids into bilayers and micelles. The hydrophobic areas of 

molecules cluster together to avoid the ordered "cage" of water molecules that 

e hydrophillic ends as a shield like superficial 

with the polar water molecules. Micelles occur when 

with the polar groups at 

hydrophillic outer shell. Bilayers can be seen in cell membranes with hydrophillic outer 
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II.2.2. Van der Waals Forces: 

The van der Waals forces are distance-dependent interactions between atoms or 

molecules. Van der Waals forces are relatively weak and quickly vanish at longer distances 

between interacting molecules. 

The van der Waals forces play a fundamental role in various fields as 

supramolecular chemistry, structural biology, polymer science, nanotechnology, surface 

science, etc. Van der Waals forces also define many properties of organic compounds and 

molecular solids, including their solubility in polar and non-polar media. 

The van der Waals forces include attraction and repulsions between atoms, 

molecules and surfaces. They differ from covalent and ionic bonding as they are caused by 

correlations in the fluctuating polarizations of the nearby particles. 

 

Figure 3. Strength of van der Waals forces is related to the size of atoms and molecules.   

The bigger the atom or molecule the higher is the van der Waals force. 

II.2.3. Hydrogen Bonds: 

A hydrogen bond is the electrostatic attraction between two polar groups that 

occurs when a hydrogen atom covalently bonded to a highly electronegative atom such as 

nitrogen, oxygen or fluorine experiences the electrostatic attraction of another highly 

electronegative atom nearby to it. 
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Figure 4. Hydrogen bonds between molecules of water.

Hydrogen bonds can occur between molecules (intermolecular) or within different 

parts of a single molecule (intramolecular).

acceptor atoms which constitute the bond, the g

bond can differ between 1 and 40 kcal 

a van der Waals interaction and weaker than covalent or ionic bonds. This type of 

occur in inorganic molecules such as water and in organic molecules like DNA and proteins.

Figure 5. Hydrogen bonds between

Intermolecular hydrogen bonding is responsible for the high boiling point of water 

compared to the other group 16 hydrides that have

Intramolecular hydrogen bonding is partly responsible for the secondary and tertiary 

structures of proteins and nucleic acids. It also plays an important role in the structure of 

polymers, both synthetic and natural.

II.2.4. Electrostatic Forces: 

Electrostatic force or Coulomb interaction is the

or objects because of their electric charge. 

physical forces. 

 

Hydrogen bonds between molecules of water. 

Hydrogen bonds can occur between molecules (intermolecular) or within different 

parts of a single molecule (intramolecular). Depending on the nature of the donor and 

acceptor atoms which constitute the bond, the geometry and the energy of a hydrogen

bond can differ between 1 and 40 kcal mol-1. This makes them to some extent

and weaker than covalent or ionic bonds. This type of 

occur in inorganic molecules such as water and in organic molecules like DNA and proteins.

Hydrogen bonds between nucleic acid bases. 

Intermolecular hydrogen bonding is responsible for the high boiling point of water 

other group 16 hydrides that have much weaker hydrogen bonds. 

Intramolecular hydrogen bonding is partly responsible for the secondary and tertiary 

structures of proteins and nucleic acids. It also plays an important role in the structure of 

synthetic and natural. 

ic force or Coulomb interaction is the attraction or repulsion of particles 

or objects because of their electric charge. The electrostatic force is o

Hydrogen bonds can occur between molecules (intermolecular) or within different 

Depending on the nature of the donor and 

the energy of a hydrogen 

to some extent stronger than 

and weaker than covalent or ionic bonds. This type of bond can 

occur in inorganic molecules such as water and in organic molecules like DNA and proteins. 

 

Intermolecular hydrogen bonding is responsible for the high boiling point of water 

much weaker hydrogen bonds. 

Intramolecular hydrogen bonding is partly responsible for the secondary and tertiary 

structures of proteins and nucleic acids. It also plays an important role in the structure of 

attraction or repulsion of particles 

one of the basic 
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Two similar electric charges, as both positive or both negative, repel each other 

along a straight line between their centers, whereas two unlike charges, as one positive and 

one negative, attract each other along a straight line joining their centers. 

 

Figure 6. Electrostatic force between sodium and chloride ions. 

II.2.5. Ion-Dipolar Attractions: 

An ion-dipole force is an attractive force that results from the electrostatic 

attraction between an ion and a neutral molecule that has a dipole. 

 

Figure 7. Examples of ion-dipolar attractions. 

This type of attraction is most commonly found in solutions and especially 

important for solutions of ionic compounds in polar liquids. In this type of attraction a 

positive ion (cation) attracts the partially negative end of a neutral polar molecule or a 

negative ion (anion) attracts the partially positive end of a neutral polar molecule. Ion-
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dipole attractions become stronger as either the charge on the ion increases or as the 

magnitude of the dipole of the polar molecule increases. 

II.2.6. Dipole-Dipole Attractions: 

Dipole-dipole forces are attractive forces between the positive end of one polar 

molecule and the negative end of another polar molecule. Dipole-dipole forces have 

strengths that range from 5-20 kJ mol-1. These are much weaker than ionic or covalent 

bonds and have a significant effect only when the molecules involved are close together. 

 

Figure 8. Example of a dipole-dipole attraction. 

II.2.7. 1H NMR Spectroscopy 

Nuclear magnetic resonance (NMR) is a spectroscopic method that is very important 

to the chemists. Many nuclei may be studied by NMR techniques, but hydrogen and carbon 

are most commonly available. NMR gives information about the number of magnetically 

distinct atoms of the type being studied. When hydrogen nuclei is studied the number of 

each of the distinct types of hydrogen nuclei as well as information regarding the nature of 

the immediate environment of each type may be obtained. 

The Continuous-Wave (CW) Instrument 

 

Figure 9. The basic elements of the classical nuclear magnetic resonance spectrometer. 
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Chemical Equivalence 

All of the protons found in chemically identical environments within a molecule are 

chemically equivalent, and they often exhibit the same chemical shift. A molecule that has a 

set of protons those are chemically distinct from one another may give rise to different 

absorption peak, where the protons are said to be chemically non equivalent. Often, 

protons those are chemically equivalent are also magnetically equivalent. However, in 

some instances, protons those are chemically equivalent are not magnetically equivalent. 

Integrals and Integration 

The NMR spectrum not only distinguishes how many different types of protons are 

there in a molecule, but also reveals how many of each type are there within the molecule. 

In NMR spectrum, the area under each peak is proportional to the number of hydrogens 

generating that peak. The NMR spectrometer has the ability to electronically integrate the 

area under each peak. The integral does not give the absolute number of hydrogens, it gives 

the relative number of each type of hydrogen. 

Chemical Shift 

Different types of protons have signals at different positions and each type has a 

characteristic value, which is called the chemical shift. Important factors influencing 

chemical shift are electron density, electronegativity of neighboring groups and anisotropic 

induced magnetic field effects. Electron density shields a nucleus from the external field. A 

nucleus in the vicinity of an electronegative atom experiences reduced electron density and 

the nucleus is therefore deshielded. When the electronegative atom is removed further 

away the effect diminishes until it can be observed no longer. Anisotropic induced magnetic 

field effects are the result of a local induced magnetic field experienced by a nucleus 

resulting from circulating electrons that can either be paramagnetic when it is parallel to 

the applied field or diamagnetic when it is opposed to it. 

In this research work, change in chemical shifts of the interacting protons has been 

observed, which is the indication of inclusion into cyclodextrin or supramolecular 

complexation in crown ethers. 
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II.2.8. 2D ROESY 

Rotating-frame Overhauser Effect SpectroscopY is an experiment in which 

homonuclear NOE effects are measured under spin-locked conditions. ROESY is especially 

suited for molecules with motional correlation times. In such cases the laboratory-frame 

NOE is nearly zero, but the rotating-frame NOE (or ROE) is always positive and increases 

monotonically for increasing values of motional correlation times. In ROESY the mixing 

time is the spin-lock period. During this time spin exchange occurs among spin-locked 

magnetization components of different nuclei. Different spectral density functions are 

relevant for ROESY than for NOESY and these cause the ROE’s to be positive for all values of 

motional correlation time. 

2D ROESY spectroscopy provides conclusive evidence about the spatial proximity of 

the interacting atoms of the host and the guest by observing the intermolecular dipolar 

cross-correlations. Two protons which are situated within 0.4 nm in space may produce a 

Nuclear Overhauser Effect (NOE) cross-correlation in NOE spectroscopy (NOESY) or 

rotating-frame NOE spectroscopy (ROESY). As the structural features of α and β-CD 

described earlier, the inclusion phenomenon into the CD cavity may be proved by the 

appearance of NOE cross-peaks between the H3 or H5 protons of CD and the interacting 

protons of the guest recognizing their spatial proximity. For establishing this, 2D ROESY 

were obtained of the inclusion complexes in D2O. The observed cross-peaks signify the 

insertion of the guest molecules inside the cyclodextrin cavities. 

II.2.9. FTIR Spectroscopy 

Molecules are excited to a higher energy state when they absorb infrared radiation. 

A molecule absorbs only selected frequencies of infrared radiation, which corresponds to 

the stretching and bending vibrational frequencies of the bonds in most covalent 

molecules. Not all the bonds in a molecule are capable of absorbing IR radiation, only those 

bonds that have a dipole moment that changes as a function of time are capable of 

absorbing IR radiation. The IR spectrum can be used for molecules as a fingerprint can be 

used for humans. By comparing IR spectra of two substances, one can establish whether 
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these are identical or not. Another and more important use of IR spectrum is to determine 

structural information about a molecule. 

Bond Properties and Absorption Trends 

The bond strength and the masses of the bonded atoms affect the IR absorption 

frequency. A diatomic molecule may be considered as two vibrating masses connected by a 

spring. The bond distance continuously changes, but an average bond distance can be 

defined. 

When a bond vibrates like a harmonic oscillator, its energy of vibration periodically 

changes from kinetic to potential energy and back again. For a harmonic oscillator if the 

force constant of the spring is K and the masses of the two bonded atoms are m1 and m2, the 

frequency of vibration is given by 

ṽ =
1

2��
√(

�

�
) 

which is derived from Hooke’s Law for vibrating springs. The reduced mass µ of the system 

is given by 

� =
���� 

�� + ��
 

K is a constant that varies from one bond to another. 

 

Figure 10. Schematic diagram of infrared spectrophotometer. 
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The Infrared Spectrophotometer 

The instrument that determines the absorption spectrum for a compound is called 

infrared spectrophotometer. This instrument provides spectra of compounds in the range 

4000 to 400 cm-1. 

Preparation of Samples 

In this research work the samples were studied either in solid state or in solutions. 

The solid KBr pellet was prepared by mixing finely ground solid sample with powdered 

KBr and pressing the mixture under high pressure. The KBr pellet can be inserted into a 

holder in the spectrometer. The samples in solution were studied by putting the solution in 

a NaCl cuvette. 

Inclusion phenomenon inside cyclodextrin molecule or complexation in solution 

may be satisfactorily illustrated by observing the shifts of stretching frequencies of the 

interacting atoms or groups by using FT-IR spectra, which was employed in this research 

work. 

II.2.10. UV-Visible Spectroscopy 

When continuous radiation passes through a transparent material, a portion of the 

radiation may be absorbed. If that occurs, the residual radiation, when it is passed through 

a prism, yields a spectrum, called an absorption spectrum. In case of ultraviolet and visible 

spectroscopy, absorption of electromagnetic radiation results due to transitions between 

electronic energy levels. 

 

Figure 11. Electronic energy levels and transitions. 
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Principles of Absorption Spectroscopy 

The grater the number of molecules capable of absorbing light of a given 

wavelength, the grater is the extent of light absorption. Again, the more effectively a 

molecule absorbs light of a given wavelength, the grater is the extent of light absorption. 

From these guiding ideas, the following empirical expression, known as the Beer-Lambert 

Law may be formulated. 

Beer-Lambert Law 

A = log (I0/I) = ɛcl, for a given wavelength 

A = absorbance 

I0 = intensity of light incident upon sample cell 

I = intensity of light leaving sample cell 

c = molar concentration of solute 

l = length of sample cell (cm) 

ɛ = molar absorptivity 

The term log (I0/I) is known as absorbance. The molar absorptivity is a property of the 

molecule undergoing an electronic transition. 

Instrumentation 

Instruments for measuring the absorption of UV or visible radiation are made up of the 

following components 

1. Sources (UV and visible) 

2. Wavelength selector (monochromator) 

3. Sample containers 

4. Detector 

5. Signal processor and readout 

Sources of UV radiation: The electrical excitation of deuterium at low pressure produces a 

continuous UV spectrum. Deuterium lamp emits radiation in the range 160 - 375 nm. 
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Sources of visible radiation: The tungsten filament lamp is commonly employed as a source 

of visible light. This type of lamp is used in the wavelength range of 350 - 2500 nm. 

Wavelength selector (monochromator) 

All monochromators contain the following component parts 

 An entrance slit 

 A collimating lens 

 A dispersing device (usually a prism or a grating) 

 A focusing lens 

 An exit slit 

Polychromatic radiation enters the monochromator through the entrance slit. The beam 

is collimated, and then strikes the dispersing element at an angle. The beam is split into its 

component wavelengths by the grating or prism. By moving the dispersing element or the 

exit slit, radiation of only a particular wavelength leaves the monochromator through the 

exit slit. 

Cuvettes: The containers for the sample and reference solution must be transparent to the 

radiation which will pass through them. Quartz or fused silica cuvettes are used for 

spectroscopy in the UV region. These cells are also transparent in the visible region. Silicate 

glasses are used for the manufacture of cuvettes for use between 350 and 2000 nm. 

Detectors: The photomultiplier tube is a commonly used detector in UV-Vis spectroscopy. It 

consists of a photoemissive cathode, several dynodes and an anode. The resulting current is 

amplified and measured. 

The linear photodiode array is an example of a multichannel photon detector. These 

detectors are capable of measuring all elements of a beam of dispersed radiation 

simultaneously. 

Charge-Coupled Devices (CCDs) are similar to diode array detectors, but instead of 

diodes, they consist of an array of photocapacitors. 



 

Figure 12. Schematic diagram of UV

In this thesis UV-visible spectroscopic 

general principle of changes in molar extinction coefficient or molar absorptivity (

various guest molecules when complexed with cyclodextrin molecule, which is owing to the 

changes in the polarity of the e

when these go from the polar aqueous environment to the apolar cavity of cyclodextrin.

II.2.11. High Resolution Mass Spectrometry

Mass spectrometry is an analytical technique that ionizes chemical 

the ions based on their mass-to

the masses within a sample. 

Instrumentation 

The mass spectrometer has five components.

Sample inlet: The first component is the 

laboratory environment to the lower pressure of the mass spectrometer, which is in the 

range of a few millimeters of mercury.

Ion source: The next part is the ion source, where sample molecules are transformed into 

gas phase ions. 
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Resolution Mass Spectrometry 

Mass spectrometry is an analytical technique that ionizes chemical species and sorts 

to-charge ratio. In simpler terms, a mass spectrum measures 

ectrometer has five components. 

The first component is the sample inlet, which brings the sample from the 

laboratory environment to the lower pressure of the mass spectrometer, which is in the 

range of a few millimeters of mercury. 

The next part is the ion source, where sample molecules are transformed into 
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The next part is the ion source, where sample molecules are transformed into 
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Mass analyzer: The mass analyzer separates the sample ions based on their mass-to-charge 

(m/z) ratio. 

Detector: The ions are then counted by the detector. 

Data system: The signal is recorded and processed by the data system, which is typically a 

computer. The output from the data system is the mass spectrum – a graph of the number 

of ions detected as a function of their m/z ratio. 

 

Figure 13. Schematic diagram of mass spectrometer. 

Ionization Methods 

The sample molecules must be converted to charged particles by the ion source 

before they can be analyzed and detected. Various ionization techniques include: electron 

ionization, chemical ionization, desorption ionization, electrospray ionization. 

Mass Analysis 

Once the sample has been ionized, the beam of ions is accelerated by an electric field 

and then passes into the mass analyzer, the region of the mass spectrometer where the ions 

are separated according to their m/z ratio. Various mass analyzers are: magnetic sector 
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mass analyzer, double-focusing mass analyzer, quadruple mass analyzer, time-of-flight 

mass analyzer. 

In this thesis the inclusion complexes were analyzed by ESI-mass spectrometry. The 

spectra are shown and the observed peaks have been listed into tables in respective 

chapters with possible ions. 

II.2.12. Isothermal Titration Calorimetry 

Isothermal titration calorimeters measure the heat change that occurs when two 

molecules interact. Heat is released or absorbed as a result of the redistribution and 

formation of non-covalent bonds when the interacting molecules go from the free to the 

bound state. ITC monitors these heat changes by measuring the differential power, applied 

to the cell heaters, required to maintain zero temperature difference between the reference 

and sample cells as the binding partners are mixed. 

 

Figure 14. Scheme of working principle of isothermal titration calorimeters. 

The reference cell usually contains water, while the sample cell contains one of the 

binding partners (the sample, often but not necessarily a macromolecule) and a stirring 

syringe which holds the other binding partner (the ligand). 
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The ligand is injected into the sample cell, typically in 0.5 to 2 μL aliquots, until the 

ligand concentration is two- to three-fold greater than the sample. Each injection of ligand 

results in a heat pulse that is integrated with respect to time and normalized for 

concentration to generate a titration curve of kcal/mol vs molar ratio (ligand/sample). The 

resulting isotherm is ftted to a binding model to generate the affnity (KD), stoichiometry (n) 

and enthalpy of interaction (ΔH). 

 

Figure 15. Basic principles of isothermal titration calorimeters. 

In this thesis isothermal titration calorimetry was employed to find out the 

association constants at 298 K using a MicroCal VP-ITC (MicroCal, Inc., Northampton, MA, 

USA). First, the thermal equilibration was allowed at 298 K, which was followed by initial 

120 s delay and the successive twenty five injections of the guest molecules to each 

cyclodextrin (duration of injection was 10 s having spacing of 180 s). Heat-burst curves 

were generated at each injection between micro cal s−1 versus time in minute. The 

saturation curve for kcal/mol of the injectant against molar ratio was calculated by 

integration, using Origin 7.0 software to provide the heat associated with the injection. The 

association-affinity and thermodynamic properties of the binding phenomenon were found 

out by fitting the integrated heats of binding to the one site binding model to give the 

association constant (K), stoichiometry (N), binding enthalpy (ΔH) and the entropy (ΔS). 
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II.2.13. Surface Tension Study 

Surface tension is the elastic tendency of a fluid surface which makes it obtain the 

least possible surface area. Surface tension has the dimension of force per unit length or of 

energy per unit area. The two are equivalent, but when referring to energy per unit of area, 

it is common to use the term surface energy. 

 

Figure 16. Surface tension occurs as the molecules at the surface form stronger bonds. 

Surface tension measurement can be used to obtain valuable clues about the 

formation of inclusion complexes in cyclodextrins. It is found that surface tension of 

aqueous solutions of pure α and β-cyclodextrins don’t show any remarkable change with 

increasing concentration and if the aqueous solutions of the guests show considerable 

variations, then surface tension study becomes an efficient tool to provide information 

about inclusion and also the stoichiometry of the formed inclusion complex. 

The concentrations at which the inclusion occurred, i.e., the break point at the 

surface tension curve have been calculated by solving the equation of two straight lines and 

the values are given in tables of respective chapters. 

II.2.14. Conductivity Study 

Conductivity is the ability of a solution, a metal or a gas to pass an electric current. 

In solutions the current is carried by cations and anions whereas in metals it is carried by 

electrons. How well a solution conducts electricity depends on a number of factors: 

• Concentration 
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• Mobility of ions 

• Valence of ions 

• Temperature 

All substances possess some degree of conductivity. In aqueous solutions the level of 

ionic strength varies from the low conductivity of ultra pure water to the high conductivity 

of concentrated chemical samples. 

How is conductivity measured? 

Conductivity may be measured by applying an alternating electrical current (I) to 

two electrodes immersed in a solution and measuring the resulting voltage (V). During this 

process, the cations migrate to the negative electrode, the anions to the positive electrode 

and the solution acts as an electrical conductor. 

 

Figure 17. Migration of ions in solution. 

What is a conductive solution? 

Conductivity is typically measured in aqueous solutions of electrolytes. Electrolytes 

are substances containing ions, i.e. solutions of ionic salts or of compounds that ionize in 

solution. The ions formed in solution are responsible for carrying the electric current. 

Electrolytes include acids, bases and salts and can be either strong or weak. Most 
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conductive solutions measured are aqueous solutions, as water has the capability of 

stabilizing the ions formed by a process called solvation. 

In this thesis conductivity (κ) of aqueous solutions of the guest molecules have been 

measured to get clue whether inclusion complexes have been formed while cyclodextrins 

being added to it. The studied guests showed considerable conductivity. As cyclodextrin 

was added to the aqueous solution, the κ was observed to show decreasing trend probably 

because of encapsulation of the guest molecules inside into the cavity of cyclodextrin. After 

a certain concentration of cyclodextrin a break was found in each of the conductivity curve 

indicating the formation of inclusion complexes. The values of κ and corresponding 

concentrations of cyclodextrins at each break have been shown in tables of respective 

chapters.  The ratio of the concentrations of the guest and cyclodextrin at the break points 

were found to be approximately 1:1, suggesting the host-guest ratio to be 1:1. 

In case of crown ether-ionic liquid complexation in solution conductivity 

measurement is highly beneficial as it provides data for very small changes in 

concentration of the free and complexed ions. The conductivity of a solution having IL with 

added CE gives important information about the formation and stability of CE-IL complex 

in the solution system. Thus, complexations of the studied ILs with CE are described by 

lowering of conductance, which becomes almost plateau after the CE/IL mole ratio passes 

the value of 1.0, clearly signifying the formation of sufficiently stable 1:1 CE-IL complex. 

II.2.15. pH Study 

pH is a measure of the relative amount of hydrogen and hydroxide ions in an 

aqueous solution. In any collection of water molecules a very small number will have 

dissociated to form hydrogen (H+) and hydroxide (OH-) ions: 

H2O = H+ + OH- 

The number of ions formed is small. In terms of molar concentrations, water at 25°C 

contains 1 x10-7 moles per liter of hydrogen ions and the same concentration of hydroxide 

ions. In any aqueous solution, the concentration of hydrogen ions multiplied by the 

concentration of hydroxide ions is constant. Stated in equation form: 
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Kw = [H+] [OH-]       (II.1) 

where, the brackets signify molar concentrations and Kw is the dissociation constant for 

water. The value of Kw depends on temperature. For example, at 25°C Kw = 1.00 x 10-14 and 

at 35°C Kw = 1.47 x 10-14. Acids and bases, when dissolved in water, simply alter the relative 

amounts of H+ and OH- in solution. Acids increase the hydrogen ion concentration and 

because the product [H+] [OH-] must remain constant, acids decrease the hydroxide ion 

concentration. Bases have the opposite effect. They increase hydroxide ion concentration 

and decrease hydrogen ion concentration. For example, suppose an acid is added to water 

at 25°C and the acid raises the H+ concentration to 1.0 x 10-4 moles/liter. Because [H+] [OH-] 

must always equal 1.00 x 10-14, [OH-] will be 1.0 x 10-10 moles/liter. pH is another way of 

expressing the hydrogen ion concentration. pH is defined as follows: 

pH = -log [H+]           (II.2) 

Therefore, if the hydrogen ion concentration is 1.0 x 10-4 moles/liter, the pH is 4.00. 

The term neutral is often used in discussions about acids, bases and pH. A neutral solution 

is one in which the hydrogen ion concentration exactly equals the hydroxide ion 

concentration. At 25°C, a neutral solution has pH 7.00. At 35°C, a neutral solution has pH 

6.92. The common assertion that neutral solutions have pH 7 is not true. The statement is 

true only if the temperature is 25°C. 

In this thesis pH of the aqueous solutions of amino acids, nucleosides, vitamins were 

measured to confirm the presence of ionic states of the molecules in solution. 

II.2.16. Density Study 

The volumetric information includes ‘Density’ as a function of weight, volume and 

mole fraction and excess volumes of mixing. One of the well-recognized approaches to the 

study of molecular interactions in fluids is the use of thermodynamic methods. 

Thermodynamic properties are generally convenient parameters for interpreting 

molecular interactions in the solution phase. Fundamental properties such as enthalpy, 

entropy and Gibbs energy represent the macroscopic state of the system as an average of 

numerous microscopic states at a given temperature and pressure. An interpretation of 
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these macroscopic properties in terms of molecular phenomena is generally difficult. 

Sometimes higher derivatives of these properties can be interpreted more effectively in 

terms of molecular interactions. The volumetric information may be of immense 

importance in this regard. Various concepts regarding molecular processes in solutions like 

electrostriction, hydrophobic hydration, micellization and co-sphere overlap during 

molecular interactions have been derived and interpreted from the partial molar volume 

data of many compounds. 

Apparent Molar Volume 

The apparent molar volumes V were determined from the solutions densities 

using the equation 

                                        / 1000 /V M    m        
    

(II.3)                                              

where M is the molar mass of the guest molecules, m is the molality of the solution,   and 

0  are the density of the solution and aqueous α and β-CD mixture respectively. The 

limiting apparent molar volumes 0
V  were obtained by a least-square treatment to the plots 

of V  versus √m using the Masson equation [15]   

                                                      0 *       V V VS m                       (II.4) 

Contributions of zwitter ionic group (NH3+), (COO ͞ ); (CH), (CH2) groups and end 

group to the limiting apparent molar volume (ϕ0V) : 

The ϕ0V value of zwitterionic group, (CH), (CH2) groups and end group of the amino acids 

were estimated from the following equations [16] 

ϕ0V   ϕ0V (NH3+, COO  ͞ )  ϕ0V (CH) + n ϕ0V (CH2 ) + ϕ0V (end grp)                                     (II.5) 

        ϕ0V (R)  ϕ0V   ϕ0V (NH3+, COO  ͞ )  ϕ0V (CH)                                                                    (II.6) 

                      ϕ0V (CH) = ½ ϕ0V (CH2)                                                                                           (II.7) 
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Hydration Number Estimated from Apparent Molar Volume 

The number of water molecules (nH) hydrated the amino acids can be estimated 

from the value of measured standard partial molar volume. The values of 0
V of studied 

amino acids can be expressed as [17] 

0 0 0(amino acid) (int) (elect)V V V   
                                              

(II.8) 

here, 0 (int)V  
is intrinsic partial molar volumes of amino acids and 0 (elect)V  

is 

electrostriction partial molar volume as a result of hydration of amino acids. The 0 (int)V

consists of two terms: van der Waals volume and volume due to packing effects. The values 

of 0 (int)V for the amino acids were calculated from their crystal molar volume by using the 

following relationship,[17] 

0 (int)V = (0.7 ⁄ 0.634) 0 (cryst)V                                   (II.9) 

where, 0.7 is the packing density in an organic crystal and 0.634 is the packing density of 

randomly packed spheres. The molar volume of crystals 0 (cryst)V was calculated using the 

crystal densities of the amino acids represented by Berlin and Pallansch.[18] The hydration 

numbers is estimated using the relation 

0 00 (elect) ( )H e bVn / V V 
   

                        (II.10) 

where 0
eV is the molar volume of the electrostricted water and 0

bV  is the molar volume of 

bulk water. This model implies that for every water molecules taken from the bulk phase to 

the surroundings of amino acid, the volume is decreased by 0 0( )e bV V . The value of 

0 0( )e bV V is calculated to be -3.0 or -3.3, at 298.15K respectively. 

II.2.17. Viscosity Study 

As fundamental and important properties of liquids, viscosity and volume could also 

provide a lot of information on the structures and molecular interactions of liquid mixtures. 
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Viscosity and volume are different types of properties of one liquid, and there is a certain 

relationship between them. So by measuring and studying them together, relatively more 

realistic and comprehensive information could be expected to be gained. The relationship 

between them could also be studied. The viscometric information includes ‘Viscosity’ as a 

function of composition on the basis of weight, volume and mole fraction; comparison of 

experimental viscosities with those calculated with several equations and excess Gibbs 

energy of viscous flow. Viscosity, one of the most important transport properties is used for 

the determination of molecular interactions and studied extensively. Viscosity is not a 

thermodynamic quantity, but viscosity of a solution along with the thermodynamic 

property, ϕ0V, i.e., the partial molar volume, gives a lot of information and insight regarding 

molecular interactions and the nature of structures in the solutions. 

The experimental viscosity data for the studied systems are listed in respective 

chapters. The relative viscosity (ηr) has been analyzed using the Jones-Dole equation [19] 

    (/o - 1)/ √m = (ηr - 1)/ √m = A + B √m                                                 (II.11) 

where, ηr=/o,   and 0  are the relative viscosities, the viscosities of the ternary solutions 

(guest + aqueous cyclodextrin) and binary aqueous mixture (aqueous cyclodextrin) and m 

is the molality of the guest in ternary solutions. A and B are empirical constants known as 

viscosity A and B-coefficients, which are specific to solute-solute and solute-solvent 

interactions, respectively, are estimated by least-square method by plotting 1r( ) / m  
 

against m and reported. 

The B-coefficients of zwitterionic group, (CH), (CH2) groups and end group of the 

amino acids have been resolved as follows: 

                  B  B (NH3+, COO  ͞ )  B (CH) + n B (CH2 ) + B (end grp)                                         (II.12) 

                     B (R)  B  B (NH3+, COO  ͞ )  B (CH)                                                                         (II.13) 

                   B (CH) = ½ B (CH2)                                                                                                      (II.14) 
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II.2.18. Refractive Index Study 

Optical data, i.e., refractive index of solution mixtures provide interesting 

information about molecular interactions and structure of the solutions. The ratio of the 

speed of light in a vacuum to the speed of light in another substance is defined as the index 

of refraction (nD) for the substance. 

 D

Speed of light in vacuum
Refractive Index  n  of substance   

Speed of light in substance
  

 Whenever light changes speed as it crosses a boundary from one medium into 

another, its direction of travel also changes, i.e., it is refracted. The relationship between 

light's speed in the two mediums (VA and VB), the angles of incidence ( Asin ) and refraction 

( Bsin ) and the refractive indexes of the two mediums ( An
 and Bn ) is shown below: 

                                                       

A A B

B B A

V sin n

V sin n




                                                                 (II.15) 

Thus, it is not necessary to measure the speed of light in a sample in order to 

determine its index of refraction. Instead, by measuring the angle of refraction, and 

knowing the index of refraction of the layer that is in contact with the sample, it is possible 

to determine the refractive index of the sample quite accurately. 

Molar refractivity, was obtained from the Lorentz- Lorenz relation by using, nD 

experimental data according to the following expression [20] 

                            
 2 2

M D DR  = (n -1)/(n + 2) (M/ )                                              (II.16) 

where MR , Dn , M and  are the molar refraction, the refractive index, the molar mass and 

the density of solution respectively.  

The Limiting molar refraction ( 0
MR ) estimated from the following, [21] 

                                         
0  M M SR R R m                                         (II.17) 
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II.2.19. Ultrasonic Speed Study 

In recent years, there has been considerably progress in the determination of 

thermodynamic, acoustic and transport properties of working liquids from ultrasonic 

speeds, density and viscosity measurement. The study of ultrasonic speeds and isentropic 

compressibilities of liquids, solutions and liquid mixtures provide useful information about 

molecular interactions, association and dissociation. Various parameters like molar 

isentropic and isothermal compressibilities, apparent molal compressibility, isentropic 

compressibility, deviation in isentropic compressibility from ideality, etc. can very well be 

evaluated and studied from the measurement of ultrasonic speeds and densities in 

solutions. Isentropic compressibilities play a vital role in characterization of binary and 

ternary liquid mixtures particularly in cases where partial molar volume data alone fail to 

provide an unequivocal interpretation of the interactions. 

The isentropic compressibility (  ) of a solution can be calculated from the 

Laplace’s equation: 

                                                                    
2

1

u



                                                                  (II.18) 

where, ρ is the solution density and u is the ultrasonic speed in the solution. The 

determined isentropic compressibility (β) is adiabatic, not an isothermal one, because the 

local compressions occurring when the ultrasound passes through the solution are too 

rapid to allow an escape of the heat produced. 

The apparent molal isentropic compressibility ( K ) of the solutions was calculated 

using the relation: 

                                  0 0 0/ 1000( ) /K M m                                              (II.19) 

βοis the isentropic compressibility of the solvent mixture, M is the molar mass of the solute 

and m is the molality of the solution. 
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The limiting apparent isentropic compressibility o
K may be obtained by 

extrapolating the plots of K versus the square root of the molal concentration of the 

solutes by the computerized least- square method according to the equation. [22] 

                                                          
0 *

K K KS m                                                              (II.20) 

The limiting apparent molal isentropic compressibility ( o
K ) and the experimental 

slope *
KS  can be interpreted in terms of solute-solvent and solute-solute interactions 

respectively. It is well established that the solutes causing electrostriction leads to the 

decrease in the compressibility of the solution. However, the poor fit of the solute 

molecules as well as the possibility of flexible hydrogen bond formation appear to be 

responsible for causing a more compressible environment. 



 

EXPERIMENTAL SECTION

III.1. NAME, STRUCTURE, PHYSICAL PROPERTIES AND APPLICATIONS OF THE 

BIOLOGICALLY ACTIVE MOLECULES, CYCLODEXTRINS, IONIC LIQUIDS, CROWN 

ETHERS AND SOLVENTS USED IN THE RESEARCH WORK

 

III.1.1. Biologically active molecules:

Nicotinic acid: Nicotinic acid is an organic compound and one of the essential human 

nutrients. Together with nicotinamide it makes up the group

complex. It belongs to the group of the pyridinecarboxylic acids.

 

CAS Number 59

Chemical formula C

Molar mass 123.1094 g mol

Appearance White, translucent crystals

Melting point 510 K

Solubility in water 18 g L

pKa 2.0, 4.85

Std enthalpy of formation −

Routes of administration Intramuscular, Oral

Biological half-life 20
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CHAPTER III 

EXPERIMENTAL SECTION 

1. NAME, STRUCTURE, PHYSICAL PROPERTIES AND APPLICATIONS OF THE 

BIOLOGICALLY ACTIVE MOLECULES, CYCLODEXTRINS, IONIC LIQUIDS, CROWN 

USED IN THE RESEARCH WORK 

Biologically active molecules: 

icotinic acid is an organic compound and one of the essential human 

nutrients. Together with nicotinamide it makes up the group known as vitamin B3 

It belongs to the group of the pyridinecarboxylic acids. 

59-67-6 

C6NH5O2 

123.1094 g mol−1 

White, translucent crystals 

510 K 

18 g L−1 

2.0, 4.85 

−344.9 kJ mol−1 

Intramuscular, Oral 

20–45 min 

C h a p t e r - I I I  

 

1. NAME, STRUCTURE, PHYSICAL PROPERTIES AND APPLICATIONS OF THE 

BIOLOGICALLY ACTIVE MOLECULES, CYCLODEXTRINS, IONIC LIQUIDS, CROWN 

icotinic acid is an organic compound and one of the essential human 

known as vitamin B3 



74 | C h a p t e r - I I I  

 

Ascorbic acid: Ascorbic acid, known as 

food and used as a dietary supplement.

scurvy. It may be taken by mouth or by injection.

 

CAS Number 50

Chemical formula C

Molar mass 176.12 

Appearance White or light yellow solid

Melting point 463

Solubility in water 330 g 

pKa 4.10

 

Dopamine hydrochloride: Dopamine is an organic chemical of the catecholamine and 

phenethylamine families that plays several important roles in the brain and body. It is an 

amine synthesized by removing a carboxyl group from a molecule of its precursor chemical 

L-DOPA, which is synthesized in the brain and kidneys. Dopamine is also synthesized in 

plants and most animals. In the brain, dopamine functions as a n

chemical released by neurons to send signals to other nerve cells.

NH2 . HCl

HO

HO

CAS Number 62

Chemical formula C

Molar mass 189.639 

Appearance Light tan

known as vitamin C and L-ascorbic acid, is a vitamin found in 

used as a dietary supplement. As a supplement it is used to treat and prevent 

taken by mouth or by injection. 

50-81-7 

C6H8O6 

176.12 g mol−1 

White or light yellow solid 

463 K 

330 g L−1 

4.10, 11.6 

Dopamine is an organic chemical of the catecholamine and 

families that plays several important roles in the brain and body. It is an 

amine synthesized by removing a carboxyl group from a molecule of its precursor chemical 

DOPA, which is synthesized in the brain and kidneys. Dopamine is also synthesized in 

In the brain, dopamine functions as a neurotransmitter 

chemical released by neurons to send signals to other nerve cells.[1] 

l

 

62-31-7 

C8H11NO2 · HCl 

189.639  g mol−1 

Light tan powder 

ascorbic acid, is a vitamin found in 

to treat and prevent 

Dopamine is an organic chemical of the catecholamine and 

families that plays several important roles in the brain and body. It is an 

amine synthesized by removing a carboxyl group from a molecule of its precursor chemical 

DOPA, which is synthesized in the brain and kidneys. Dopamine is also synthesized in 

eurotransmitter - a 
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Tyramine hydrochloride: Tyramine is a naturally occurring trace amine derived from the 

amino acid tyrosine. Tyramine acts as a catecholamine releasing agent. Notably, it is unable 

to cross the blood-brain barrier, resulting in only non-psychoactive peripheral 

sympathomimetic effects following ingestion. A hypertensive crisis can result from 

ingestion of tyramine-rich foods in conjunction with monoamine oxidase inhibitors.[2] 

 

CAS Number 60-19-5 

Chemical formula C8H11NO · HCl 

Molar mass 173.64 g mol−1 

Appearance White crystalline powder 

Melting point 526 K 

Solubility in water 50 g L−1 

 

(±)-Epinephrine hydrochloride: (±)-Epinephrine is a hormone and neurotransmitter. It 

is normally produced by both the adrenal glands and certain neurons. It plays an important 

role in the fight-or-flight response by increasing blood flow to muscles, output of the heart, 

pupil dilation, and blood sugar.[3] 

 

CAS Number 329-63-5 

Chemical formula C9H13NO3 · HCl 

Molar mass 219.665 g mol−1 

Melting point 521 K 

Solubility in water 600 g L−1 
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Appearance White 

Melting point 453 K

Solubility in water 50 g 

Sulfacetamide sodium salt monohydrate:

belongs to the class of organic compounds known as 

are organic compounds containing a

attached to the benzene ring. 

H2N S

O

O

N

O
CH3

Na
+

 

CAS Number 6209

Chemical formula C

Molar mass 254.24

Appearance White powder

Solubility in water 50 g 

 

L-Lysine: L-Lysine is an α-amino acid

contains an α-amino group, an α

classifying it as a charged, aliphatic amino acid. It is essential in humans, meaning t

cannot synthesize it and thus it must be obtained from the diet.

 

CAS Number 56

Chemical formula C

Molar mass 146.19

White crystalline powder 

453 K 

50 g L−1 

sodium salt monohydrate: Sulfacetamide, also known as acetosufamine 

belongs to the class of organic compounds known as aminobenzenesulfonamides. These 

organic compounds containing a benzenesulfonamide moiety with an amine group 

 

6209-17-2 

C8H9N2NaO3S · H2O 

254.24 g mol−1 

White powder 

50 g L−1 

amino acid that is used in the biosynthesis of

amino group, an α-carboxylic acid group, and a side chain lysyl ((CH

classifying it as a charged, aliphatic amino acid. It is essential in humans, meaning t

cannot synthesize it and thus it must be obtained from the diet. 

56-87-1 

C6H14N2O2 

146.19 g mol−1 

Sulfacetamide, also known as acetosufamine 

aminobenzenesulfonamides. These 

benzenesulfonamide moiety with an amine group 

that is used in the biosynthesis of proteins. It 

carboxylic acid group, and a side chain lysyl ((CH2)4NH2), 

classifying it as a charged, aliphatic amino acid. It is essential in humans, meaning the body 



 

Appearance White crystalline powder

Melting point 488 K

Solubility in water 1.5 kg

pKa 2.18, 8.95

L-Phenylalanine: L-Phenylalanine is an α

substituted for the methyl group of alanine, 

hydrogen of alanine. This essential amin

of the inert and hydrophobic n

for tyrosine; the monoamine neurotransmitters dopamine, norepinephrine 

(noradrenaline), and epinephrine

 

CAS Number 63

Chemical formula C

Molar mass 165.19

Appearance White crystalline powder

Melting point 548 K

Solubility in water 29.6 g 

pKa 1.83, 9.13

 

L-Glutamic acid: L-Glutamic acid is an

biochemistry. Glutamic acid is used by almost all living beings in the biosynthesis of 

proteins. 
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White crystalline powder 

488 K 

1.5 kg L−1 

2.18, 8.95 

Phenylalanine is an α-amino acid. It can be viewed as a benzyl group 

substituted for the methyl group of alanine, or a phenyl group in place of terminal

hydrogen of alanine. This essential amino acid is classified as neutral and nonpolar

of the inert and hydrophobic nature of the benzyl side chain. Phenylalanine is a precursor 

for tyrosine; the monoamine neurotransmitters dopamine, norepinephrine 

(noradrenaline), and epinephrine (adrenaline); and the skin pigment melanin.

63-91-2 

C₉H₁₁NO₂ 

165.19 g mol−1 

White crystalline powder 

548 K 

29.6 g L−1 

1.83, 9.13 

Glutamic acid is an α-amino acid. It is usually abbreviated as Glu or E in 

Glutamic acid is used by almost all living beings in the biosynthesis of 

C h a p t e r - I I I  

amino acid. It can be viewed as a benzyl group 

or a phenyl group in place of terminal 

and nonpolar because 

Phenylalanine is a precursor 

for tyrosine; the monoamine neurotransmitters dopamine, norepinephrine 

(adrenaline); and the skin pigment melanin. 

amino acid. It is usually abbreviated as Glu or E in 

Glutamic acid is used by almost all living beings in the biosynthesis of 
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CAS Number 56

Chemical formula C

Molar mass 147.13 g 

Appearance W

Melting point 472 K

Solubility in water 7.5 g

pKa 2.10, 4.07, 9.47

 

L-Arginine: L-Arginine is classified as a semi

acid, depending on the developmental stage and health status of the individual. Preterm 

infants are unable to synthesize or create arginine internally, making the amino acid 

nutritionally essential for them. Most 

arginine because it is a component of all protein

sufficient amounts. 

CAS Number 74

Chemical formula C

Molar mass 174.20 g mol

Appearance White 

Melting point 533 K

Solubility in water 148.7g 

pKa 12.488

 

L-Histidine: L-Histidine is an α

contains an α-amino group, a carboxylic aci

it as a positively charged amino acid at physiological pH. Initially thought essential only for 

56-86-0 

C5H9NO4 

147.13 g mol−1 

White crystalline powder 

472 K 

7.5 g L−1 

2.10, 4.07, 9.47 

Arginine is classified as a semi-essential or conditionally essential amino 

acid, depending on the developmental stage and health status of the individual. Preterm 

infants are unable to synthesize or create arginine internally, making the amino acid 

nutritionally essential for them. Most healthy people do not need to supplement with 

arginine because it is a component of all protein-containing foods and their body produces 

 

74-79-3 

C6H14N4O2 

174.20 g mol−1 

White crystals 

533 K 

148.7g L−1 

12.488 

Histidine is an α-amino acid that is used in the biosynthesis of proteins. It 

amino group, a carboxylic acid group and an imidazole side chain, classifying 

it as a positively charged amino acid at physiological pH. Initially thought essential only for 

essential or conditionally essential amino 

acid, depending on the developmental stage and health status of the individual. Preterm 

infants are unable to synthesize or create arginine internally, making the amino acid 

healthy people do not need to supplement with 

containing foods and their body produces 

amino acid that is used in the biosynthesis of proteins. It 

side chain, classifying 

it as a positively charged amino acid at physiological pH. Initially thought essential only for 



 

infants, longer-term studies have shown it 

to histamine, a vital inflammatory agen

 

CAS Number 71

Chemical formula C

Molar mass 155.16 g 

Appearance White crystals

Melting point 555 K

Solubility in water 41.9 g

pKa 6.0

 

Adenosine: Adenosine is a purine

to a ribose sugar molecule moiety via 

nature and plays an important role in biochemical processes, such as energy transfer

adenosine triphosphate (ATP) and adenosine diphosphate (ADP)

transduction as cyclic adenosine monophosphate (cAMP). It is also a neuromodulator, 

believed to play a role in promoting sleep and suppressing arousal. Adenosine also plays a 

role in regulation of blood flow to various organ
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term studies have shown it is essential for adults also. It is also a precursor 

tory agent in immune responses. 

71-00-1 

C₆H₉N₃O₂ 

155.16 g mol−1 

White crystals 

555 K 

41.9 g L−1 

6.0 

Adenosine is a purine nucleoside composed of a molecule of adenine attached 

to a ribose sugar molecule moiety via a β-N9-glycosidic bond. Adenosine is widely found in 

nature and plays an important role in biochemical processes, such as energy transfer

(ATP) and adenosine diphosphate (ADP)—as well as in signal 

transduction as cyclic adenosine monophosphate (cAMP). It is also a neuromodulator, 

believed to play a role in promoting sleep and suppressing arousal. Adenosine also plays a 

blood flow to various organs through vasodilation.[4] 

C h a p t e r - I I I  

It is also a precursor 

nucleoside composed of a molecule of adenine attached 

Adenosine is widely found in 

nature and plays an important role in biochemical processes, such as energy transfer—as 

as well as in signal 

transduction as cyclic adenosine monophosphate (cAMP). It is also a neuromodulator, 

believed to play a role in promoting sleep and suppressing arousal. Adenosine also plays a 
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CAS Number 58

Chemical formula C

Molar mass 267.24

Appearance White powder

Solubility in water 7 g 

Melting point 508 K

Routes of administration Intravenous

pKa 3.5, 

pKb 10.74

 

Guanosine: Guanosine is a nucleoside, which is of purine type. It is linked to a 

residue by β-N9-glycosidic linkage

guanosine triphosphate can be found by phosphorylation of 

important biological functions.

 

CAS Number 118

Chemical formula C

Molar mass 283.24

Appearance White powder

Solubility in water 0.7 g 

 

Uridine: Uridine is a glycosylated pyrimidine

residue by β-N1-glycosidic linkage. 

nucleic acids. Uridine is found in RNA and not DNA.

58-61-7 

C10H13N5O4 

267.24 g mol−1 

White powder 

7 g L−1 

508 K 

Intravenous 

3.5, 12.5 

10.74 

is a nucleoside, which is of purine type. It is linked to a 

glycosidic linkage. Guanosine monophosphate, guanosine diphosphate and 

guanosine triphosphate can be found by phosphorylation of guanosine. These have very 

important biological functions. 

118-00-3 

C10H13N5O5 

283.24 g mol−1 

White powder 

0.7 g L−1 

Uridine is a glycosylated pyrimidine-analog containing uracil linked to ribose 

glycosidic linkage. It is one of the five standard nucleosides which make up 

nucleic acids. Uridine is found in RNA and not DNA. 

is a nucleoside, which is of purine type. It is linked to a ribose 

guanosine diphosphate and 

These have very 

linked to ribose 

It is one of the five standard nucleosides which make up 



 

 

CAS Number 58

Chemical formula C

Molar mass 244.20

Appearance White powder

Solubility in water 50 g 

Melting point 440.3 K

 

Cytidine: Cytidine is a nucleoside molecule that is formed when cytosine is 

residue by β-N1-glycosidic linkage. 

to a deoxyribose ring, it is known as a deoxycytidine.

 

CAS Number 65

Chemical formula C

Molar mass 243.22

Appearance White powder

Solubility in water 50 g 

Melting point 489 K
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58-96-8 

C9H12N2O6 

244.20 g mol−1 

White powder 

50 g L−1 

440.3 K 

Cytidine is a nucleoside molecule that is formed when cytosine is 

glycosidic linkage. Cytidine is a component of RNA. If cytosine is attached 

to a deoxyribose ring, it is known as a deoxycytidine. 

65-46-3 

C9H13N3O5 

243.22 g mol−1 

White powder 

50 g L−1 

489 K 
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Cytidine is a nucleoside molecule that is formed when cytosine is linked to ribose 

is a component of RNA. If cytosine is attached 
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III.1.2. Cyclodextrins: 

α-Cyclodextrin: alpha-cyclodextrin

covalently attached end to end via α

  

 

CAS Number 10016

Chemical formula C

Molar mass 972.84

Appearance White powder

Solubility in water 145 g 

 

β-cyclodextrin: beta-cyclodextrin

covalently attached end to end via α

 

CAS Number 7585

Chemical formula C

Molar mass 1134.98

Appearance White powder

Solubility in water 18.5 g 

cyclodextrin is a polysaccharide of six glucose units that are 

ly attached end to end via α-1,4 linkages.[5] 

10016-20-3 

C36H60O30 

972.84 g mol−1 

White powder 

145 g L−1 

cyclodextrin is a polysaccharide of seven glucose units that are 

ly attached end to end via α-1,4 linkages.[5] 

7585-39-9 

C42H70O35 

1134.98 g mol−1 

White powder 

18.5 g L−1 

is a polysaccharide of six glucose units that are 

glucose units that are 



 

III.1.3. Ionic liquids:  

1-butyl-3-methylimidazolium chloride [BMIm]Cl:

 

CAS Number 79917

Chemical formula C

Molar mass 174.67

Appearance Colorless crystal

Melting point 343 K

 

1-butyl-4-methylpyridinium chloride [BMPy]

 

CAS Number 112400

Chemical formula C

Molar mass 185.69

Appearance Colorless crystal

Melting point 431 K
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ylimidazolium chloride [BMIm]Cl: 

79917-90-1 

C8H15ClN2 

174.67 g mol−1 

Colorless crystal 

343 K 

methylpyridinium chloride [BMPy]Cl: 

112400-86-9 

C10H16ClN 

185.69 g mol−1 

Colorless crystal 

431 K 

C h a p t e r - I I I  
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1-butyl-1-methylpyrrolidinium chloride [BMP]Cl:

 

CAS Number 479500

Chemical formula C

Molar mass 177.72 g 

Appearance Colorless crystal

 

Cetylpyridinium chloride: Cetylpyridinium chloride is a cationic quaternary ammonium 

compound used in some types of mouthwashes, toothpastes, lozenge

breath sprays and nasal sprays. It is an antiseptic that kills bacteria and other 

microorganisms. It has been shown to be effective in preventing dental plaqu

reducing gingivitis. It has also been used as an ingredient in certain pesticides.

CAS Number 123

Chemical formula C

Molar mass 339.99 g 

Appearance White 

Melting point 350 K

 

 

 

 

 

lpyrrolidinium chloride [BMP]Cl: 

479500-35-1 

C₉H₂₀ClN 

177.72 g mol−1 

Colorless crystal 

Cetylpyridinium chloride is a cationic quaternary ammonium 

compound used in some types of mouthwashes, toothpastes, lozenges, throat

and nasal sprays. It is an antiseptic that kills bacteria and other 

microorganisms. It has been shown to be effective in preventing dental plaqu

It has also been used as an ingredient in certain pesticides.

 

123-03-5 

C21H38ClN 

339.99 g mol−1 

White solid 

350 K 

Cetylpyridinium chloride is a cationic quaternary ammonium 

s, throat sprays, 

and nasal sprays. It is an antiseptic that kills bacteria and other 

microorganisms. It has been shown to be effective in preventing dental plaque and 

It has also been used as an ingredient in certain pesticides.[6] 



 

III.1.4. Crown ethers: 

Dibenzo-18-crown-6: Dibenzo

compound may be synthesized from catechol

like other crown ethers, has strong complexing abilities and has high affinity for alkali 

metal cations. 

 

CAS Number 14187

Chemical formula C

Molar mass 360.40

Appearance White

Melting point 435 K

 

18-crown-6: 18-Crown-6 is an organic compound. Like other crown ethers, 18

functions as a ligand for some metal cations

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. 

 

CAS Number 17455

Chemical formula C

Molar mass 264.315 g 

Appearance 
white, hygroscopic 

crystalline solid

Melting point 310 K
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Dibenzo-18-crown-6 is a benzannulated crown ether. This 

compound may be synthesized from catechol and bis(chloroethyl) ether. This crown ether, 

like other crown ethers, has strong complexing abilities and has high affinity for alkali 

14187-32-7 

C20H24O6 

360.40 g mol−1 

White 

435 K 

6 is an organic compound. Like other crown ethers, 18

functions as a ligand for some metal cations. The point group 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 

17455-13-9 

C12H24O6 

264.315 g mol−1 

white, hygroscopic 

crystalline solid 

310 K 
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crown ether. This 

This crown ether, 

like other crown ethers, has strong complexing abilities and has high affinity for alkali 

6 is an organic compound. Like other crown ethers, 18-crown-6 

crown-6 is S6. The 

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 
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Dicyclohexano-18-crown-6: 

 

CAS Number 16069

Chemical formula C

Molar mass 372.50

Appearance 
white, hygroscopic 

crystalline solid

Melting point 320 K

 

III.1.5. Solvents: 

Water: Water is a polar inorganic compound that is at room temperature a tasteless and 

odorless liquid, nearly colorless with a hint of blue. This simplest hydrogen chalcogenide

by far the most studied chemical compound and is described as the "universal solvent" for 

its ability to dissolve many substances.

 

CAS Number 7732

Chemical formula H

Molar mass 18.015

Appearance A

transpare

hint of blue 

Melting point 273.15 K

Boiling point 373.13 K

pKa 13.995

 

16069-36-6 

C20H36O6 

372.50 g mol−1 

white, hygroscopic 

crystalline solid 

320 K 

is a polar inorganic compound that is at room temperature a tasteless and 

odorless liquid, nearly colorless with a hint of blue. This simplest hydrogen chalcogenide

by far the most studied chemical compound and is described as the "universal solvent" for 

issolve many substances. This allows it to be the "solvent of life".

7732-18-5 

H2O 

18.015 g mol−1 

Almost colorless, 

transparent, with a slight 

hint of blue liquid 

273.15 K 

373.13 K 

13.995 

is a polar inorganic compound that is at room temperature a tasteless and 

odorless liquid, nearly colorless with a hint of blue. This simplest hydrogen chalcogenide is 

by far the most studied chemical compound and is described as the "universal solvent" for 

to be the "solvent of life". 
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Density 0.9998396 g/mL at 0 °C 

0.9970474 g/mL at 25 °C 

Refractive index 1.3330 (20°C) 

Viscosity 0.890 cP 

Dipole moment 1.8546 D 

Specific heat capacity 75.375 ± 0.05 J/mol K 

 

Acetonitrile: Acetonitrile is a chemical compound. This colourless liquid is the simplest 

organic nitrile. It is produced mainly as a byproduct of acrylonitrile manufacture. It is used 

as a polar aprotic solvent in organic synthesis and in the purification of butadiene. In the 

laboratory, it is used as a medium-polarity solvent that is miscible with water and a range 

of organic solvents, but not saturated hydrocarbons. It has a convenient liquid range and a 

high dielectric constant of 38.8. It dissolves a wide range of ionic and nonpolar compounds. 

 

CAS Number 75-05-8 

Chemical formula C2H3N 

Molar mass 41.05 g mol−1 

Appearance Colorless liquid 

Melting point 227 to 229 K 

Boiling point 354.4 to 355.2 K 

pKa 25 

Density 786 kg m-3 

Refractive index 1.344 

Viscosity 0.3470 (298 K) 

Dipole moment 3.92 D 

Specific heat capacity 91.69 J/K mol 

UV-vis (λmax) 195 nm 
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III.2. EXPERIMENTAL METHODS 

III.2.1. Preparation of Solutions 

A sock solution for each salt was prepared by mass, and the working solutions were 

obtained by mass dilution. The uncertainty of molarity of different salt solutions was 

evaluated to be ±0.0003 mol dm-3. 

The research works have been carried out with binary or ternary solvent systems 

with water or acrylonitrile as primary solvents and cyclodextrins or crown ethers as co-

solvents. The biologically active solutes or ionic liquids have been dissolved in the above 

solvent systems. 

For the preparation of solvent mixtures, pure components were taken separately in 

glass stoppered bottles and thermostated at the desired temperature for sufficient time. 

When the thermal equilibrium was ensured, the required volumes of each component were 

transferred in a different bottle which was already cleaned and dried thoroughly. 

Conversion of required mass of the respective solvents to volume was accomplished by 

using experimental densities of the solvents at experimental temperature. It was then 

stoppered and the mixed contents were shaken well before use. While preparing different 

solvent mixtures care was taken to ensure that the same procedure was adopted 

throughout the entire work. The physical properties of different pure and mixed solvents 

have been presented in the respective chapters. 

III.2.2. Preparation of Solid Inclusion Complexes 

The two solid inclusion complexes (SS + α-CD and SS + β-CD) have been prepared in 

1:1 molar ratio of SS and CD. For each complex, 1.0 millimole SS and 1.0 millimole CD were 

dissolved in 20 mL water separately and stirred for 4 hours. Then the aqueous solution of 

SS was added drop wise to the aqueous solution of CD. The mixture was then stirred for 48 

hrs at 50–55oC and filtered at this hot condition. It was then cooled to 5oC and kept for 12 

hrs. The resulting suspension was filtered to get white polycrystalline powder, which was 

washed with ethanol and dried in air. 
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III.3. DESCRIPTION AND USE OF THE INSTRUMENTS INVOLVED IN THE RESEARCH 

WORK 

III.3.1. Mass Measurement 

Mass measurements were made on digital electronic analytical balance by Mettler 

Toledo, AG 285, Switzerland. 

 

 

It can measure mass to a very high precision and accuracy. The weighing pan of a 

high precision (0.0001g) is inside a transparent enclosure with doors so that dust does not 

collect and so any air currents in the room do not affect the balance’s operation. 

III.3.2. Water Distiller: 

Water was distilled by an auto-connected distiller unit by Borosil Glass Works 

Limited, India. 
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A heating element in the boiling chamber heats the water until it boils. The steam 

rises from the boiling chamber. Volatile contaminants (gases) are discharged through a 

built-in vent. Minerals and salts are retained in the boiling chamber as hard deposits or 

scale. The steam enters a coiled tube (condenser), which is cooled by cool water. Water 

droplets form as condensation occurs. The distilled water is collected in a storage tank.  

III.3.3. Magnetic Stirrer for Preparation of Solution and Solid Inclusion Complexes 

The solutions of various biologically-active molecules and cyclodextrins have been 

prepared on magnetic stirrer. The solid inclusion complexes have also been prepared on 

the magnetic stirrer cum hot plate made by IKA. 

 

 

III.3.4. Temperature Controller 

All the measurements were carried out in digital thermostatic water bath 

maintained with an accuracy of  0.01 K of the desired temperature. 
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    Digital thermostatic water bath is a system in which a glass vessel containing the 

material to be heated is placed into it containing water and quickly heat or cools it. This 

laboratory equipment controls temperature uniformity with high accuracy. 

III.3.5. Density Measurement 

 The density was measured with the help of Anton Paar density-meter (DMA 

4500M) with an accuracy of 0.0005 g cm-3. 

 

In the digital density meter, the mechanic oscillation of the U-tube is 

electromagnetically transformed into an alternating voltage of the same frequency.  

Modern instruments employ suitable measures to compensate various influences on 

the measuring result, e.g., the influence of the sample’s viscosity and the non-linearity. The 

instrument was calibrated by double-distilled water and dry air. 

III.3.6. Viscosity Measurement 

The solution viscosities (η) were measured using a Brookfield DV-III Ultra 

Programmable Rheometer with fitted spindle size-42. The viscosities were obtained using 

the following equation 

η = (100 / RPM) × TK × torque × SMC 

where, RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque 

constant and spindle multiplier constant respectively. The instrument was calibrated 
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against the standard viscosity samples supplied with the instrument, water and aqueous 

CaCl2 solutions.  

 

The temperature was maintained to within ±0.01K using Brookfield Digital TC-500 

thermostat bath. The viscosities were measured with an accuracy of ±1%. Each 

measurement reported here is an average of triplicate reading with a precision of 0.3%. 

III.3.7. Solution pH Measurement 

pH values of the experimental solutions were measured by Mettler Toledo Seven 

Multi pH meter with uncertainty 0.009. The measurements were made in a thermostated 

water bath maintaining the required temperature. 

 

Seven Multi dual pH meter has automatic, manual or timed endpoint formats with 3 

selectable stability criteria which allows rapid and accurate measurement value 
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determinations with reproducible results. It is calibrated up to 5 calibration points by using 

supplied buffers. This instrument has automatic buffer recognition ability within the 8 

predefined pH buffer groups. It has an integrated pH electrode that checks the slope, offset, 

drift and response time of electrodes without changing current calibration. 

III.3.8. Ultrasonic Speed Measurement 

The ultrasonic speed was measured with an accuracy of 0.2% using single-crystal 

variable-path ultrasonic interferometer (Model M-81 Mittal Enterprises, New Delhi) 

operating at 4 MHz which was calibrated with water, methanol and benzene at required 

temperature. 

 

The principle used in the measurement of the ultrasonic speed (u) is based on the 

accurate determination of the wavelength () in the medium. Ultrasonic waves of known 

frequency (f) are produced by a quartz crystal fixed at the bottom of the cell. These waves 

are reflected by a movable metallic plate kept parallel to the quartz crystal. If the 

separation between these two plates is exactly a whole multiple of the sound wavelength, 

standing waves are formed in the medium. This acoustic resonance gives rise to an 

electrical reaction on the generator driving the quartz crystal and the anode current of the 

generator becomes a maximum. 

If the distance is now increased or decreased and the variation is exactly one half of 

wave length ( 2) or integral multiples of it, anode current becomes maximum. From the 

knowledge of the wave length (), the speed (u) can be obtained by the relation. 

Ultrasonic speed (u) = Wave Length ()  Frequency (f ) 
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 The ultrasonic interferometer consists of the following two parts, (i) the high 

frequency generator, and (ii) the measuring cell. The measuring cell is connected to the 

output terminal of the high frequency generator through a shielded cable. The cell is filled 

with the experimental liquid before switching on the generator. The ultrasonic waves move 

normal from the quartz crystal till they are reflected back from the movable plate and the 

standing waves are formed in the liquid in between the reflector plate and the quartz 

crystal. The micrometer is slowly moved till the anode current on the meter on the high 

frequency generator shows a maximum. A number of maxima readings of anode current 

are passed and their number (n) is counted. 

III.3.9. Conductivity Measurement 

Conductivity of the solution was measured by Mettler Toledo Seven Multi dual 

conductivity meter with uncertainty ±0.001 mS·m-1.  

 

It has automatic, manual or timed endpoint formats with 3 selectable stability criteria 

which allow rapid and accurate measurement value determinations with reproducible 

results. The instrument was standardized using 0.1 M KCl solution. This instrument has 

special features like linear & non-linear temperature correction, multipoint conductivity 

calibration, automatic standard recognition of the 5 predefined conductivity standards, 

entry and display of cell constant. Seven Multi provides a special mode for measuring 

conductivity according to USP and EP (United States / European Pharmacopeia) methods. 
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III.3.10. Refractive Index Measurement 

Refractive index was be measure with the help of Digital Refractometer (Mettler 

Toledo 30GS). 

 

 Calibration was performed by measuring the refractive indices of double-distilled 

water, toluene, cyclohexane, and carbon tetrachloride at defined temperature. The 

accuracy of the instrument is +/- 0.0005. 2-3 drops of the sample was put onto the 

measurement cell and the reading was taken. The refractive index of a sample depends on 

temperature. During measurement, refractometer determines the temperature and then 

corrects the refractive index to a temperature as desired by the user. 

III.3.11. Surface Tension Measurement 

The surface tension experiments were completed by platinum ring detachment 

method using a Tensiometer (K9, KRŰSS; Germany) at the experimental temperature. 
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The precision of the measurement was within ±0.1 mN∙m−1. Temperature of the 

system has been preserved by circulating auto-thermostated water (within ± 0.01 K) 

through a double-wall glass vessel holding the solution.  

III.3.12. UV-Visible Spectra Measurement 

Compounds that absorb Ultraviolet and/or visible light have characteristic 

absorbance curves as a function of wavelength. Absorbance of different wavelengths of 

light occurs as the molecules move to higher energy states. UV-visible spectra were 

recorded by JASCO V-530 UV/VIS Spectrophotometer, with an uncertainty of wavelength 

resolution of ±2 nm. The measuring temperature was held constant by an automated 

digital thermostat. 

 

The UV-VIS spectrophotometer uses two light sources, a deuterium lamp for 

ultraviolet light and a tungsten lamp for visible light. After bouncing of a mirror, the light 

beam passes through a slit and hits a diffraction grating. The light beam hits a second 

mirror before it gets split by a half mirror. One of the beams is allowed to pass through a 

reference cuvette (which contains the solvent only), the other passes through the sample 

cuvette. The intensities of the light beams are then measured at the end. 

III. 3.13. FT-IR Spectra Measurement 

 FTIR spectra were recorded in a Perkin Elmer FT-IR spectrometer with a resolution 

of ± 0.25 cm-1 in the region of 400-4000 cm-1 at room temperature (25 0C). This KBr optics 

based instrument records data in different modes (KBr pellets, non-aqueous solutions). 
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 III.3.14. 1H NMR and 2D ROESY Spectroscopic Measurement 

2D ROESY and 1H NMR spectra were recorded in D2O at 500 MHz, 400 MHz and 300 

MHz in Bruker Avance 500 MHz, Bruker Avance 400 MHz and Bruker Avance 300 MHz 

instrument respectively at 298 K. Signals are cited as δ values in ppm using residual 

protonated solvent signal as internal standard (HDO: δ 4.79 ppm). Data are presented as 

chemical shift. 

The spectrometers use nuclear magnetic resonance to provide information on the 

molecular and structural aspects of biological, organic and inorganic substances in liquid 

phases. Configured for high resolution NMR experiments, it is invaluable to chemists, 

molecular biologists and material scientists. 
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The 500 MHz NMR Spectrometer’s specifications include an 11.746 Tesla Ascend 

superconducting 54 mm bore magnet system; 3-Channel Magic Angle Spinning (MAS) 

probe for bio-molecular studies; Software licensed for data acquisition, processing, 

management and mailing; and software for DOSY experiments. 

The spectrometer is equipped with a BBFO and a BBI probes optimized for 

broadband and flourine observation and 1H observation or decoupling. It includes a 3 

channel MAS system with triple resonance probe system for X-Y correlation spectroscopy, 

cryogenic probe and a sample automation system for up to 24 samples. The NanoBay 

incorporates the highly sophisticated AVANCE III HD electronics, which delivers 

unprecedented RF switching speed and flexibility, making it ideal for both simple and 

highly advanced NMR experiments. 

III.3.15. High Resolution Mass Spectrometry Measurement 

HRMS analyses were performed by Q-TOF high resolution instrument with positive 

mode electro-spray ionization. This high performance high resolution MS system is 

designed for routine use. It is sensitive to easily detect maximum residue levels, which 

linearity quantify up to 4 orders of magnitude. 

 

III.3.16. Isothermal Titration Calorimetry 

Isothermal titration calorimetry was employed to find out the association constants 

at 298 K using a MicroCal VP-ITC (MicroCal, Inc., Northampton, MA, USA). The saturation 
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curve for kcal/mol of the injectant against molar ratio was calculated by integration, using 

Origin 7.0 software to provide the heat associated with the injection. The association-

affinity and thermodynamic properties of the binding phenomenon were found out by 

fitting the integrated heats of binding to the one site binding model to give the association 

constant (KaC), stoichiometry (NC), binding enthalpy (ΔHoC) and the entropy (ΔSoC). 

Isothermal titration calorimetry (ITC) is a powerful analytical techniques for in-

depth characterization of molecular binding events and structural stability. 

Thermodynamic binding signatures not only reveal the strength of a binding event, but the 

specific or nonspecific driving forces involved. This instrument provides the performance, 

reliability and ease-of-use required for the most demanding applications in drug discovery, 

protein-protein interactions, structure-function characterization and more. 

 

MicroCal VP-ITC is designed for ease-of-use, delivering fast, accurate analysis and 

outstanding data sensitivity for academic and research environments. 

It is widely used in the life sciences and drug discovery with key applications in 

Characterizing biomolecular interactions, to Confrm binding and activity, Determine 

stoichiometry and thermodynamic parameters, Study structure activity relationships and 

Studying the interaction of any two biomolecules including Proteins, nucleic acids, lipids, 

drugs and inhibitors. 
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CHAPTER IV 

 

Study to explore the mechanism to form inclusion complexes of β-

cyclodextrin with vitamin molecules 

Host–guest inclusion complexes of β-cyclodextrin with two vitamins namely, nicotinic acid 

and ascorbic acid in aqueous medium have been explored by reliable spectroscopic, 

physicochemical and calorimetric methods as stabilizer, carrier and regulatory releaser of 

the guest molecules. Job plots have been drawn by UV-visible spectroscopy to confirm the 

1:1 stoichiometry of the host-guest assembly. Stereo-chemical nature of the inclusion 

complexes has been explained by 2D NMR spectroscopy. Surface tension and conductivity 

studies further support the inclusion process. Association constants for the vitamin-β-CD 

inclusion complexes have been calculated by UV-visible spectroscopy using both Benesi–

Hildebrand method and non-linear programme, while the thermodynamic parameters have 

been estimated with the help of van’t Hoff equation. Isothermal titration calorimetric 

studies have been performed to determine the stoichiometry, association constant and 

thermodynamic parameters with high accuracy. The outcomes reveal that there is a drop in 

ΔSO, which is overcome by higher negative value of ΔHO, making the overall inclusion 

process thermodynamically favorable. The association constant is found to be higher for 

ascorbic acid than that for nicotinic acid, which has been explained on the basis of their 

molecular structures. 
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IV.1. Introduction 

Cyclodextrins (CDs) are the cyclic oligosaccharides containing six (α-CD), seven (β-

CD) and eight (γ-CD) glucopyranose units, bound by α-(1–4) linkages forming a truncated 

conical structure.[1,2] Thus because of their unique structure, i.e., fairly rigid and well-

defined hydrophobic cavities and hydrophilic rims having primary and secondary –OH 

groups (scheme 1) they are of particular interest in the modern science.[3,4] CDs are used 

for controlled delivery of organic, inorganic, biological and pharmaceutical molecules due 

to their ability to form inclusion complexes with diverse guest molecules by encapsulating 

the non-polar part of the guest into its hydrophobic cavity and stabilizing the polar part by 

the polar rims.[5,6] The use of CDs already has a long history in pharmaceuticals, 

pesticides, foodstuffs etc. for the solubility, bioavailability, safety, stability and as a carrier 

of the guest molecules.[7,8]  

CDs have been widely employed as not only excellent receptors for molecular 

recognition but also excellent building blocks to construct functional materials, where they 

could be applied to construct stimuli-responsive supramolecular materials.[9] Series of 

external stimuli, e.g., enzyme activation, light, temperature, changes in pH or redox and 

competitive binding may be employed to operate the release of guest molecules from the 

inclusion composites.[10,11] Recently cyclodextrin modified nanoparticles are of great 

interest as these supramolecular macrocycles significantly combines and enhances the 

characteristics of the entities, such as the electronic, conductance, thermal, fluorescence 

and catalytic properties expanding their potential applications as nanosensors, drug 

delivery vehicles and recycling extraction agents.[12] Different sophisticated probes based 

on semiconductor nanocrystals and other nanoparticles have been designed for this 

purpose, because of their potential applications in the fabrication of molecular switches, 

molecular machines, supramolecular polymers, chemosensors, transmembrane channels, 

molecule-based logic gates and other interesting host−guest systems.[13-15] 

In this article the studied two vitamins, e.g., nicotinic acid and ascorbic acid (scheme 

1) are the essential human nutrients with many important functions in biological systems. 

Nicotinic acid is used to treat hypercholesterolemia and pellagra while its deficiency causes 
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nausea, skin and mouth lesions, anemia, headaches, and tiredness.[16,17] On the other 

hand scurvy, fatigue, depression, and connective tissue defects are the common syndromes 

caused by deficiency of ascorbic acid.[18,19] Thus to protect these important bio-molecules 

from external effects (e.g., oxidation, structural modification etc.) and for their regulatory 

release, it is crucial to investigate whether these molecules can be encapsulated into the CD 

molecule and to explore the thermodynamic aspect of the process. Guorong et al., Okazaki 

et al. and Delicado et al. showed different interactions of ascorbic acid with CD, while 

Manzanares et al., Silva et al., Pardave et al. and Hu et al. indicated the formation of 

inclusion complexes between ascorbic acid with β-CD by different electro and 

physicochemical methods.[20-26] On the other hand Terekhova et al. demonstrated 

nicotinic acid-CD interactions by volumetric and heat capacity studies.[27] In this present 

work the formation of host-guest inclusion complexes of these two vitamins with β-CD (the 

cavity dimension of which is more appropriate than other CDs to encapsulate a great 

variety of molecules) have been explored particularly towards their formation, 

stabilization, carrying and controlled release without chemical modification by different 

dependable methods like 2D ROESY NMR, UV-Vis spectroscopy, surface tension, 

conductivity and isothermal titration calorimetric studies, which primarily focuses on the 

encapsulation of the bio-molecules into the cavity of β-CD. The stoichiometry, association 

constants and thermodynamic parameters for the inclusion complexes have been 

determined to communicate a quantitative data regarding the encapsulation of the 

vitamins by β-CD. 

IV.2. Experimental section 

IV.2.1. Source and purity of samples 

Nicotinic acid, ascorbic acid and β-cyclodextrin of puriss grade were bought from 

Sigma-Aldrich, Germany and used as purchased. The mass fraction purity of nicotinic acid, 

ascorbic acid and β-cyclodextrin were ≥ 0.99, ≥ 0.99 and ≥ 0.98 respectively. 

IV.2.2. Apparatus and procedure 

Prior to the start of the experimental work solubility of β-cyclodextrin and chosen 

vitamins have been precisely checked in triply distilled and degassed water (with a specific 
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conductance of 1×10-6 S cm-1) and observed that the selected vitamins were freely soluble 

in all proportion of aqueous β-cyclodextrin. All the stock solutions of the vitamins were 

prepared by mass (weighed by Mettler Toledo AG-285 with uncertainty 0.0003 g), and then 

the working solutions were obtained by mass dilution at 298.15 K. Adequate precautions 

were made to reduce evaporation loss during mixing. 

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer, with 

an uncertainty of wavelength resolution of ±2 nm. The measuring temperature was held 

constant by an automated digital thermostat. 

2D ROESY spectra were recorded in D2O at 300 MHz using Bruker Avance 300 MHz 

instrument at 298 K. 

pH values of the experimental solutions were measured by Mettler Toledo Seven 

Multi pH meter with uncertainty ±0.001. The measurements were made in a thermostated 

water bath maintaining the temperature at 298.15 K. The uncertainty in temperature was 

±0.01 K. 

The surface tension experiments were done by platinum ring detachment method 

using a Tensiometer (K9, KRŰSS; Germany) at the experimental temperature. The accuracy 

of the measurement was within ±0.1 mN m−1. Temperature of the system has been 

maintained by circulating auto-thermostat water through a double-wall glass vessel 

containing the solution. 

Specific conductance values of the experimental solutions were measured by 

Mettler Toledo Seven Multi conductivity meter with uncertainty ±1.0 µS m-1. The 

measurements were made in an auto-thermostated water bath maintaining the 

temperature at 298.15 K and using the HPLC grade water with specific conductance of 6.0 

µS m-1.  The cell was calibrated using a 0.01M aqueous KCl solution. The uncertainty in 

temperature was ±0.01 K. 

Isothermal titration calorimetry was used to obtain association constant at 298 K 

using a MicroCal VP-ITC (MicroCal, Inc., Northampton, MA, USA). The thermal equilibration 
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step at 298 K was followed by an initial 120 s delay step and the subsequent twenty five 

injections of each vitamin to β-CD (injection duration of 10 s and spacing of 180 s). Each 

injection generated a heat-burst curve between micro cal s−1 versus time (min). The 

saturation curve between kcal/mol of injectant vs. molar ratio was determined by 

integration, using Origin 7.0 software (Microcal, Inc.) to give the measure of the heat 

associated with the injection. The binding affinity and thermodynamic parameters of the 

binding process were obtained by fitting the integrated heats of binding the isotherm to the 

one site binding model to give the association constant (KaC), stoichiometry (NC), binding 

enthalpy (ΔHoC) and the entropy (ΔSoC). 

IV.3. Result and Discussion 

IV.3.1. Job plot reveals the stoichiometry of the host-guest inclusion complex 

One of the best methods used to recognize the stoichiometry of the host-guest 

inclusion complexes is the Job’s method, known as the continuous variation method, which 

has been applied here by using UV-visible spectroscopy.[28] A set of solutions for each 

vitamin and β-CD was prepared varying the mole fraction of the guest in the range 0–1 

(table 1, 2). Job plots were generated by plotting ΔA × R against R, where ΔA is the 

difference in absorbance of the vitamins without and with β-CD and R = [Vit]/([Vit] + [β-

CD]).[29,30] Absorbance values were measured at respective λmax for each solution at 

298.15K. The value of R at the maximum deviation gives the stoichiometry of the inclusion 

complex (IC), i.e., ratio of guest and host is 1:2 if R = 0.33; 1:1 if R = 0.5; 2:1 if R = 0.66 etc. In 

the present work maxima for each plot was found at R = 0.5, which suggest 1:1 

stoichiometry of the host-guest inclusion complexes (figure 1). 

IV.3.2. 2D NMR spectra analysis 

Two-dimensional (2D) NMR spectroscopy gives most powerful evidence about the 

spatial proximity between the host and the guest atoms by observations of the 

intermolecular dipolar cross-correlations.[31,32] Any two protons that are located within 

0.4 nm in space can produce a Nuclear Overhauser Effect (NOE) cross-correlation in NOE 

spectroscopy (NOESY) or rotating-frame NOE spectroscopy (ROESY).[33,34] In  the  
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structure  of  β-CD  the  H3  and  H5  protons  are  situated  inside  the conical cavity,  

particularly,  the  H3  are  placed  near  the  wider  rim  while  H5  are  placed  near  the 

narrower rim, the other H1, H2 and H4 protons are located at the exterior of the  β-CD 

molecule  (scheme 2).[35,36] Thus the inclusion phenomenon within the cyclodextrin 

cavity may be confirmed by the appearance of NOE cross-peaks between the H3 or H5 

protons of the host and the protons of the guest identifying their spatial contacts.[37,38] 

For this purpose, 2D ROESY have been obtained of the 1:1 molar mixture of nicotinic acid 

or ascorbic acid with β-CD. The ROESY spectra of nicotinic acid-β-CD mixture in D2O shows 

appreciable correlation of aromatic protons of nicotinic acid with the H-3 and H-5 protons 

of β-CD, indicating the aromatic ring was incorporated inside the β-CD cavity (figure 2, 3). 

The ROESY spectra of ascorbic acid-β-CD mixture in D2O also shows significant correlations 

between the H-3, H-5 protons of β-CD and the CH2, CHOD, CH protons of ascorbic acid 

(figure 4, 5). This result confirms the encapsulation of the ascorbic acid molecule within the 

cavity of β-CD. Here in addition the H6 protons of β-CD were not affected by the inclusion 

process, which tell that the guest vitamin molecules were included into the β-CD cavity via 

the wider rim (scheme 3).[39] 

IV.3.3. pH study confirms the ionic states of the vitamins 

Measurement of pH of the studied solutions provides important clue about the 

states of the vitamin molecules in aqueous solution.[40,41] It was found that pH of nicotinic 

acid and ascorbic acid in presence of β-CD solution was in the range of 3.35 to 3.46 and 

2.92 to 3.16 respectively under experimental condition (table 3, 4). These pH values clearly 

indicate that both the vitamin molecules release H+ ion and exist in the anionic form in 

aqueous solutions. 

IV.3.4. Surface tension study elucidates the inclusion as well as stoichiometric ratio 

of the host and guest 

Surface tension (γ) study gives important clue about the formation and the 

stoichiometry of the host-guest IC.[40-42] The pH data of aqueous nicotinic acid and 

ascorbic acid indicate that both the vitamin molecules exist in anionic form, thus, because 



107 | C h a p t e r - I V  
 

 
Published in Scientific Reports, 2016, 6, 35764 

of ionic interactions there were significant increase in γ of their aqueous solutions. β-CD, in 

contrast, because of having hydrophobic outer surface and hydrophilic rims, hardly show 

any change in γ while dissolved in aqueous medium for a wide range of concentration.[42] 

In the present study γ of aqueous vitamins has been measured with increasing 

concentration of β-CD at 298.15K (table 3, 4). Both the vitamins showed progressively 

falling trend of γ with increasing concentration of β-CD, may be due to encapsulation of the 

vitamin molecules from the surface of the solution into the hydrophobic cavity of β-CD 

forming host-guest inclusion complexes (scheme 4).[43] Both the plots also show that 

there are single discernible breaks in each curve, which not only point out the formation of 

IC but also indicate the 1:1 stoichiometric ratio for each of the ICs formed (figure 6).[44,45] 

The values of γ and corresponding concentrations of vitamins and β-CD at each break have 

been listed in table 5, which also indicate that at each break point the concentration ratio of 

host and guest is about 1:1, establishing the formation of 1:1 ICs between the studied 

vitamins and β-CD.[46,47] 

IV.3.5. Conductivity study demonstrates inclusion process and their stoichiometric 

ratio 

Conductivity (κ) measurement is an important tool to elucidate the inclusion 

phenomenon in solution phase.[40,42] It indicates the formation as well as the 

stoichiometry of the IC formed.[48,49] In this study the conductivity of the solution 

decreases gradually as the charged vitamin molecules are encapsulated into the cavity of β-

CD, i.e., the conductivity of the solution is markedly affected by the inclusion phenomenon 

(table 3, 4). At a certain concentration of β-CD and each vitamin a single break was found in 

each conductivity curve respectively signifying the formation of 1:1 IC (figure 7).[40] The 

values of κ and corresponding concentrations of the vitamins and β-CD at each break have 

been listed in table 6, which reveal that the ratio of the concentrations of each vitamin and 

β-CD at the break point is approximately 1:1, suggesting that vitamin-cyclodextrin 

inclusion complex is equimolar, i.e., the host-guest ratio is 1:1 (scheme 4). 

IV.3.6. Ultraviolet spectroscopy: association constants and thermodynamic 

parameters 
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Association constants (Ka) have been calculated for both the vitamin-β-CD ICs by 

UV-visible spectroscopy. As  the  vitamin molecules  go  from  the  polar  aqueous 

environment  to  the  apolar  cavity  of  β-CD making the IC, there is a change in molar 

extinction coefficient (∆ε) of  the  chromophore of  the  vitamins.[50] The changes in 

absorbance (∆A) of nicotinic acid (260 nm) and ascorbic acid (261 to 265 nm) were studied 

against the concentration of β-CD at different temperatures to determine the association 

constants (Ka) (table 7, 8). On the basis of reliable Benesi–Hildebrand method for 1:1 host-

guest complex the double reciprocal plots have been drawn using equation IV.1 (figure 8, 

9).[30,51] 
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The values of Ka for both the systems were evaluated by dividing the intercept by 

the slope of the straight line of the double reciprocal plot (table 7, 8).[52,53] 

The thermodynamic parameters can easily be derived basing upon the association 

constants found at various temperatures by the above method with the help of van’t Hoff 

equation (equation IV.2). 
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There is a linear relationship between lnKa and 1/T in the above equation (figure 

10), on the basis of which the thermodynamic parameters ΔHO and ΔSO for the formation of 

ICs may be obtained (table 9).[42,48,54] 

Association constants (Ka
) have also been calculated for the vitamin-β-CD ICs by 

UV-visible spectroscopy with the help of non-linear programme basing upon the changes in 

absorbance as a result of encapsulation of the vitamin molecule inside into the apolar 

cavity of β-CD.[55] The following equilibrium is supposed to exist between the host and the 

guest for 1:1 IC [1] 

                                                             V�  +  CD�   K�


⇌
   IC                                              (IV.3) 
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The association constant (Ka
) for the formation of IC may be expressed as 

                                                                 K�


=  
[��]

[�]�[��]�
                                                  (IV.4) 

Here, [IC], [V]f and [CD]f represent the equilibrium concentration of IC, free vitamin 

molecule and free CD respectively. According to the binding isotherm, the association 

constant (Ka
) for the formation of IC may be expressed as [56] 
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where,                               [CD]� =  [CD]�� −  
[�]��(�������)
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                                      (IV.6) 

Here, Ao, Aobs and A are the absorbance of vitamin molecules at initial state, during addition 

of CD and final state respectively. [V]ad and [CD]ad are the concentration of vitamin 

molecule and the added CD respectively. Thus, the values of Ka
 for both the systems were 

evaluated from the binding isotherm by applying non-linear programme (table 10).[57,7] 

The corresponding thermodynamic parameters have been derived basing upon the 

association constants found from various isotherms by the above method with the help of 

van’t Hoff equation (equation IV.2) (figure 11, table 10).[48,54] 

The values of ΔHO and ΔSO for the formation of ICs were found negative suggesting 

that the inclusion process is exothermic and entropy controlled but not entropy driven 

(table 9, 10).[48] These results may be explained on the basis of molecular association that 

was taking place while the ICs were being formed between β-CD and each vitamin. Because 

of these there is a drop of entropy, which is unfavorable for the spontaneity of the IC 

formation. This effect is conquered by higher negative value of ΔHO, making the overall 

inclusion process thermodynamically favourable. 

IV.3.7. Isothermal titration calorimetry: characterization of the complexation 

Isothermal titration calorimetry (ITC) is the most sensitive and accurate analytical 

technique for determination of binding constant and various thermodynamic parameters in 

host–guest complexation with precise accuracy.[58] It has become an efficient method for 

direct determination of the thermodynamic parameters rather than using the earlier van't 

Hoff equation technique.[59] Top of figure 12 shows the data obtained from the ITC 
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titration of NA with β-CD in water at 298 K, which describes production of exothermic heat 

after each injection and the magnitude of the released heat decreases progressively with 

each injection until complete complexation is achieved. Bottom of figure 12 shows the 

experimental data and the calculated best fit binding curve of NA with β-CD, that provides 

the stoichiometry (NC), association constant (KaC), standard enthalpy (ΔHoC) and standard 

entropy (ΔSoC) (table 11). The complexation of AA with β-CD in water at 298 K was 

similarly studied by ITC as described above for NA-β-CD system and shown in figure 13 and 

the results are listed in table 11. The outcomes of calorimetric study are consistent with 

those obtained from the analysis of the UV-visible spectroscopic data, however, these 

values are little different than those obtained by the earlier spectroscopic method studied 

at a range of temperature, which may be partly illustrated by the fact that the association 

constants of CD complexes decrease with increasing temperature, on the basis of which the 

thermodynamic parameters ∆H0 and ∆S0 were calculated using van't Hoff method. But, in 

calorimetric study these parameters were determined only at 298 K, thus, the variation of 

the values of association constants is not considered here. The other fact is that in 

spectroscopic determination, thermodynamic parameters were estimated from association 

constants, which again were found out on the basis of ∆ε of the vitamins, that was due to 

the changes in the environment around the chromophore, when these go from the polar 

aqueous environment to the apolar cavity of β-CD, hence, the changes in enthalpy and 

entropy described there were exclusively for the formation of IC, not for the other solvent 

interactions taking place in the medium. But, in calorimetric determination various types of 

non-covalent forces, like, electrostatic, hydrophobic, van der Waals, and H-bonding are 

involved in the host–guest interaction, thus, thermodynamic parameters represents an 

overall heat changes resulting from the above interactions.[60,10] Several mechanisms 

have been proposed for the complexation, where the most important forces involved are 

van der Waals and hydrophobic interactions.[61] The bindings of NA or AA with β-CD are 

enthalpy driven as the entropy values of the interactions are not favorable. This indicates 

electrostatic and hydrophobic interactions play major role in the complexation in these 

cases. 
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The stoichiometries (N) of the association further suggest that only 1 : 1 

complexation have occurred in the formation of complexes of NA and AA with β-CD which 

is in agreement with the 1 : 1 complexation revealed from the Job’s method. 

Formation of the host-guest IC is the dimensional suitability between the two 

species, which is favored by the unique cyclodextrin molecule that provides an appropriate 

condition by encapsulating the apolar part of the guest molecule inside the cavity, as well 

as stabilizing the polar part by the polar rims.[47] The other driving force for the formation 

of IC is the release of the water molecules from the hydrophobic cavity into the bulk 

thereby increasing the entropy of the system.[1,62] The inclusion of the guest molecule is 

likely from the wider rim of the β-CD molecule to make maximum contact with the cavity 

(scheme 3), which is also supported by ROESY spectrum. The polar –OH and –COOH groups 

of the vitamins can make H-bonds with the –OH groups at both the rims of the β-CD 

molecule. The data shown in table 9, 10 indicate that Ka is greater for ascorbic acid than for 

nicotinic acid, which is on account of the difference in their structures, i.e., ascorbic acid, 

because of having more number of –OH groups, makes stronger association at both rims, 

while nicotinic acid makes H-bonds at the wider rim only (scheme 4). 

IV.4. Conclusion 

The present study explains that nicotinic acid and ascorbic acid form ICs with β-CD 

in aqueous medium, which can be used as regulatory releaser of the above two vitamins. 

2D ROESY NMR study confirms the inclusion phenomenon and its mechanism. Surface 

tension and conductivity studies also show that the ICs have been formed, the 

stoichiometry of which were confirmed as 1:1 by Job plots. The association constants and 

thermodynamic parameters have been estimated for both the ICs by reliable spectroscopic 

and calorimetric techniques with high accuracy, which inform that ascorbic acid-β-CD has 

higher order of association than that of nicotinic acid-β-CD. Thus, this work communicates 

both qualitative and quantitative idea about the formation of ICs of β-CD with above two 

vitamins suggesting their potential applications in pharmaceutical industries and medical 

sciences. 
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Tables 

Table 1. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous 

nicotinic acid-β-CD system at 298.15Ka 

Nicotinic 

acid 

(mL) 

β-CD 

(mL) 

Nicotinic 

acid 

(µM) 

β-CD 

(µM) 
[NA]/([NA]+[β-CD]) 

Absorbance 

(A) 
ΔA ΔA´[NA]/([NA]+[β-CD]) 

0.0 1.0 0 100 0.0 0.0000 0.3625 0.0000 

0.1 0.9 10 90 0.1 0.0357 0.3268 0.0327 

0.2 0.8 20 80 0.2 0.0664 0.2961 0.0592 

0.3 0.7 30 70 0.3 0.1022 0.2602 0.0781 

0.4 0.6 40 60 0.4 0.1369 0.2256 0.0902 

0.5 0.5 50 50 0.5 0.1681 0.1944 0.0972 

0.6 0.4 60 40 0.6 0.2044 0.1581 0.0948 

0.7 0.3 70 30 0.7 0.2421 0.1204 0.0842 

0.8 0.2 80 20 0.8 0.2828 0.0797 0.0638 

0.9 0.1 90 10 0.9 0.3233 0.0392 0.0353 

1.0 0.0 100 0 1.0 0.3625 0.0000 0.0000 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table 2. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous 

ascorbic acid-β-CD system at 298.15Ka 

Ascorbic 

acid 

(mL) 

β-CD 

(mL) 

Ascorbic 

acid 

(µM) 

β-CD 

(µM) 
[AA]/([AA]+[β-CD]) 

Absorbance 

(A) 
ΔA ΔA´[AA]/([AA]+[β-CD]) 

0.0 1.0 0 100 0.0 0.0000 0.6877 0.0000 

0.1 0.9 10 90 0.1 0.1489 0.5388 0.0539 

0.2 0.8 20 80 0.2 0.2460 0.4417 0.0883 

0.3 0.7 30 70 0.3 0.2935 0.3942 0.1182 

0.4 0.6 40 60 0.4 0.3587 0.3290 0.1316 

0.5 0.5 50 50 0.5 0.4134 0.2743 0.1371 

0.6 0.4 60 40 0.6 0.4737 0.2139 0.1284 

0.7 0.3 70 30 0.7 0.5268 0.1609 0.1126 

0.8 0.2 80 20 0.8 0.5811 0.1066 0.0853 

0.9 0.1 90 10 0.9 0.6333 0.0543 0.0489 

1.0 0.0 100 0 1.0 0.6877 0.0000 0.0000 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table 3. Surface tension, conductivity and pH study of aqueous nicotinic acid-β-CD 

system at 298.15Ka 

Volm of 

β-CD 
(mL) 

Total 

volm 
(mL) 

Conc of 

Nicotinic 

acid 
(mM) 

Conc of β-CD 
(mM) 

Surface 

tension 
(mN m-1) 

Conductuvity 
(mS m-1) 

pH 

0 10 10.000 0.000 82.0 8.81 3.349 

1 11 9.091 0.909 80.5 8.10 3.359 

2 12 8.333 1.667 79.0 7.55 3.367 

3 13 7.692 2.308 77.8 7.13 3.377 

4 14 7.143 2.857 76.7 6.75 3.385 

5 15 6.667 3.333 75.8 6.41 3.393 

6 16 6.250 3.750 75.0 6.10 3.401 

7 17 5.882 4.118 74.3 5.85 3.409 

8 18 5.556 4.444 73.7 5.65 3.416 

9 19 5.263 4.737 73.3 5.49 3.423 

10 20 5.000 5.000 73.0 5.39 3.428 

11 21 4.762 5.238 72.9 5.32 3.432 

12 22 4.545 5.455 72.7 5.29 3.436 

13 23 4.348 5.652 72.6 5.26 3.440 

14 24 4.167 5.833 72.5 5.22 3.442 

15 25 4.000 6.000 72.4 5.19 3.445 

16 26 3.846 6.154 72.3 5.17 3.447 

17 27 3.704 6.296 72.2 5.14 3.450 

18 28 3.571 6.429 72.1 5.11 3.453 

19 29 3.448 6.552 72.1 5.08 3.455 

20 30 3.333 6.667 72.0 5.06 3.458 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table 4. Surface tension, conductivity and pH study of aqueous ascorbic acid-β-CD 

system at 298.15Ka 

Volm of 

β-CD 
(mL) 

Total 

volm 
(mL) 

Conc of 

Ascorbic 

acid 
(mM) 

Conc of β-CD 
(mM) 

Surface 

tension 
(mN m-1) 

Conductuvity 
(mS m-1) 

pH 

0 10 10.000 0.000 82.5 18.85 2.916 

1 11 9.091 0.909 80.5 17.25 2.921 

2 12 8.333 1.667 79.0 15.94 2.935 

3 13 7.692 2.308 77.9 14.90 2.955 

4 14 7.143 2.857 76.9 14.00 2.970 

5 15 6.667 3.333 76.0 13.29 2.986 

6 16 6.250 3.750 75.2 12.62 3.002 

7 17 5.882 4.118 74.5 11.98 3.020 

8 18 5.556 4.444 73.9 11.40 3.031 

9 19 5.263 4.737 73.4 10.95 3.045 

10 20 5.000 5.000 73.0 10.68 3.056 

11 21 4.762 5.238 72.8 10.50 3.067 

12 22 4.545 5.455 72.7 10.35 3.081 

13 23 4.348 5.652 72.6 10.25 3.092 

14 24 4.167 5.833 72.5 10.16 3.104 

15 25 4.000 6.000 72.4 10.07 3.115 

16 26 3.846 6.154 72.3 10.01 3.123 

17 27 3.704 6.296 72.2 9.94 3.136 

18 28 3.571 6.429 72.2 9.90 3.145 

19 29 3.448 6.552 72.1 9.83 3.154 

20 30 3.333 6.667 72.1 9.80 3.162 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

 

Table 5. Values of surface tension (γ) at the break point with corresponding 

concentrations of β-CD and vitamins at 298.15 K a 

 Conc of β-CD 

/mM 

Conc of Vit 

/mM 

γ a 

/mN·m-1 



115 | C h a p t e r - I V  
 

 
Published in Scientific Reports, 2016, 6, 35764 

Nicotinic acid 4.81 5.19 73.13 

Ascorbic acid 4.94 5.06 72.98 

a Standard uncertainties (u): temperature: u(T) = ±0.01 K, surface tension: 

u(γ) = ±0.1 mN∙m−1 

 

Table 6. Values of conductivity (κ) at the break point with corresponding 

concentrations of β-CD and vitamins at 298.15 K a 

 
Conc of β-CD 

/mM 

Conc of Vit 

/mM 

κ a 

/mS·m-1 

Nicotinic acid 4.80 5.20 5.42 

Ascorbic acid 4.93 5.07 10.65 

a Standard uncertainties (u): temperature: u(T) = ±0.01 K, conductivity: 

u(κ) = ±0.001 mS·m-1. 

Table 7. Data for the Benesi-Hildebrand double reciprocal plot constructed by UV-Vis 
spectroscopy for aqueous nicotinic acid-β-CD system 

Temp 

/Ka 

[NA] 

/µM 

[β-CD] 

/µM 
Ao A ΔA 

1/[β-CD] 

/M-1 
1/ΔA Intercept Slope 

Ka 

/M-1b 

288.15 

50 30 

0.1720 

0.1793 0.0073 33333 137.0 

6.2982651 0.0038934 1617.68 

50 40 0.1818 0.0098 25000 102.0 

50 50 0.1839 0.0119 20000 84.0 

50 60 0.1860 0.0140 16667 71.4 

50 70 0.1880 0.0160 14286 62.5 

293.15 

50 30 

0.1720 

0.1784 0.0064 33333 156.3 

6.2545665 0.0044882 1393.56 

50 40 0.1805 0.0085 25000 117.6 

50 50 0.1824 0.0104 20000 96.2 

50 60 0.1843 0.0123 16667 81.3 

50 70 0.1862 0.0142 14286 70.4 

298.15 

50 30 

0.1720 

0.1774 0.0054 33333 185.2 

6.7025956 0.0053795 1245.95 

50 40 0.1790 0.0070 25000 142.9 

50 50 0.1808 0.0088 20000 113.6 

50 60 0.1823 0.0103 16667 97.1 

50 70 0.1841 0.0121 14286 82.6 
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303.15 

50 30 

0.1720 

0.1769 0.0049 33333 204.1 

6.4153885 0.0059772 1073.31 

50 40 0.1783 0.0063 25000 158.7 

50 50 0.1799 0.0079 20000 126.6 

50 60 0.1816 0.0096 16667 104.2 

50 70 0.1829 0.0109 14286 91.7 

308.15 

50 30 

0.1720 

0.1762 0.0042 33333 238.1 

6.3315992 0.0068908 918.85 

50 40 0.1777 0.0057 25000 175.4 

50 50 0.1790 0.0070 20000 142.9 

50 60 0.1802 0.0082 16667 122.0 

50 70 0.1814 0.0094 14286 106.4 

313.15 

50 30 

0.1720 

0.1757 0.0037 33333 270.3 

6.4667146 0.0078986 818.72 

50 40 0.1769 0.0049 25000 204.1 

50 50 0.1782 0.0062 20000 161.3 

50 60 0.1791 0.0071 16667 140.8 

50 70 0.1804 0.0084 14286 119.0 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

b Mean errors in Ka = ±0.02´10-3 M-1 

Table 8. Data for the Benesi-Hildebrand double reciprocal plot constructed by UV-Vis 
spectroscopy for aqueous ascorbic acid-β-CD system 

Temp 

/Ka 

[AA] 

/µM 

[β-CD] 

/µM 
Ao A ΔA 

1/[β-CD] 

/M-1 
1/ΔA Intercept Slope 

Ka 

/M-1b 

288.15 

50 30 

0.4020 

0.4098 0.0078 33333 128.2 

14.350533 0.0034272 4187.25 

50 40 0.4120 0.0100 25000 100.0 

50 50 0.4139 0.0119 20000 84.0 

50 60 0.4159 0.0139 16667 71.9 

50 70 0.4181 0.0161 14286 62.1 

293.15 

50 30 

0.4020 

0.4088 0.0068 33333 147.1 

14.545396 0.0040579 3584.46 

50 40 0.4103 0.0083 25000 120.5 

50 50 0.4123 0.0103 20000 97.1 

50 60 0.4144 0.0124 16667 80.6 

50 70 0.4161 0.0141 14286 70.9 

298.15 

50 30 

0.4020 

0.4078 0.0058 33333 172.4 

14.671623 0.0047343 3099.01 
50 40 0.4095 0.0075 25000 133.3 

50 50 0.4112 0.0092 20000 108.7 

50 60 0.4126 0.0106 16667 94.3 
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50 70 0.4142 0.0122 14286 82.0 

303.15 

50 30 

0.4020 

0.4071 0.0051 33333 196.1 

14.632896 0.005469 2675.61 

50 40 0.4085 0.0065 25000 153.8 

50 50 0.4102 0.0082 20000 122.0 

50 60 0.4114 0.0094 16667 106.4 

50 70 0.4128 0.0108 14286 92.6 

308.15 

50 30 

0.4020 

0.4065 0.0045 33333 222.2 

14.83579 0.0063582 2333.33 

50 40 0.4075 0.0055 25000 181.8 

50 50 0.4090 0.0070 20000 142.9 

50 60 0.4104 0.0084 16667 119.0 

50 70 0.4117 0.0097 14286 103.1 

313.15 

50 30 

0.4020 

0.4057 0.0037 33333 270.3 

15.638863 0.0077024 2030.39 

50 40 0.4067 0.0047 25000 212.8 

50 50 0.4079 0.0059 20000 169.5 

50 60 0.4091 0.0071 16667 140.8 

50 70 0.4099 0.0079 14286 126.6 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

b Mean errors in Ka = ±0.02´10-3 M-1 

Table 9. Data of the van’t Hoff equation for calculation of thermodynamic parameters ΔHo 

and ΔSo of different vitamin-β-cyclodextrin inclusion complexes 

 Temp 

/Ka 

Ka 

/M-1 
1/T lnKa Intercept Slope 

ΔHo 

/kJ mol-1b 

ΔSo 

/J mol-1K-1b 

Nicotinic acid 

288.15 1618 0.00347 7.3887 

-1.1985 2476.18 -20.59 -9.96 

293.15 1394 0.00341 7.2396 

298.15 1246 0.00335 7.1277 

303.15 1073 0.00330 6.9785 

308.15 919 0.00325 6.8231 

313.15 819 0.00319 6.7077 

Ascorbic acid 

288.15 4187 0.00347 8.3398 

-0.7058 2606.59 -21.67 -5.87 

293.15 3584 0.00341 8.1844 

298.15 3099 0.00335 8.0388 

303.15 2676 0.00330 7.8919 

308.15 2333 0.00325 7.7551 

313.15 2030 0.00319 7.6160 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in ΔHo = ±0.01 kJ mol-1; ΔSo = ±0.01 J mol-1K-1. 
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Table 10. Data of the van’t Hoff equation for calculation of thermodynamic parameters ΔHo 

and ΔSo of different vitamin-β-cyclodextrin inclusion complexes 

 Temp 

/Ka 

Ka
 

/M-1 
1/T lnKa

 Intercept Slope 
ΔHo 

/kJ mol-1b 

ΔSo 

/J mol-1K-1b 

Nicotinic acid 

288.15 
1655 

0.00347 7.412 

-1.4704 2559.29 -21.28 -12.23 

293.15 
1425 

0.00341 7.262 

298.15 
1229 

0.00335 7.114 

303.15 
1059 

0.00330 6.965 

308.15 
933 

0.00325 6.838 

313.15 
815 

0.00319 6.703 

Ascorbic acid 

288.15 
4209 

0.00347 8.345 

-0.7695 2625.40 -21.83 -6.40 

293.15 
3612 

0.00341 8.192 

298.15 
3061 

0.00335 8.026 

303.15 
2644 

0.00330 7.880 

308.15 
2349 

0.00325 7.762 

313.15 
2028 

0.00319 7.615 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka


 = ±0.01´10-3 M-1; ΔHo = ±0.01 kJ mol-1; ΔSo = ±0.01 J mol-1K-1. 

Table 11. Stoichiometry (NC), association constant (KaC), standard enthalpy (ΔHoC) and 

standard entropy (ΔSoC) of different vitamin-β-cyclodextrin inclusion complexes obtained 

from isothermal titration calorimetric study at 298.15 K 

 
NC 

/Sites 

KaC ´ 10-3 

/M-1 

ΔHoC 

/kJ mol-1 

ΔSoC 

/J mol-1K-1 

Nicotinic acid 1.06±0.0466 1.498±0.155 -20.58±1.53 -8.96 

Ascorbic acid 0.99±0.0111 3.655±0.335 -22.28±1.06 -5.21 
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Figure 1. Job plot of different vitamin
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vitamin-β-CD systems at 298.15 K. (a) nicotinic acid at λ

260 nm and (b) ascorbic acid at λmax = 261 to 265 nm. R  =  [Vit]/([Vit] + [

absorbance  difference  of  the  vitamins  without  and  with β-CD. 
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Figure 2. 2D ROESY spectra of 1:1 molar ratio of 

experimental parameters. Red circles showing the correlation signals.
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2D ROESY spectra of 1:1 molar ratio of β-CD and nicotinic acid in 

. Red circles showing the correlation signals. 
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Figure 3. 2D ROESY spectra of 1:1 molar ratio of 

(correlation signals are marked by red circles
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2D ROESY spectra of 1:1 molar ratio of β-CD and nicotinic acid 

correlation signals are marked by red circles). 
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Figure 4. 2D ROESY spectra of 1:1 molar ratio of 

experimental parameters. Blue circles showing the correlation signals.
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2D ROESY spectra of 1:1 molar ratio of β-CD and ascorbic acid in  D

Blue circles showing the correlation signals. 
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Figure 5. 2D ROESY spectra of 1:1 molar ratio of 

(correlation signals are marked by blue circles
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2D ROESY spectra of 1:1 molar ratio of β-CD and ascorbic acid 

signals are marked by blue circles). 
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Figure 6. Variation of surface tension of aqueous (a) nicotinic acid solution and (b) 

ascorbic acid solution respectively with increasing concentration of 

298.15 K. 

 
 

Figure 7. Variation of conductivity of aqueous (a) nicotinic acid solution and (b) ascorbic 

acid solution respectively with increasing concentration of 

70

72

74

76

78

80

82

84

0 1 2 3 4

Su
rf

ac
e 

te
n

si
o

n
 (

m
N

 m
-1

)

β-CD (mM) 
(a)

4

5

6

7

8

9

0 1 2 3 4

C
o

n
d

u
ct

iv
it

y
 (

m
S 

m
-1

)

β-CD (mM)
(a)

Published in Scientific Reports, 2016, 6, 35764 

Variation of surface tension of aqueous (a) nicotinic acid solution and (b) 

ascorbic acid solution respectively with increasing concentration of β-

conductivity of aqueous (a) nicotinic acid solution and (b) ascorbic 

acid solution respectively with increasing concentration of β-cyclodextrin at 298.15 K.
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Figure 8. Benesi-Hildebrand double reciprocal plot for the effect of β-CD on the absorbance 

of nicotinic acid (260 nm) at different temperatures. 

 

y = 0.0038934x + 6.2982651
R² = 0.9989154

0

50

100

150

200

10000 20000 30000 40000

1/ΔA

1/[β-CD]

Nicotinic acid-β-CD at 288.15K

y = 0.0044882x + 6.2545665
R² = 0.9998071

0

50

100

150

200

0 10000 20000 30000 40000

1/ΔA

1/[β-CD]

Nicotinic acid-β-CD at 293.15K

y = 0.0053795x + 6.7025956
R² = 0.9992083

0

50

100

150

200

0 10000 20000 30000 40000

1/ΔA

1/[β-CD]

Nicotinic acid-β-CD at 298.15K

y = 0.0059772x + 6.4153885
R² = 0.9982110

0

50

100

150

200

250

0 10000 20000 30000 40000

1/ΔA

1/[β-CD]

Nicotinic acid-β-CD at 303.15K

y = 0.0068908x + 6.3315992
R² = 0.9982442

0

50

100

150

200

0 10000 20000 30000 40000

1/ΔA

1/[β-CD]

Nicotinic acid-β-CD at 308.15K

y = 0.0078986x + 6.4667146
R² = 0.9987609

0

50

100

150

200

250

300

0 20000 40000

1/ΔA

1/[β-CD]

Nicotinic acid-β-CD at 313.15K



126 | C h a p t e r - I V  
 

 
Published in Scientific Reports, 2016, 6, 35764 

 
 

Figure 9. Benesi-Hildebrand double reciprocal plot for the effect of β-CD on the absorbance 

of ascorbic acid (261 to 265 nm) at different temperatures. 
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Figure 10. Plot of lnKa vs 1/T for the interaction between nicotinic acid (●) and ascorbic 

acid (■) with β-CD. 

 

Figure 11. Plot of lnKa
 vs 1/T for the interaction between nicotinic acid (■) and ascorbic 

acid (●) with β-CD. 
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Figure 12. ITC isotherms for the interaction of nicotinic acid with 

For each titration, β-cyclodextrin concentration in sample cell was taken as 50 μM and 

nicotinic acid concentration in syringe was 500 μM. The top panel represents the raw he

of binding obtained upon titration of nicotinic acid to 

binding isotherm fitted to the raw data using one site model.
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ITC isotherms for the interaction of nicotinic acid with β-cyclodextrin at 298 K. 

cyclodextrin concentration in sample cell was taken as 50 μM and 

nicotinic acid concentration in syringe was 500 μM. The top panel represents the raw he

of binding obtained upon titration of nicotinic acid to β-cyclodextrin. The lower panel is the 

binding isotherm fitted to the raw data using one site model. 
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Figure 13. ITC isotherms for the interaction of ascorbic acid with 

For each titration, β-cyclodextrin concentration in sample cell was taken as 50 μM and 

ascorbic acid concentration in syringe was 500 μM. The top panel represents the raw heats 

of binding obtained upon titration of ascorbic acid to 

binding isotherm fitted to the raw data using one site model.
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ITC isotherms for the interaction of ascorbic acid with β-cyclodextrin at 298 K. 

cyclodextrin concentration in sample cell was taken as 50 μM and 

ascorbic acid concentration in syringe was 500 μM. The top panel represents the raw heats 

of binding obtained upon titration of ascorbic acid to β-cyclodextrin. The lower

binding isotherm fitted to the raw data using one site model. 
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Schemes 
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Scheme 1. Molecular structure of nicotinic acid, ascorbic acid and 

Scheme 2. (a) Stereo-chemical configuration of 

structure of β-cyclodextrin with interior and exterior protons.
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Molecular structure of nicotinic acid, ascorbic acid and β-cyclodextrin.
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Scheme 3. Feasible and restricted inclusion of the guest into the host molecule. 

 

 
 

Scheme 4. Formation of inclusion complexes of (a) nicotinic acid and (b) ascorbic acid with 

β-CD. 
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Exploration of inclusion complexes of 

cyclodextrin by physicochemical

Molecular assemblies of β-cyclodextrin

namely, dopamine hydrochloride

hydrochloride in aqueous medium have been explored by 

physicochemical techniques as potential drug delivery systems. 

host-guest inclusion complexes

the inclusion process. The inclusion complexes were characterized by 

spectroscopy and association constants have been calculated by using Benesi

method. Thermodynamic parameters for the formation of 

derived by van’t Hoff equation

thermodynamically favorable. 

V.1. Introduction 

Molecular recognition is of profound importance in biology and therapeutics, the 

physical chemistry of this phenomenon acknowledges that binding is often associated with 

133 

Chemical Physics Letters, 2016, 655 – 656, 43 – 50 

CHAPTER V 

inclusion complexes of neurotransmitters
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dopamine hydrochloride, tyramine hydrochloride and 

us medium have been explored by reliable spectroscopic and 
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guest inclusion complexes, while surface tension and conductivity studies illustrate 

The inclusion complexes were characterized by 

ssociation constants have been calculated by using Benesi

hermodynamic parameters for the formation of inclusion complexes

van’t Hoff equation, which demonstrate that the overall inclusion processes are 
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loss in configurational entropy, but the overall thermodynamics is yet to be well 

understood.[1,2] The cyclodextrins (CDs) are of particular interest in this regard. Among 

various approaches CDs have contributed a lot to this aspect of drug delivery, because of 

having fairly rigid and well-defined hydrophobic cavities and hydrophilic outer surfaces, 

they can act as molecular receptors (hosts) for a wide variety of organic and inorganic, as 

well as biological and pharmaceutical guest molecules, forming host–guest complexes or 

supramolecular assemblies.[3,4] The cavity size of β-cyclodextrin (β-CD) is more 

appropriate than other CDs to encapsulate a great variety of molecules.[5,6] The drugs, to 

be pharmacologically active, must possess some degree of aqueous solubility, as well as 

they should be lipophilic to permeate the biological membranes via passive diffusion.[7,8] 

If a drug is hydrophilic, the dissolved drug molecule will not penetrate from the aqueous 

exterior into a lipophilic bio-membrane. The use of β-CD on drug solubility, bioavailability, 

safety, stability and as a carrier in drug formulation may be achieved by formation of 

inclusion complexes with drug molecules; in fact, the use of β-CD already has a long history 

in pharmacy.[9-11] 

Dopamine is  an  important  neurotransmitter (NT)  in  the  mammalian central  

nervous  system  and  is  a member  of catecholamines.[12,13]  It is involved in 

neuropsychiatric disorders such as Perkinson’s disease, which is the second most common 

central nervous system disorder.[14,15] Tyramine is also a NT and acts as a catecholamine 

releasing agent, having nonpsychoactive peripheral sympathomimetic effects.[16] 

Epinephrine is a hormone and a NT, serves as chemical mediators for conveying the nerve 

impulses to effectors organs.[17] Epinephrine remains a useful medicine for several 

emergency indications and is used as a drug to treat cardiac arrest and other cardiac 

dysrhythmias.[18,19] 

Few previous workers demonstrated interactions between similar guest molecules 

and CD.[20,21] Pardave et al. demonstrated electrochemical and spectrophotometric 

studies of interaction between dopamine and β-CD, whereas, Rajendiran et al. showed 

interaction between epinephrine and CD.[22-24] In the present article formation of 

inclusion complexes of three NTs, e.g., dopamine hydrochloride (DH), tyramine 
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hydrochloride (TH) and (±)-epinephrine hydrochloride (EH) with β-CD (scheme 1) have 

been explored by UV-Vis spectroscopy, surface tension, conductivity and 1H NMR study. 

Associated thermodynamic parameters have also been evaluated to communicate a 

quantitative idea about encapsulation of the above NTs while complexed with β-CD. 

V.2. Experimental section 

V.2.1. Source and purity of samples 

Dopamine hydrochloride, Tyramine hydrochloride, (±)-Epinephrine hydrochloride 

and β-cyclodextrin of puriss grade were purchased from Sigma-Aldrich, Germany and used 

as it was. The mass fraction purity of Dopamine hydrochloride, Tyramine hydrochloride, 

(±)-Epinephrine hydrochloride and β-cyclodextrin were ~ 1.00, ≥ 0.98, ~ 1.00 and ≥ 0.98 

respectively. 

V.2.2. Apparatus and procedure 

Solubility of β-cyclodextrin and chosen neurotransmitters have been precisely 

checked in triply distilled and degassed water (with a specific conductance of 1×10-6 S∙cm-

1) and observed that the selected neurotransmitters were freely soluble in all proportion of 

aqueous β-cyclodextrin. All the stock solutions of the neurotransmitters were prepared by 

mass (weighed by Mettler Toledo AG-285 with uncertainty 0.0003g), and then the working 

solutions were obtained by mass dilution at 298.15 K. Sufficient precautions were made to 

decrease evaporation losses during mixing. 

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer, with 

an uncertainty of wavelength resolution of ±2 nm. The measuring temperature was held 

constant by an automated digital thermostat. 

Surface tensions of the solutions were determined by platinum ring detachment 

technique using a Tensiometer (K9, KRŰSS; Germany) at 298.15 K. Accuracy of the study 

was ±0.1 mN∙m−1. Temperature of the system was maintained by circulating thermostated 

water through a double-wall glass vessel holding the solution. 

Conductivities of the solutions were studied by Mettler Toledo Seven Multi 

conductivity meter having uncertainty 1.0 µSm-1. The study was carried out in a 
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thermostated water bath at 298.15K with uncertainty ±0.01K. HPLC grade water was used 

with specific conductance 6.0 µS m-1.  The conductivity cell was calibrated using 0.01M 

aqueous KCl solution. 

NMR spectra were recorded in D2O unless otherwise stated. 1H NMR spectra were 

recorded at 400 MHz and 500 MHz using Bruker ADVANCE 400 MHz and Bruker ADVANCE 

500 MHz instruments respectively. Signals are quoted as δ values in ppm using residual 

protonated solvent signals as internal standard (D2O : δ 4.79 ppm). Data are reported as 

chemical shift. 

V.3. Result and Discussion 

V.3.1. Job plot demonstrates the stoichiometry of the host-guest assembly 

Job’s method of continuous variation was applied to recognize the stoichiometry of 

the host-guest assembly by using UV-visible spectroscopy.[25] Job plots were generated by 

plotting ΔA  ×  R  vs  R, where  ΔA  is  the difference in  absorbance of  NTs  with  and  

without  β-CD and R  =  [NT]/([NT] + [CD]), through varying the mole fraction of the NTs in 

the range 0–1 (table 1-3).[26,27] Absorbance values were measured at respective λmax for a 

series of solutions at 298.15K. The value of R at the maximum deviation provides the 

stoichiometry of the inclusion complex (IC) (e.g., R = 0.5 for 1:1 complexes; R = 0.33 for 1:2 

complexes; R = 0.66 for 2:1 complexes, etc.). Here, for each of the three plots maxima were 

found at R = 0.5, which clearly indicate 1:1 stoichiometry between the host and the guest 

(figure 1). 

V.3.2. Surface tension study explains the inclusion as well as stoichiometric ratio of 

the inclusion complexes 

Surface tension (γ) measurement provides significant indication about formation of 

IC as well as stoichiometry of the host-guest assembly.[28-30] β-CD, because of having 

lipophilic outer surface and hydrophilic rims, does not show any change in γ while 

dissolved in aqueous medium in a considerable range of concentration.[31,32] In the 

present work all the three guest NTs have a common feature in their structures, i.e., they 

have a hydrophobic –CH2–CH2–Ph [–CH2–CH(OH)–Ph for EH] group and a terminal –NH3+ 
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[–NH2+– for EH] group (scheme 1), which make them surfactant like activities, thus γ of 

aqueous solutions of each of the NTs are found to be lower than that of pure water. Here γ 

of aqueous NTs has been measured with increasing concentration of β-CD at 298.15K (table 

4-6). DH, TH and EH showed increasing trend of γ with increasing concentration of β-CD 

(figure 2) may be because of removal of the NT molecules (surface active) from the surface 

of the solution into the hydrophobic cavity of β-CD forming host-guest inclusion complexes 

(scheme 2). 

Each plot also indicates that there is a break point at certain concentrations after 

which the slops become less. Finding of break point in surface tension curve not only 

indicates formation of IC but also provides information about its stoichiometry, i.e., 

appearance of single, double and so on break point in the plot indicates 1:1, 1:2 and so on 

stoichiometry of host:guest ICs (scheme 3).[33] 

The values of γ and corresponding concentrations of β-CD at each break have been 

listed in table 7 and the overall variation have been listed in table 4-6, which clearly point 

out that the breaks have been found at certain concentrations of NTs and β-CD where their 

concentration ratio in the solution was almost 1:1. Hence this study proves formation of 1:1 

ICs between NTs and β-CD. 

V.3.3. Conductivity study illustrates inclusion process and their stoichiometric ratio 

Conductivity (κ) of aqueous solutions of the NTs has been measured to get clue 

whether ICs have been formed while β-CD being added to it.[34,35] The studied NTs show 

considerable κ because of having their charged structures. As β-CD was added to the 

aqueous solution of a NT (table 8-10), the κ was observed to show decreasing trend 

probably because of encapsulation of the NT molecules inside into the cavity of β-CD 

(scheme 2). After a certain concentration of β-CD a break was found in each of the 

conductivity curves (figure 3), indicating the formation of ICs. The values of κ and 

corresponding concentrations of β-CD at each break have been shown in table 7, which 

reveal that the ratio of the concentrations of a NT and β-CD at the break point was found to 

be approximately 1:1, suggesting the host-guest ratio to be 1:1. 
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The break point is found at certain concentration where maximum inclusion takes 

place ever before, i.e., though there is a dynamic equilibrium between the host and the 

guest, most of the guest molecules are encapsulated at the break point (1:1 molar ratio of 

host & guest), beyond this point concentration of β-CD is higher than that of NT, thus 

shifting the equilibrium more towards the IC. 

V.3.4. 1H NMR study confirms inclusion phenomenon 

Insertion of any guest molecule into the hydrophobic cavity of β-CD consequences in 

the chemical shift of the guest and β-CD in the NMR spectra, which is because of the 

interaction of the β-CD with the guest molecule.[27] 

 
In case of aromatic guest molecules the spectral changes that can be observed upon 

inclusion is the diamagnetic shielding of the aromatic moiety with the interacting atoms of 

β-CD.[33] In the structure of β-CD the H3 and H5 hydrogens are situated inside the conical 

cavity, particularly, the H3 are placed near the wider rim while H5 are placed near the 

narrower rim, the other H1, H2 and H4 hydrogens are located at the exterior of the β-CD 

molecule (scheme 4).[36,37] In the present article the molecular interactions have been 

studied with the help of 1H NMR spectra. The signals of interior H3 and H5 of β-CD as well 

as that of the interacting aromatic protons of the NTs showed considerable upfield shift in 

1H NMR spectra of 1:1 mixture of β-CD and each NT, confirming the ICs were formed (table 

11, figure 4-6). As found from the chemical shifts, interaction of the H3 with the aromatic 

guest was much higher than that of the H5, proving the guest entered through the wider 

rim of β-CD (scheme 5). 

V.3.5. Association constants and thermodynamic parameters 

Association constants (Ka) have been calculated for various NT-β-CD ICs by UV-

visible spectroscopy as a result of changes in molar extinction coefficient (∆ε) of the NTs 

when complexed with β-CD molecule, which is owing to the changes in the polarity of the 

environment of the chromophore of the NTs when it goes from the polar aqueous 

environment to the apolar cavity of β-CD.[38] Changes in absorption intensity (∆A) of DH 

(278 nm), TH (275 nm) and EH (278 nm) were studied as a function of concentration of β-
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CD to determine the value of Ka (table 12-14). The double reciprocal plots have been drawn 

on the basis of reliable Benesi–Hildebrand method for 1:1 host-guest ICs (figure 7), 

(equation V.1).[27,39] 

                                                              
�

∆�
=

�

∆�[��]��
∙

�

[� ��]
+

�

∆�[��]
                                                    (V.1) 

The values of Ka for each of the ICs were evaluated by dividing the intercept by the 

slope of the straight line of the double reciprocal plot (table 12-14).[40] 

Various thermodynamic parameters for the formation of ICs can easily be derived 

basing upon the values of Ka found by the above method with the help of van’t Hoff 

equation (equation V.2). 

                                                                      lnK� = −
∆��

��
+

∆��

�
                                                             (V.2) 

There is a linear relationship between lnKa and 1/T in the above equation (figure 8), 

on the basis of which the thermodynamic parameters ΔHO, ΔSO and ΔGO for the formation of 

ICs may be obtained (table 15).[41] 

However, the above study has been performed in a short range of temperature in 

which ΔHO and ΔSO are considered to be non variable. Non-linear methods may be used for 

studies in wide range of temperatures.  The magnitude of ΔHO depends on the equilibrium 

constant of the inclusion complex at different temperatures and thus may have limitation 

compared to direct calorimetric methods.[42] On the other hand, in this study 

thermodynamic parameters have been calculated from Ka values, which in turn were 

determined from ∆ε of the NTs, which is owing to the changes in the environment of the 

chromophore of the NTs when it goes from the polar aqueous environment to the apolar 

cavity of β-CD. Hence, the ΔHO and ΔSO values presented here are exclusively for the 

formation of inclusion complex, not for the other solvent interactions taking place in the 

medium. 

The values of ΔGO for the formation of ICs were found negative suggesting that the 

inclusion process proceeds spontaneously, whereas negative values of ΔHO and ΔSO indicate 

that the inclusion process is exothermic and entropy controlled, but not entropy driven 

(table 15). These consequences may be explained on the basis of molecular association that 
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was taking place while IC was being formed between β-CD and each NT, resulting in a drop 

of entropy, which is unfavorable for the spontaneity of the inclusion complex formation, 

but this effect is overcome by higher negative value of ΔHO, making the overall inclusion 

process thermodynamically favorable. 

The data shown in table 15 indicate that order of Ka for ICs with β-CD and the order 

of –ΔGO is EH>DH>TH. This may be explained on account of the difference in the structures 

of three NTs, which have almost similar hydrophobic moiety, but EH can form H-bonds at 

both rims of β-CD because of having two phenolic and one alcoholic –OH groups, thus, it 

forms strongest IC among the three. Similarly, the results for DH and TH may be explained 

because of having two and one –OH groups in their structures respectively. 

V.4. Conclusion 

Molecular recognition of the three important NTs by β-CD has been shown, which 

may find its use as potential drug delivery system in pharmacological science. The 

molecular assemblies, i.e., formation of ICs have been explained qualitatively as well as 

quantitatively so as to make it dependable in its field of application. β-CD has long been 

used as a carrier for its unique structural features, which is further explored in the present 

work, confirming that β-CD forms 1:1 ICs with DH, TH and EH, established by reliable 

physicochemical techniques. The association constants are found highest for EH, then DH 

and then TH for the ICs with β-CD. Hence, this exclusive study describes that the ICs in 

aqueous medium can be used as controlled delivery systems in the field of modern 

biomedical sciences. 

 

Tables 

Table 1. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous dopamine 

hydrochloride-β-CD system at 298.15Ka 

Dopamine 

hydrochloride 

(mL) 

β-CD 

(mL) 

Dopamine 

hydrochloride 

(µM) 

β-CD 

(µM) 
[D]/([D]+[β-CD]) 

Absorbance 

(A) 
ΔA ΔA[D]/([D]+[β-CD]) 

0.0 1.0 0 100 0.0 0.0000 0.3109 0.0000 

0.1 0.9 10 90 0.1 0.0585 0.2523 0.0252 
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0.2 0.8 20 80 0.2 0.0712 0.2397 0.0479 

0.3 0.7 30 70 0.3 0.1058 0.2051 0.0615 

0.4 0.6 40 60 0.4 0.1354 0.1755 0.0702 

0.5 0.5 50 50 0.5 0.1616 0.1493 0.0746 

0.6 0.4 60 40 0.6 0.1935 0.1174 0.0704 

0.7 0.3 70 30 0.7 0.2217 0.0892 0.0624 

0.8 0.2 80 20 0.8 0.2489 0.0620 0.0496 

0.9 0.1 90 10 0.9 0.2809 0.0300 0.0270 

1.0 0.0 100 0 1.0 0.3109 0.0000 0.0000 

a Standard uncertainties in temperature (T) = 0.01 K. 

Table 2. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous tyramine 

hydrochloride-β-CD system at 298.15Ka 

Tyramine 

hydrochloride 

(mL) 

β-CD 

(mL) 

Tyramine 

hydrochloride 

(µM) 

β-CD 

(µM) 
[T]/([T]+[β-CD]) 

Absorbance 

(A) 
ΔA ΔA[T]/([T]+[β-CD]) 

0.0 1.0 0 100 0.0 0.0000 0.1784 0.0000 

0.1 0.9 10 90 0.1 0.0713 0.1071 0.0107 

0.2 0.8 20 80 0.2 0.0853 0.0931 0.0186 

0.3 0.7 30 70 0.3 0.1015 0.0770 0.0231 

0.4 0.6 40 60 0.4 0.1122 0.0662 0.0265 

0.5 0.5 50 50 0.5 0.1225 0.0559 0.0280 

0.6 0.4 60 40 0.6 0.1352 0.0432 0.0259 

0.7 0.3 70 30 0.7 0.1459 0.0325 0.0228 

0.8 0.2 80 20 0.8 0.1581 0.0203 0.0163 

0.9 0.1 90 10 0.9 0.1667 0.0117 0.0105 

1.0 0.0 100 0 1.0 0.1784 0.0000 0.0000 

a Standard uncertainties in temperature (T) = 0.01 K. 

 
Table 3. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous (±)-

epinephrine hydrochloride-β-CD system at 298.15Ka 

 

(±)-Epinephrine 

hydrochloride 

(mL) 

β-CD 

(mL) 

(±)-Epinephrine 

hydrochloride 

(µM) 

β-CD 

(µM) 
[E]/([E]+[β-CD]) 

Absorbance 

(A) 
ΔA ΔA[E]/([E]+[β-CD]) 

0.0 1.0 0 100 0.0 0.0000 0.2174 0.0000 

0.1 0.9 10 90 0.1 0.0694 0.1480 0.0148 
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0.2 0.8 20 80 0.2 0.0926 0.1248 0.0250 

0.3 0.7 30 70 0.3 0.1072 0.1102 0.0331 

0.4 0.6 40 60 0.4 0.1223 0.0951 0.0380 

0.5 0.5 50 50 0.5 0.1365 0.0809 0.0405 

0.6 0.4 60 40 0.6 0.1549 0.0625 0.0375 

0.7 0.3 70 30 0.7 0.1717 0.0457 0.0320 

0.8 0.2 80 20 0.8 0.1860 0.0314 0.0251 

0.9 0.1 90 10 0.9 0.2010 0.0164 0.0147 

1.0 0.0 100 0 1.0 0.2174 0.0000 0.0000 

a Standard uncertainties in temperature (T) = 0.01 K. 

 

Table 4. Surface tension study of aqueous dopamine hydrochloride-β-CD system 

(concentration of stock solution of dopamine hydrochloride = 10mM, concentration of stock 

solution of β-CD = 10mM) at 298.15Ka 

 

Volm of β-CD 

(mL) 

Total volm 

(mL) 

Conc of Dopamine 

hydrochloride 

(mM) 

Conc of β-CD 

(mM) 

ST 

(mN m-1) 

0 10 10.000 0.000 64.8 

1 11 9.091 0.909 66.1 

2 12 8.333 1.667 67.2 

3 13 7.692 2.308 68.1 

4 14 7.143 2.857 68.9 

5 15 6.667 3.333 69.5 

6 16 6.250 3.750 70.0 

7 17 5.882 4.118 70.5 

8 18 5.556 4.444 70.9 

9 19 5.263 4.737 71.2 

10 20 5.000 5.000 71.4 

11 21 4.762 5.238 71.4 

12 22 4.545 5.455 71.4 

13 23 4.348 5.652 71.5 

14 24 4.167 5.833 71.5 

15 25 4.000 6.000 71.5 

16 26 3.846 6.154 71.5 

17 27 3.704 6.296 71.5 

18 28 3.571 6.429 71.6 
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19 29 3.448 6.552 71.6 

20 30 3.333 6.667 71.6 

a Standard uncertainties in temperature (T) = 0.01 K. 

 
Table 5. Surface tension study of aqueous tyramine hydrochloride-β-CD system 

(concentration of stock solution of tyramine hydrochloride = 10mM, concentration of stock 

solution of β-CD = 10mM) at 298.15Ka 

 

Volm of β-CD 

(mL) 

Total volm 

(mL) 

Conc of Tyramine 

hydrochloride 

(mM) 

Conc of β-CD 

(mM) 

ST 

(mN m-1) 

0 10 10.000 0.000 65.2 

1 11 9.091 0.909 66.4 

2 12 8.333 1.667 67.3 

3 13 7.692 2.308 68.2 

4 14 7.143 2.857 68.9 

5 15 6.667 3.333 69.6 

6 16 6.250 3.750 70.1 

7 17 5.882 4.118 70.5 

8 18 5.556 4.444 70.9 

9 19 5.263 4.737 71.2 

10 20 5.000 5.000 71.5 

11 21 4.762 5.238 71.5 

12 22 4.545 5.455 71.5 

13 23 4.348 5.652 71.6 

14 24 4.167 5.833 71.6 

15 25 4.000 6.000 71.6 

16 26 3.846 6.154 71.6 

17 27 3.704 6.296 71.6 

18 28 3.571 6.429 71.7 

19 29 3.448 6.552 71.7 

20 30 3.333 6.667 71.7 

a Standard uncertainties in temperature (T) = 0.01 K. 
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Table 6. Surface tension study of aqueous (±)-epinephrine hydrochloride-β-CD system 

(concentration of stock solution of (±)-epinephrine hydrochloride = 10mM, concentration of 

stock solution of β-CD = 10mM) at 298.15Ka 

 

Volm of β-CD 

(mL) 

Total volm 

(mL) 

Conc of (±)-Epinephrine 

hydrochloride 

(mM) 

Conc of β-CD 

(mM) 

ST 

(mN m-1) 

0 10 10.000 0.000 64.8 

1 11 9.091 0.909 66.0 

2 12 8.333 1.667 67.0 

3 13 7.692 2.308 67.9 

4 14 7.143 2.857 68.6 

5 15 6.667 3.333 69.2 

6 16 6.250 3.750 69.7 

7 17 5.882 4.118 70.2 

8 18 5.556 4.444 70.6 

9 19 5.263 4.737 71.0 

10 20 5.000 5.000 71.3 

11 21 4.762 5.238 71.3 

12 22 4.545 5.455 71.3 

13 23 4.348 5.652 71.4 

14 24 4.167 5.833 71.4 

15 25 4.000 6.000 71.4 

16 26 3.846 6.154 71.4 

17 27 3.704 6.296 71.4 

18 28 3.571 6.429 71.5 

19 29 3.448 6.552 71.5 

20 30 3.333 6.667 71.5 

a Standard uncertainties in temperature (T) = 0.01 K. 

 
Table 7. Values of surface tension (γ) and conductivity (κ) at the break point with 

corresponding concentration of aqueous β-cyclodextrin at 298.15 K a 
 

Dopamine 

hydrochloride 
Tyramine hydrochloride 

(±)-Epinephrine 

hydrochloride 

Surface tension 
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Conc 
/mM 

γ 
/mN·m-1 

Conc 
/mM 

γ 
/mN·m-1 

Conc 
/mM 

γ 
/mN·m-1 

4.83 71.37 4.89 71.47 4.96 71.28 

Conductivity 

Conc 
/mM 

κ 
/mS·m-1 

Conc 
/mM 

κ 
/mS·m-1 

Conc 
/mM 

κ 
/mS·m-1 

4.90 0.426 4.85 0.417 4.90 0.406 
a Standard uncertainties (u): temperature: u(T) = ±0.01 K, surface tension: u(γ) = ±0.1 

mN∙m−1, conductivity: u(κ) = ±0.001 mS·m-1. 

 

Table 8. Conductivity study of aqueous dopamine hydrochloride-β-CD system (concentration 

of stock solution of dopamine hydrochloride = 10mM, concentration of stock solution of β-

CD = 10mM) at 298.15Ka 

 

Volm of β-CD 

(mL) 

Total volm 

(mL) 

Conc of Dopamine 

hydrochloride 

(mM) 

Conc of β-CD 

(mM) 

Conductuvity 

(mS cm-1) 

0 10 10.000 0.000 1.22 

1 11 9.091 0.909 1.07 

2 12 8.333 1.667 0.94 

3 13 7.692 2.308 0.84 

4 14 7.143 2.857 0.75 

5 15 6.667 3.333 0.68 

6 16 6.250 3.750 0.61 

7 17 5.882 4.118 0.55 

8 18 5.556 4.444 0.50 

9 19 5.263 4.737 0.45 

10 20 5.000 5.000 0.42 

11 21 4.762 5.238 0.42 

12 22 4.545 5.455 0.41 

13 23 4.348 5.652 0.41 

14 24 4.167 5.833 0.40 

15 25 4.000 6.000 0.40 

16 26 3.846 6.154 0.39 

17 27 3.704 6.296 0.39 

18 28 3.571 6.429 0.38 
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19 29 3.448 6.552 0.38 

20 30 3.333 6.667 0.37 

a Standard uncertainties in temperature (T) = 0.01 K. 

 
Table 9. Conductivity study of aqueous tyramine hydrochloride-β-CD system (concentration 

of stock solution of tyramine hydrochloride = 10mM, concentration of stock solution of β-CD 

= 10mM) at 298.15Ka 

 

Volm of β-CD 

(mL) 

Total volm 

(mL) 

Conc of Tyramine 

hydrochloride 

(mM) 

Conc of β-CD 

(mM) 

Conductuvity 

(mS cm-1) 

0 10 10.000 0.000 1.18 

1 11 9.091 0.909 1.03 

2 12 8.333 1.667 0.90 

3 13 7.692 2.308 0.80 

4 14 7.143 2.857 0.72 

5 15 6.667 3.333 0.65 

6 16 6.250 3.750 0.58 

7 17 5.882 4.118 0.53 

8 18 5.556 4.444 0.48 

9 19 5.263 4.737 0.44 

10 20 5.000 5.000 0.41 

11 21 4.762 5.238 0.41 

12 22 4.545 5.455 0.40 

13 23 4.348 5.652 0.40 

14 24 4.167 5.833 0.39 

15 25 4.000 6.000 0.39 

16 26 3.846 6.154 0.38 

17 27 3.704 6.296 0.38 

18 28 3.571 6.429 0.37 

19 29 3.448 6.552 0.37 

20 30 3.333 6.667 0.36 

a Standard uncertainties in temperature (T) = 0.01 K. 
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Table 10. Conductivity study of aqueous (±)-epinephrine hydrochloride-β-CD system 

(concentration of stock solution of (±)-epinephrine hydrochloride = 10mM, concentration of 

stock solution of β-CD = 10mM) at 298.15Ka 

 

Volm of β-CD 

(mL) 

Total volm 

(mL) 

Conc of (±)-Epinephrine 

hydrochloride 

(mM) 

Conc of β-CD 

(mM) 

Conductuvity 

(mS cm-1) 

0 10 10.000 0.000 1.04 

1 11 9.091 0.909 0.91 

2 12 8.333 1.667 0.81 

3 13 7.692 2.308 0.73 

4 14 7.143 2.857 0.66 

5 15 6.667 3.333 0.60 

6 16 6.250 3.750 0.55 

7 17 5.882 4.118 0.51 

8 18 5.556 4.444 0.47 

9 19 5.263 4.737 0.43 

10 20 5.000 5.000 0.40 

11 21 4.762 5.238 0.40 

12 22 4.545 5.455 0.39 

13 23 4.348 5.652 0.39 

14 24 4.167 5.833 0.38 

15 25 4.000 6.000 0.38 

16 26 3.846 6.154 0.37 

17 27 3.704 6.296 0.37 

18 28 3.571 6.429 0.36 

19 29 3.448 6.552 0.36 

20 30 3.333 6.667 0.35 

a Standard uncertainties in temperature (T) = 0.01 K. 

Table 11. 1H NMR data of β-CD, dopamine hydrochloride, tyramine hydrochloride, 

(±)-epinephrine hydrochloride and inclusion complexes 

β-Cyclodextrin (400 MHz, Solv: D2O) 

δ /ppm 

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) 

Dopamine hydrochloride (400 MHz, Solv: D2O) 
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δ /ppm 

2.15 (-NH2), 2.78-2.81 (2H, t, J = 7.2 Hz), 3.13-3.16 (2H, t, J = 7.2 Hz), 6.66-6.69 (1H, dd, J = 

8.0, 1.6 Hz), 6.76-6.77 (1H, d, J = 2 Hz), 6.81-6.83 (1H, d, J = 8.4 Hz) 

Tyramine hydrochloride (400 MHz, Solv: D2O) 

δ /ppm 

2.14 (-NH2), 2.82-2.86 (2H, t, J = 7.2 Hz), 3.14-3.17 (2H, t, J = 7.2 Hz), 6.81-6.83 (2H, dd, J = 

6.8, 2.0 Hz), 7.12-7.14 (2H, d, J = 8.8 Hz) 

(±)-Epinephrine hydrochloride (400 MHz, Solv: D2O) 

δ /ppm 

2.14 (NH), 2.68 (3H, s), 3.18-3.20 (2H, d, J = 6.4 Hz), 4.81-4.84 (1H, t, J = 6.4 Hz), 6.77-

6.79 (1H, d, J = 8.4 Hz), 6.85-6.87 (2H, m) 

β-CD+DH (500 MHz, Solv: D2O) 

δ /ppm 

2.77-2.80 (2H, t, J = 7.2 Hz), 3.01 (-NH2), 3.12-3.15 (2H, t, J = 7.2 Hz), 3.45-3.50 (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), 3.69-3.77 (18H, 

m), 4.96-4.97 (6H, d, J = 3.6 Hz), 6.48-6.51 (1H, dd, J = 8.0, 1.6 Hz), 6.56-6.57 (1H, d, J = 2 

Hz), 6.64-6.66 (1H, d, J = 8.4 Hz) 

β-CD+TH (400 MHz, Solv: D2O) 

δ /ppm 

2.72 (-NH2), 2.81-2.85 (2H, t, J = 7.2 Hz), 3.13-3.16 (2H, t, J = 7.2 Hz), 3.46-3.51 (6H, t, J = 

9.2 Hz), 3.54-3.57 (6H, dd, J = 9.6, 3.2 Hz), 3.62-3.68 (6H, t, J = 9.2 Hz), 3.71-3.79 (18H, 

m), 4.96-4.97 (6H, d, J = 3.6 Hz), 6.80-6.82 (2H, dd, J = 6.8, 2.0 Hz), 7.07-7.09 (2H, d, J = 8.8 

Hz) 

β-CD+EH (500 MHz, Solv: D2O) 

δ /ppm 

2.68 (3H, s), 2.92 (NH), 3.17-3.19 (2H, d, J = 6.4 Hz), 3.44-3.49 (6H, t, J = 9.2 Hz), 3.52-

3.56 (6H, dd, J = 9.6, 3.2 Hz), 3.57-3.63 (6H, t, J = 9.2 Hz), 3.68-3.76 (18H, m), 4.81-4.83 

(1H, t, J = 6.4 Hz), 4.97-4.98 (6H, d, J = 3.6 Hz), 6.64-6.66 (1H, d, J = 8.4 Hz), 6.73-6.75 (2H, 

m) 

Table 12. Data for the Benesi-Hildebrand double reciprocal plot constructed by UV-Vis 

spectroscopy for aqueous dopamine hydrochloride-β-CD system 

Temp 

/Ka 

[D] 

/µM 

[β-CD] 

/µM 
Ao A ΔA 

1/[β-CD] 

/M-1 
1/ΔA Intercept Slope 

Ka 
/M-1b 

293.15 

50 30 

0.112 

0.1251 0.0131 33333 76.6 

3.249938 0.002198 1478.656 
50 40 0.1291 0.0171 25000 58.5 

50 50 0.1335 0.0215 20000 46.5 

50 60 0.1374 0.0254 16667 39.4 
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50 70 0.1402 0.0282 14286 35.5 

298.15 

50 30 

0.112 

0.1229 0.0109 33333 91.7 

3.5222984 0.0026955 1306.733 

50 40 0.1259 0.0139 25000 71.9 

50 50 0.1284 0.0164 20000 61.0 

50 60 0.1327 0.0207 16667 48.3 

50 70 0.1375 0.0255 14286 39.2 

303.15 

50 30 

0.112 

0.1208 0.0088 33333 113.6 

3.754460 0.003320 1130.861 

50 40 0.1238 0.0118 25000 84.7 

50 50 0.1252 0.0132 20000 75.8 

50 60 0.1284 0.0164 16667 61.0 

50 70 0.1335 0.0215 14286 46.5 

a Standard uncertainties in temperature (T) = 0.01 K. 
b Mean errors in Ka = ±0.0210-3 M-1 

 
Table 13. Data for the Benesi-Hildebrand double reciprocal plot constructed by UV-Vis 

spectroscopy for aqueous tyramine hydrochloride-β-CD system 

Temp 

/Ka 

[T] 

/µM 

[β-CD] 

/µM 
Ao A ΔA 

1/[β-CD] 

/M-1 
1/ΔA Intercept Slope 

Ka 

/M-1b 

293.15 

50 30 

0.1095 

0.1225 0.0130 33333 76.9 

2.7370836 0.0022026 1242.66 

50 40 0.1270 0.0175 25000 57.1 

50 50 0.1316 0.0221 20000 45.2 

50 60 0.1345 0.0250 16667 40.0 

50 70 0.1380 0.0285 14286 35.1 

298.15 

50 30 

0.1095 

0.1214 0.0119 33333 84.2 

2.7106848 0.0024384 1111.67 

50 40 0.1253 0.0158 25000 63.3 

50 50 0.1290 0.0195 20000 51.3 

50 60 0.1325 0.0230 16667 43.5 

50 70 0.1360 0.0265 14286 37.7 

303.15 

50 30 

0.1095 

0.1202 0.0107 33333 93.5 

2.6360032 0.0027204 968.98 

50 40 0.1237 0.0142 25000 70.4 

50 50 0.1270 0.0175 20000 57.1 

50 60 0.1305 0.0210 16667 47.6 

50 70 0.1334 0.0239 14286 41.8 

a Standard uncertainties in temperature (T) = 0.01 K. 
b Mean errors in Ka = ±0.0210-3 M-1 
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Table 14. Data for the Benesi-Hildebrand double reciprocal plot constructed by UV-Vis 

spectroscopy for aqueous (±)-epinephrine hydrochloride-β-CD system 

Temp 

/Ka 

[E] 

/µM 

[β-CD] 

/µM 
Ao A ΔA 

1/[β-CD] 

/M-1 
1/ΔA Intercept Slope 

Ka 

/M-1b 

293.15 

50 30 

0.118 

0.1253 0.0073 33333 137.0 

6.245869 0.0039318 1588.55 

50 40 0.1275 0.0095 25000 105.3 

50 50 0.1298 0.0118 20000 84.7 

50 60 0.1320 0.0140 16667 71.4 

50 70 0.1340 0.0160 14286 62.5 

298.15 

50 30 

0.118 

0.1242 0.0062 33333 161.3 

6.5105914 0.0046629 1396.25 

50 40 0.1261 0.0081 25000 123.5 

50 50 0.1279 0.0099 20000 101.0 

50 60 0.1298 0.0118 16667 84.7 

50 70 0.1320 0.0140 14286 71.6 

303.15 

50 30 

0.118 

0.1235 0.0055 33333 180.5 

6.3492945 0.0052613 1206.79 

50 40 0.1252 0.0072 25000 138.9 

50 50 0.1268 0.0088 20000 113.6 

50 60 0.1286 0.0106 16667 94.3 

50 70 0.1306 0.0126 14286 79.4 

a Standard uncertainties in temperature (T) = 0.01 K. 
b Mean errors in Ka = ±0.0210-3 M-1 

 

Table 15. Data of the van’t Hoff equation for the calculation of thermodynamic parameters 

ΔHo, ΔSo and ΔGo (298.15 K) of various neurotransmitter-β-cyclodextrin inclusion 

complexes 

 
Temp 

/Ka 

Ka 

/M-1 
1/T lnKa Intercept Slope 

ΔHo 

/kJ mol-1 

ΔSo 

/J mol-1K-1 

ΔGo 

/kJ mol-1 

Dopamine 

hydrochloride 

293.15 1478.66 0.00341 7.298889 

-0.822 2381.777 -19.80 -6.83 -17.77 298.15 1306.73 0.00335 7.175285 

303.15 1130.86 0.00330 7.030735 

Tyramine 

hydrochloride 

293.15 1242.66 0.00341 7.125010 

-0.4064 2209.3 -18.37 -3.38 -17.36 298.15 1111.67 0.00335 7.013614 

303.15 968.98 0.00330 6.876240 

(±)-Epinephrine 

hydrochloride 

293.15 1588.55 0.00341 7.370578 
-0.9546 2441.6 -20.30 -7.94 -17.93 

298.15 1396.25 0.00335 7.241548 
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303.15 1206.79 0.00330

a Standard uncertainties in temperature (T) = 0.01 K.
b Mean errors in Ka = ±0.0210-3 M-1; ΔHo = ±0.01 kJ 

 

Figures 

Figure 1. Job plot of various 

hydrochloride at λmax = 278 nm, (b) tyramine

epinephrine hydrochloride at λ

difference  of  the  NTs  without  and  with 

 
 

Figure 2. Variation of surface tension of aqueous (a) dopamine

tyramine hydrochloride solution and (c) 

respectively with increasing concentration of 
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0.00330 7.095721 

Standard uncertainties in temperature (T) = 0.01 K. 

= ±0.01 kJ mol-1; ΔSo= ±0.01 J mol-1K-1; ΔGo =±0.01 kJ 

 

various neurotransmitter-β-CD systems at 298.15 K. (a) dopamine

= 278 nm, (b) tyramine hydrochloride at λmax = 275 nm and (c) 

at λmax = 278 nm. R  =  [NT]/([NT] + [β-CD]),  ΔA  =  absorbance  

difference  of  the  NTs  without  and  with β-CD. 

Variation of surface tension of aqueous (a) dopamine hydrochloride

solution and (c) (±)-epinephrine hydrochloride

respectively with increasing concentration of β-cyclodextrin at 298.15 K. 
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=±0.01 kJ mol-1. 

 

CD systems at 298.15 K. (a) dopamine 

= 275 nm and (c) (±)-

CD]),  ΔA  =  absorbance  

 

hydrochloride solution, (b) 

hydrochloride solution 

0.50 1.00 1.50

(c)
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Figure 3. Variation of conductivity of aqueous (a) dopamine

tyramine hydrochloride solution and (c) 

respectively with increasing concentration of 

 

Figure 4. 1H NMR spectra of (a) 

of β-CD & dopamine hydrochloride
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Variation of conductivity of aqueous (a) dopamine hydrochloride

solution and (c) (±)-epinephrine hydrochloride

respectively with increasing concentration of β-cyclodextrin at 298.15 K. 

H NMR spectra of (a) β-CD, (b) dopamine hydrochloride and (c) 1:1 molar ratio 

hydrochloride in D2O at 298.15K. 
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hydrochloride solution, (b) 
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and (c) 1:1 molar ratio 
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Figure 5. 1H NMR spectra of (a) 

β-CD & tyramine hydrochloride

Figure 6. 1H NMR spectra of (a) 

ratio of β-CD & (±)-epinephrine
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H NMR spectra of (a) β-CD, (b) tyramine hydrochloride and (c) 1:1 molar ratio of 

hydrochloride in D2O at 298.15K. 

H NMR spectra of (a) β-CD, (b) (±)-epinephrine hydrochloride and (c) 1:1 molar 

epinephrine hydrochloride in D2O at 298.15K. 
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Scheme 3. Different possibilities of host-guest ratio for inclusion complex. 

 

 

Scheme 4. (a) Stereo-chemical configuration of β-cyclodextrin, (b) truncated conical 

structure of β-cyclodextrin with interior and exterior protons. 

 

Scheme 5. Feasible and restricted inclusion of the guest into the host molecule. 
 

 



 

Published in Industrial & Engineering Chemistry Research, 2017
 

Mechanistic investigation 

and β-cyclodextrins 

Molecular encapsulation is extremely important in pharmaceutical and drug delivery 

science. In this article, one of the most important sulfa

sodium has been probed in solution and solid phase to encapsulate it 

and β-cyclodextrins. Various physicochemical techniques have been employed to establish 

the outcome of the work. Isothermal titration calorimetric 

evaluate the stoichiometry, association constant and thermodyn

accuracy. The solid inclusion complexes 

which ascertain the encapsulation 

cyclodextrins. This inclusion phenomenon of the drug is exceedingly significant for its 

stabilization from external hazards, 

for regulatory release of essential

proficiently and accurately and for preventing overdose when applied 

solution and ointment. 

 

 

159 | 

Published in Industrial & Engineering Chemistry Research, 2017, 56, 11672

CHAPTER VI 
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VI.1. Introduction 

Molecular encapsulation and release are exceptionally significant in pharmacology 

and drug delivery science in recent years.[1,2] For this purpose various host molecules, 

such as calixarenes, pillararenes, cucurbiturils, cyclodextrins, etc. have been widely used as 

excellent receptors for drug recognition.[3-6] The host-guest complexes could be applied to 

construct stimuli-responsive supramolecular materials, where series of external stimuli, 

such as, enzyme activation, photo sensing, temperature dependence, changes in pH/redox 

and competitive binding may be employed to operate the release of guest molecules from 

the inclusion complexes (ICs).[7-10] In the last decade attention has been focused on 

molecular sensing, anti-cancer drug release, gene transfection etc. with the help of 

mechanized nanoparticles capable of trapping and regulating the release of cargo 

molecules by a range of external stimuli.[11-14] Macrocyclic host molecules are of 

immense importance in ICs as the cyclized and constrained conformation offer the benefit 

of molecular selectivity.[15] The cyclodextrins (CDs) are exclusively interesting in this 

regard, due to their amphiphilic nature.[15,16] The interest in amphiphiles comes up from 

their self-assembly in aqueous systems to form well defined structures, such as micelles, 

nanotubes, nanorods, nanosheets and vesicles, which can be applied in several grounds 

ranging from nano-devices, drug delivery and cell imaging.[17-19] In recent times 

cyclodextrin modified nanoparticles are of great attention as they appreciably improve the 

characteristics of the assemblies, such as the electronic, conductance, thermal, fluorescence 

and catalytic properties improving their potential applications as nanosensors and drug 

delivery vehicles.[20,21] Various sophisticated probes have been designed for this purpose 

for their applications in the manufacture of molecular switches, molecular machines, 

supramolecular polymers, chemosensors, transmembrane channels, molecule-based logic 

gates and other interesting host−guest systems.[22-25] CDs are the cyclic oligosaccharides 

having six (α-CD), seven (β-CD) and eight (γ-CD) glucopyranose units which are bound 

together by α-(1–4) linkages making a truncated conical structure (scheme 1), which 

allows CDs to form host–guest ICs with different sized guest molecules.[26-28] The 

structures and the properties of the ICs formed by CDs are determined by their 

architectures, i.e., interplay between the hydrophilic−hydrophobic balance and geometric 
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packing constraints.[27-29] The experimental conditions, such as concentration, 

temperature, pH, etc. also play crucial roles exhibiting their potential applications in gene 

and drug delivery.[30-32] Due to their above mentioned advantages, the ICs are being 

widely investigated in materials and biomedical sciences, especially, the applications in 

biologically and pharmaceutically relevant fields have produced tremendous interest of 

researchers in recent years.[33-37] The exterior of the CD cavity is highly polar due to the 

hydroxyl groups, while the interior is non-polar, making them suitable and fascinating 

hosts for supramolecular chemistry.[38,39] The chemical stability of guest molecule also 

increases due to encapsulation inside the cavity.[40,41] 

The stabilization and regulatory release of the sulfa-drugs are of great concern in 

pharmacology.[42-45] Thus to protect these drugs from external effects and for their 

regulatory release, it is crucial to investigate whether they can be encapsulated into the CD 

molecule.[46,47] Sulfonamides are bacteriostatic material and their range of activity is 

analogous for all.[48,49] Sulfonamides restrain bacterial synthesis of dihydrofolic acid by 

inhibiting the condensation of the pteridine with aminobenzoic acid by competitive 

inhibition of the enzyme dihydropteroate synthetase.[50,51] Topically applied 

sulfonamides act against vulnerable strains of various bacterial eye pathogens, for example, 

Escherichia coli, Staphylococcus aureus, Streptococcus pneumoniae, Streptococcus, 

Haemophilus influenzae, Klebsiella species, Enterobacter species, etc.[52,53] Sulfacetamide 

sodium (SS) (scheme 1) 10% topical lotion is approved for the treatment of acne, 

seborrheic dermatitis, conjunctivitis and various external visual infections due to 

susceptible for microorganisms.[50,52] SS has been considered in the treatment of 

pityriasis versicolor and rosacea.[54] It also has anti-inflammatory property while used to 

treat conjunctivitis.[53] It is found that SS may be used in the treatment of mild forms of 

hidradenitis suppurativa.[54] There are a number of topical products containing SS, e.g., 

foams, shampoos, cream, etc.[50,54] Sulfacetamide is a competitive inhibitor of bacterial 

para-aminobenzoic acid, which is necessary for bacterial synthesis of folic acid, a vital 

constituent for bacterial growth.[50,54] The multiplication of bacteria is thus inhibited by 

the action of sulfacetamide.[51,54] SS can also be used orally to treat urinary tract 

infections and the oral absorption of SS is found to be 100%.[50,55] Sulfacetamide causes 
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slight irritation in presence of UV-A light, as it gets sensitized and degraded leading to 

toxicity when used continuously.[53] Thus, stabilization from external hazards, i.e., 

oxidation, sensitization, photolytic cleavage etc.; for the regulatory delivery of required 

amount of SS at the targeted site for a period of time professionally and accurately and to 

prevent overdose, encapsulation of the drug is very important.[56,57] 

Here, inclusion of SS has been attempted within the cavity of α and β-CD in solution 

and solid phase both for use as ophthalmic solution and ointment. Monomolecular 

encapsulation has been explained by Job’s method, several tools have been used for the 

confirmation of inclusion. Association parameters and thermodynamics of the processes 

have also been explained basing upon reliable ultraviolet-visible spectroscopy and 

isothermal titration calorimetric studies, while the solid ICs have been characterized by 1H 

NMR & 2D ROESY NMR spectroscopy, HRMS and FTIR spectroscopy. 

Hence, this novel work approaches toward the stabilization and regulatory delivery 

of sulfacetamide sodium. Here, singly-molecular encapsulation of the drug provides the 

drug loading ability of α and β-cyclodextrins. The association and thermodynamic 

parameters have been evaluated by highly sophisticated methods, which help to implement 

the proposed utilization of the encapsulated drug in the fields of applied chemistry and 

chemical engineering. 

VI.2. Experimental section 

VI.2.1. Source and purity of samples 

Sulfacetamide sodium salt monohydrate, α-cyclodextrin and β-cyclodextrin of high-

purity grade were purchased from Sigma-Aldrich and used as received. Purity of 

sulfacetamide sodium salt monohydrate, α-cyclodextrin and β-cyclodextrin were ≥98.0%. 

VI.2.2. Apparatus and procedure 

UV-visible spectra were recorded by JASCO V-530 UV-Vis spectrophotometer with 

wavelength accuracy of ±0.5 nm. Temperature of the cell was kept constant by a digital 

thermostat. 
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The surface tension studies were accomplished by platinum ring detachment 

technique using digital tensiometer K9, KRÜSS, Germany at the experimental temperature. 

Accuracy in the measurement was ±0.1 mNm−1. Temperature was maintained at 298.15 K 

by circulating auto-thermostat water through a double walled glass vessel holding the 

solution. 

Specific conductivities of the studied solutions were measured by Mettler Toledo 

Seven Multi conductivity meter with uncertainty ±1.0 µS m-1. The experiments were carried 

out in an auto-thermostat water bath keeping the temperature at 298.15 K and using HPLC 

grade water with specific conductance of 6.0 µS m-1.  Calibration of the cell was done using 

a 0.01M aqueous KCl solution. 

Isothermal titration calorimetry was employed to find out the association constants 

at 298 K using a MicroCal VP-ITC (MicroCal, Inc., Northampton, MA, USA). First, the thermal 

equilibration was allowed at 298 K, which was followed by initial 120 s delay and the 

successive twenty five injections of SS to each CD (duration of injection was 10 s having 

spacing of 180 s). A heat-burst curve was generated at each injection between micro cal 

s−1 versus time in minute. The saturation curve for kcal/mol of the injectant against molar 

ratio was calculated by integration, using Origin 7.0 software to provide the heat associated 

with the injection. The association-affinity and thermodynamic properties of the binding 

phenomenon were found out by fitting the integrated heats of binding to the one site 

binding model to give the association constant (KaC), stoichiometry (NC), binding enthalpy 

(ΔHoC) and the entropy (ΔSoC). 

2D ROESY and 1H NMR spectra were recorded in D2O at 300 MHz in Bruker Avance 

300 MHz instrument at 298 K. Signals are cited as δ values in ppm using residual 

protonated solvent signal as internal standard (HDO: δ 4.79 ppm). Data are presented as 

chemical shift. 

HRMS analyses were performed by Q-TOF high resolution instrument with positive 

mode electro-spray ionization taking the methanol solution of the solid ICs. 
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FTIR spectra were recorded in a Perkin Elmer FT-IR spectrometer according to the 

KBr disk method. KBr disks were made in 1:100 ratios of sample and KBr. FTIR studies 

were carried out in the scanning range of 4000−400 cm−1 at room temperature. 

Solubilities of the two CDs and sulfacetamide sodium salt monohydrate have been 

checked in triply distilled, deionized and degassed water. All the solutions of α-CD, β-CD 

and SS were prepared by mass using Mettler Toledo AG-285 with uncertainty ±0.1 mg at 

298.15 K. Sufficient precautions were taken to minimize the evaporation loss during mixing 

and working with these solutions. 

The two solid ICs (SS + α-CD and SS + β-CD) have been prepared in 1:1 molar ratio 

of SS and CD. For each complex, 1.0 millimole SS and 1.0 millimole CD were dissolved in 20 

mL water separately and stirred for 4 hours. Then the aqueous solution of SS was added 

drop wise to the aqueous solution of CD. The mixture was then stirred for 48 hrs at 50–

55oC and filtered at this hot condition. It was then cooled to 5oC and kept for 12 hrs. The 

resulting suspension was filtered to get white polycrystalline powder, which was washed 

with ethanol and dried in air. The yield of the solid inclusion complexes were 88% and 92% 

for SS + α-CD and SS + β-CD respectively. 

VI.3. Result and Discussion 

VI.3.1. Job plot: stoichiometry of the host-guest inclusion complex 

The efficient and successful method to identify the stoichiometry of the host-guest 

inclusion complex is the Job’s method, popularly known as the continuous variation 

method.[58] This technique was applied here using UV-visible spectroscopy by measuring 

the absorbance of a set of solutions of SS with α and β-CD having their mole fractions in the 

range 0–1 (table 1, 2).[59] Job plots were generated by plotting ΔA × R against R, where ΔA 

is the difference in absorbance of SS without and with CD and R = [SS]/([SS]+[CD]). 

Absorbance were calculated at λmax = 256 nm for all the solutions at 298.15K. The value of 

R at the maxima on the curve provides the stoichiometry of IC, thus, the ratio of guest and 

host is 1:2 if R ≈ 0.33; 1:1 if R ≈ 0.5; 2:1 if R ≈ 0.66 etc.[60] In the present work maxima for 
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each of the plots were found at R ≈ 0.5, which indicate 1:1 stoichiometry of the host-guest 

inclusion complexes (figure 1).[61] 

VI.3.2. Surface tension study: inclusion and its stoichiometric ratio 

Surface tension (γ) study provides significant evidence regarding the formation and 

the stoichiometry of the host-guest IC.[62-64] The structure of SS shows that there is a 

charged end and also a hydrophobic portion, as a consequence SS behaves like surfactant 

molecule, which is reflected in the lower γ value of its aqueous solution compared to pure 

aqueous media.[65,66] CDs in contrast, because of having hydrophobic outer surface and 

hydrophilic rims, hardly show any change in γ while dissolved in aqueous medium for a 

wide range of concentration.[67,68] In the present study γ of aqueous SS was measured 

with increasing concentration of α and β-CD at 298.15K (table 3, 4). In both cases there 

were progressively rising trend of γ with increasing concentration of α and β-CD (figure 2), 

may be as a result of encapsulation of the SS molecule from the surface of the solution into 

the hydrophobic cavity of CDs forming host-guest ICs (scheme 2).[59] Both the plots also 

demonstrate that there are single noticeable breaks in each curve (figure 2), which not only 

reveal the formation of IC but also specify the 1:1 stoichiometric ratio for each of the ICs 

formed.[62,63] The values of γ and corresponding concentrations of SS and CDs at each 

break have been listed in table 5, which also point out that at each break point the 

concentration ratio of host and guest is about 1:1, establishing the formation of 1:1 ICs 

between SS and CDs.[59,66] 

VI.3.3. Conductivity study: inclusion process and the stoichiometry 

Conductivity (κ) study is an essential tool to elucidate the inclusion phenomenon in 

solution phase.[69,70] It identifies the formation as well as the stoichiometry of the 

ICs.[65,67] In the present study the conductivity of aqueous solution of SS was measured 

with continuous addition of α and β-CD (table 3, 4). The results are shown in figure 3, 

which show gradually decreasing trend of κ, may be because of lowering of mobility of the 

charged SS molecules due to encapsulation into the cavity of CDs.[71,72] Thus, the 

conductivities of the solutions are noticeably affected by the inclusion phenomenon 
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(scheme 2).[67,70] At certain concentrations of α and β-CD single breaks were found in 

each conductivity curve signifying the formation of 1:1 IC (figure 3).[59,65] The values of κ 

and corresponding concentrations of SS and CDs at each break have been listed in table 5, 

which inform that the ratio of the concentrations of SS and each CD at the break point is 

roughly 1:1, suggesting that SS-CD IC is equimolar, i.e., the host-guest ratio is 1:1 (scheme 

2).[66,70] 

VI.3.4. Ultraviolet spectroscopy: association constants and thermodynamic 

parameters 

Association constants (Ka) for the inclusion phenomenon have been determined for 

the SS-CD ICs with the help of UV-visible spectroscopy.[59] There should be a change in 

molar extinction coefficient (∆ε) of the chromophore of SS when the SS molecules go from 

the polar aqueous environment to the apolar cavity of α or β-CD making the ICs.[67,73] The 

changes in absorbance (∆A) of SS (at λmax = 256 nm) were employed against the 

concentration of α and β-CD at a range of temperatures to find out the association 

constants (Ka) (table 6, 7).[65] On the basis of Benesi–Hildebrand method for 1:1 host-

guest complex double reciprocal plots were drawn by using the following equation (figure 

4, 5).[61,74] 

                                                     
�

∆�
=

�

∆�[��]��
´

�

[��]
+

�

∆�[��]
                                        (VI.1) 

The values of Ka for the ICs have been evaluated by dividing the intercept by the 

slope of the straight line of the double reciprocal plot (table 6, 7).[59,65] 

Association constants (Ka
) were also calculated for the SS-CD ICs by UV-visible 

spectroscopy with the help of non-linear programme basing upon the changes in 

absorbance as a result of encapsulation of the SS molecule inside into the apolar cavity of α 

and β-CD.[59,75] The following equilibrium is supposed to exist between the host and the 

guest for 1:1 IC [27,28] 
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                                                           SS�  +  CD�   K�


⇌
   IC                                              (VI.2) 

The association constant (Ka
) for the formation of IC may be expressed as 

                                                               K�


=  
[��]

[��]�[��]�
                                                   (VI.3) 

Here, [IC], [SS]f and [CD]f represent the equilibrium concentration of IC, free SS molecule 

and free CD respectively. According to the binding isotherm, the association constant (Ka
) 

for the formation of IC may be expressed as [59,76,77] 

                                                 K�


=  
[��]

[��]�[��]�
=  

(�������)

(������)[��]�
                                   (VI.4) 

where,                                   [CD]� =  [CD]�� −  
[��]��(�������)

(����)
                                 (VI.5) 

Here, Ao, Aobs and A are the absorbance of SS molecule at initial state, during addition of CD 

and final state respectively. [SS]ad and [CD]ad are the concentrations of SS and the added CD 

respectively. Thus, the values of Ka
 for the ICs were estimated from the binding isotherm 

by applying non-linear programme (table 8).[75,78] 

The thermodynamic parameters may be derived basing upon the association 

constants found out from various isotherms by the above linear and non-linear methods 

with the help of van’t Hoff equation (equation VI.6, VI.7) (table 8, 9, figure 6, 7).[59,65,67] 

                                                          lnK� = −
∆��
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+

∆��

�
                                                (VI.6) 

                                                        lnK�


= −
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+
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�
                                               (VI.7) 

The changes in enthalpy and entropy for the inclusion phenomenon were found 

negative signifying the inclusion process to be exothermic and entropy restricted rather 

than entropy driven (table 8, 9).[59,65] It may be described basing upon the molecular 

association that was happening while the ICs were being formed between α or β-CD and SS. 

Due to this phenomenon, there should be a fall in entropy, which was adverse for the 

spontaneous formation of the IC. This effect was reversed by grater negative value of 
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change in enthalpy, which makes the overall inclusion process thermodynamically 

favourable. 

VI.3.5. Isothermal titration calorimetry: characterization of complexation 

Isothermal titration calorimetry (ITC) is highly sensitive and accurate analytical 

technique for evaluation of association constant and various thermodynamic properties in 

host–guest complexation chemistry.[79] It is a competent technique for direct 

measurement of the thermodynamic parameters than using the van't Hoff equation 

method.[59] Upper part of figure 8a shows the data acquired from the ITC titration of SS 

with α-CD in water at 298 K, which illustrates generation of exothermic heat after each 

injection and the amount of the released heat decreases gradually until complete 

complexation was achieved. Lower part of figure 8a shows the experimental data and the 

analyzed best fit binding curve of SS with α-CD, that gives the stoichiometry (NC), 

association constant (KaC), standard enthalpy (ΔHoC) and standard entropy (ΔSoC). The 

complexation of SS with β-CD in water at 298 K was likewise estimated by ITC as described 

above and shown in figure 8b. The results of calorimetric study are listed in table 10, which 

are analogous with those found from the investigation of UV-visible spectroscopic data, 

however, these are slight different from those obtained by the previous spectroscopic 

technique studied in a range of temperature, which may be due to the fact that the 

association constants of CD complexes decrease with increase in temperature, on the basis 

of which the enthalpy and entropy were calculated using van't Hoff method.[80] But, here 

in ITC study, the thermodynamic parameters were estimated only at 298 K, where the 

changes of the values of association constants are not reflected. One more fact is that in 

spectroscopic determination, the thermodynamic parameters were evaluated from 

association constants, which were found out basing upon ∆ε of SS, that was owing to the 

alteration in the environment around the chromophore, when the SS molecules go from the 

polar aqueous surroundings to the hydrophobic cavity of CD. Hence, the changes in 

enthalpy and entropy illustrated there were completely for the formation of IC, not due to 

the solvent interactions happening in the system. But, in ITC various non-covalent forces, 

namely, van der Waals, electrostatic, hydrophobic and H-bonding play major role in the 
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host–guest interactions, representing an overall heat changes in the thermodynamic 

parameters.[81] The binding of SS with α-CD or β-CD are enthalpy favored as the entropy 

for the interaction is not favorable, indicating major role of electrostatic and hydrophobic 

interactions in the complexation process.[59] 

The stoichiometries (NC) of the binding additionally recommend that 1 : 1 

complexation have taken place in the formation of complexes of SS with α-CD and β-CD 

which is consistent with the 1 : 1 complexation realized from the Job plots. 

VI.3.6. 1H NMR and 2D ROESY NMR spectra analysis of solid inclusion complexes 

Inclusion of a guest molecule into the cavity of CD results in the chemical shift of the 

interacting protons of both the guest and CD in 1H NMR spectra, owing to their mutual 

shielding through space.[82] The spectral changes that can be observed in case of 

encapsulation of aromatic guest molecules are the diamagnetic shielding of the interacting 

protons of CD by the aromatic moiety of the guest.[83] In the structure of CD it may be 

observed that the H3 and H5 hydrogens are located inside the conical cavity, particularly, 

the H3 are placed near the wider rim while H5 are placed near the narrower rim and the 

other H1, H2 and H4 hydrogens are located at the exterior of the CD molecule (scheme 

1).[84] In the present work the molecular encapsulation was studied with the help of 1H 

NMR spectra. Figure 9-11 show the 1H NMR spectra of pure SS, α-CD and β-CD respectively, 

where the aromatic as well as signals of H3 and H5 protons of CDs may be observed with 

corresponding chemical shift (δ) values (table 11). In the 1H NMR spectra of the ICs, it may 

be noticed that the signals of interior H3 and H5 of α and β-CD as well as that of the 

interacting aromatic protons of SS showed substantial upfield shift confirming the 

formation of ICs (figure 12, 13).[85] It may also be observed that the chemical shift (δ) of 

the H3 due to interaction with the aromatic guest was much higher than that of the H5 

(table 11), proving the guest entered through the wider rim of α and β-CD (scheme 2).[86] 

Two-dimensional (2D) NMR spectroscopy provides conclusive evidence about the 

spatial proximity of the interacting atoms of the host and the guest by observing the 

intermolecular dipolar cross-correlations.[87,88] Two protons which are situated within 
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0.4 nm in space may produce a Nuclear Overhauser Effect (NOE) cross-correlation in NOE 

spectroscopy (NOESY) or rotating-frame NOE spectroscopy (ROESY).[89] As the structural 

features of α and β-CD described earlier, the inclusion phenomenon into the CD cavity may 

be proved by the appearance of NOE cross-peaks between the H3 or H5 protons of CD and 

the interacting protons of the guest recognizing their spatial proximity.[90,91] For 

establishing this, 2D ROESY were obtained of the ICs of SS with α and β-CD in D2O, which 

showed significant correlation of aromatic protons of SS with the H-3 and H-5 protons of α 

and β-CD, signifying the aromatic ring was included inside both the CD cavities (figure 14, 

15).[92] These outcomes confirmed the encapsulation of the SS molecule within the 

cavities of α and β-CD. Furthermore, it may be observed that the H6 protons of CDs were 

not influenced by the inclusion processes, which suggest that the guest SS molecule was 

incorporated into the CD cavity via the wider rim, not through the narrower rim as 

otherwise cross-peaks between the H6 and the guest would have been observed in the 

ROESY spectra (scheme 2).[93] 

VI.3.7. ESI-mass spectrometric analysis of inclusion complexes 

The solid ICs of SS with α and β-CD were further analyzed by ESI-mass spectrometry 

by dissolving these in methanol. The spectra have been shown in figure 16 and the 

observed peaks have been listed into table 12 with possible ions. The peaks at m/z 1209.35 

and 1231.33 correspond to [SS+α-CD+H]+ and [SS+α-CD+Na]+ respectively, and the peaks at m/z 

1371.40 and 1393.38 correspond to [SS+β-CD+H]+ and [SS+β-CD+Na]+ respectively. The spectra 

confirm that the desired ICs SS+α-CD and SS+β-CD have been formed in solid state and the 

stoichiometric ratio of the host and guest is 1:1 (scheme 2).[94,95] 

VI.3.8. FT-IR spectra of solid inclusion complexes 

Inclusion phenomenon inside CD molecule may be satisfactorily illustrated by FT-IR 

spectra.[46,96] In this work IR spectra of SS, α-CD, β-CD and the ICs were obtained in solid 

state by KBr pellet method, which show characteristic changes in IR signals of host and 

guest confirming the formation of ICs.[85,97] The spectra are shown in figure 17 and the 

typical signals are listed in table 13 with the chemical bonds responsible for the 
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corresponding stretching frequencies. The binding modes of SS inside α and β-CD were 

described by NMR studies, which may again be confirmed by the shifting of IR signals. The 

following changes due to various interactions may be found for the SS+α-CD IC: (i) the 

signal of –O-H of α-CD was at 3412.10 cm-1 and that of –N-H of SS was at 3433.76 cm-1, 

whereas the IC showed signal at 3406.25 cm-1 possibly due to formation of H-bonding 

between them; (ii) the >C=O stretching signal was at 1626.42 cm-1 for SS, which was shifted 

at 1633.94 cm-1 in case of IC may be as a result of formation of H-bonding; (iii) S=O showed 

signal at 1322.43 cm-1 and 1132.63 cm-1 for pure SS, which changed at 1330.58 cm-1 and 

1152.07 cm-1 for the IC possibly owing to interaction with CD cavity; (iv) the –C-H 

stretching and –C-H bending of α-CD were at 2930.79 cm-1 and 1406.76 cm-1 respectively 

and for SS out of plane C-H bending were at 836.89 cm-1 and 690.32 cm-1 respectively, 

which shifted for the IC at 2933.57 cm-1, 1417.51 cm-1, 846.98 cm-1 and 685.55 cm-1 

respectively may be because of close proximity of –C-H of α-CD with the aromatic C-H of SS 

as found in 2D ROESY spectra. Similarly, the following shifts in IR spectra may be found due 

to various interactions for the SS+β-CD IC: (i) the signal of –O-H of β-CD was at 3349.84 cm-

1 and that of –N-H of SS was at 3433.76 cm-1, whereas the IC showed signal at 3417.91 cm-1 

probably due to formation of H-bonding between them; (ii) the >C=O stretching signal was 

at 1626.42 cm-1 for SS, which was shifted at 1634.83 cm-1 in case of IC possibly as a result of 

formation of H-bonding with –O-H of β-CD; (iii) S=O showed signal at 1322.43 cm-1 and 

1132.63 cm-1 for pure SS, which changed at 1329.43 cm-1 and 1154.61 cm-1 for the IC 

possibly because of interaction with β-CD cavity; (iv) the –C-H stretching and –C-H bending 

of β-CD were at 2921.52 cm-1 and 1412.36 cm-1 respectively and for SS out of plane C-H 

bending were at 836.89 cm-1 and 690.32 cm-1 respectively, which shifted for the IC at 

2932.95 cm-1, 1416.52 cm-1, 844.09 cm-1 and 684.45 cm-1 respectively may be due to 

closeness of –C-H of β-CD with the aromatic C-H of SS as found from 2D ROESY spectra. In 

both the IR spectra of the ICs there was no appearance of additional signal rejecting the 

possibility of any chemical reaction.[93,98] Hence, the FT-IR study provides significant 

indications of formation of ICs in the solid form, supporting the outcomes of the other 

above studies. 
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VI.4. Conclusion 

Host-guest inclusion phenomenon is accomplished through molecular recognition of 

the guest by the host molecule. There also must be dimensional suitability between the two 

species. One of the driving forces for the formation of IC was the release of the water 

molecules from the hydrophobic cavity of CD to the bulk of water thereby increasing the 

entropy of the system. The ICs were stabilized by both hydrophobic and H-bonding 

interactions. Here, formations of 1:1 ICs were established and the ICs were characterized 

by various techniques in aqueous medium as well as in solid state. The ICs stabilize SS from 

chemical modification, photo sensitization and act as regulatory releaser at the targeted 

site for a specified period of time reducing the overdose. Thus, the present study conveys a 

new approach over the already known versatile use of SS by applying α and β-CD in bio-

medical sciences and pharmaceutical industries. 

Tables 

Table 1. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous SS-α-CD 

system at 298.15Ka 

SS 

(mL) 

α-CD 

(mL) 

SS 

(µM) 

α-CD 

(µM) 
[SS]/([SS]+[α-CD]) 

Absorbance 

(A) 
ΔA ΔA´[SS]/([SS]+[α-CD]) 

0.0 1.0 0 100 0.0 0.0000 1.6225 0.0000 

0.1 0.9 10 90 0.1 0.1394 1.4831 0.1483 

0.2 0.8 20 80 0.2 0.3062 1.3163 0.2633 

0.3 0.7 30 70 0.3 0.4758 1.1467 0.3440 

0.4 0.6 40 60 0.4 0.6443 0.9782 0.3913 

0.5 0.5 50 50 0.5 0.7955 0.8270 0.4135 

0.6 0.4 60 40 0.6 0.9728 0.6497 0.3898 

0.7 0.3 70 30 0.7 1.1298 0.4927 0.3449 

0.8 0.2 80 20 0.8 1.3181 0.3044 0.2435 

0.9 0.1 90 10 0.9 1.4774 0.1451 0.1305 

1.0 0.0 100 0 1.0 1.6225 0.0000 0.0000 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table 2. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous SS-β-CD 

system at 298.15Ka 

SS 

(mL) 

β-CD 

(mL) 

SS 

(µM) 

β-CD 

(µM) 
[SS]/([SS]+[β-CD]) 

Absorbance 

(A) 
ΔA ΔA´[SS]/([SS]+[β-CD]) 

0.0 1.0 0 100 0.0 0.0000 1.6225 0.0000 

0.1 0.9 10 90 0.1 0.1405 1.4820 0.1482 

0.2 0.8 20 80 0.2 0.3107 1.3118 0.2624 

0.3 0.7 30 70 0.3 0.4834 1.1391 0.3417 

0.4 0.6 40 60 0.4 0.6509 0.9716 0.3886 
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0.5 0.5 50 50 0.5 0.8074 0.8151 0.4075 

0.6 0.4 60 40 0.6 0.9808 0.6417 0.3850 

0.7 0.3 70 30 0.7 1.1346 0.4879 0.3415 

0.8 0.2 80 20 0.8 1.3189 0.3036 0.2429 

0.9 0.1 90 10 0.9 1.4812 0.1413 0.1272 

1.0 0.0 100 0 1.0 1.6225 0.0000 0.0000 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table 3. Surface tension and conductivity study of aqueous SS-α-CD system at 298.15Ka 

Volm of α-CD 

(mL) 

Total 

volm 

(mL) 

Conc of SS 

(mM) 

Conc of α-CD 

(mM) 

Surface 

tension 

(mN m-1) 

Conductuvity 

(mS m-1) 

0 10 10.000 0.000 61.9 0.960 

1 11 9.091 0.909 63.4 0.892 

2 12 8.333 1.667 64.7 0.830 

3 13 7.692 2.308 65.8 0.771 

4 14 7.143 2.857 66.7 0.720 

5 15 6.667 3.333 67.5 0.674 

6 16 6.250 3.750 68.3 0.640 

7 17 5.882 4.118 68.9 0.598 

8 18 5.556 4.444 69.6 0.569 

9 19 5.263 4.737 70.1 0.538 

10 20 5.000 5.000 70.6 0.510 

11 21 4.762 5.238 70.7 0.493 

12 22 4.545 5.455 70.8 0.485 

13 23 4.348 5.652 70.9 0.481 

14 24 4.167 5.833 71.0 0.475 

15 25 4.000 6.000 71.1 0.469 

16 26 3.846 6.154 71.2 0.465 

17 27 3.704 6.296 71.3 0.459 

18 28 3.571 6.429 71.3 0.455 

19 29 3.448 6.552 71.4 0.450 

20 30 3.333 6.667 71.4 0.446 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table 4. Surface tension and conductivity study of aqueous SS-β-CD system at 298.15Ka 

Volm of β-CD 

(mL) 

Total 

volm 

(mL) 

Conc of SS 

(mM) 

Conc of β-CD 

(mM) 

Surface 

tension 

(mN m-1) 

Conductuvity 

(mS m-1) 

0 10 10.000 0.000 61.9 0.960 

1 11 9.091 0.909 63.4 0.874 

2 12 8.333 1.667 64.7 0.811 

3 13 7.692 2.308 65.8 0.760 

4 14 7.143 2.857 66.7 0.709 
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5 15 6.667 3.333 67.6 0.670 

6 16 6.250 3.750 68.4 0.629 

7 17 5.882 4.118 69.1 0.601 

8 18 5.556 4.444 69.7 0.564 

9 19 5.263 4.737 70.3 0.531 

10 20 5.000 5.000 70.8 0.505 

11 21 4.762 5.238 71.0 0.492 

12 22 4.545 5.455 71.1 0.485 

13 23 4.348 5.652 71.2 0.479 

14 24 4.167 5.833 71.3 0.474 

15 25 4.000 6.000 71.3 0.469 

16 26 3.846 6.154 71.4 0.465 

17 27 3.704 6.296 71.4 0.461 

18 28 3.571 6.429 71.5 0.455 

19 29 3.448 6.552 71.5 0.451 

20 30 3.333 6.667 71.5 0.445 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

 

Table 5. Values of surface tension (γ) and conductivity (κ) at the break point with 

corresponding concentrations of SS and CD at 298.15 K a 

 
Conc of SS 

/mM 

Conc of CD 

/mM 

γ a 

/mN·m-1 

α-CD 4.94 5.06 70.6 

β-CD 4.85 5.15 70.9 

 

 
Conc of SS 

/mM 

Conc of CD 

/mM 

κ a 

/mS·m-1 

α-CD 4.74 5.26 0.495 

β-CD 4.79 5.21 0.494 
a Standard uncertainties (u): temperature: u(T) = ±0.01 K, surface tension: 

u(γ) = ±0.1 mN∙m−1, conductivity: u(κ) = ±0.001 mS·m-1. 

Table 6. Data for the Benesi-Hildebrand double reciprocal plot constructed by UV-Vis 

spectroscopy for aqueous SS-α-CD system 

Temp 

/Ka 

[SS] 

/µM 

[α-CD] 

/µM 
Ao A ΔA 

1/[α-CD] 

/M-1 
1/ΔA Intercept Slope 

Ka 

/M-1b 

288.15 

50 30 

0.8019 

0.8092 0.0073 33333 137.0 

6.9170018 0.0039110 1768.60 

50 40 0.8115 0.0096 25000 104.2 

50 50 0.8134 0.0115 20000 87.0 

50 60 0.8157 0.0138 16667 72.5 

50 70 0.8182 0.0163 14286 61.4 

293.15 
50 30 

0.8019 
0.8084 0.0065 33333 153.8 

6.9619200 0.0044582 1561.60 
50 40 0.8102 0.0083 25000 120.5 
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50 50 0.8121 0.0102 20000 98.0 

50 60 0.8142 0.0123 16667 81.2 

50 70 0.8165 0.0146 14286 68.5 

298.15 

50 30 

0.8019 

0.8079 0.0060 33333 166.7 

6.6989797 0.0048941 1368.79 

50 40 0.8094 0.0075 25000 133.3 

50 50 0.8112 0.0093 20000 107.5 

50 60 0.8134 0.0115 16667 87.3 

50 70 0.8155 0.0136 14286 73.5 

303.15 

50 30 

0.8019 

0.8073 0.0054 33333 185.2 

6.4918606 0.0054087 1200.26 

50 40 0.8089 0.0070 25000 142.9 

50 50 0.8104 0.0085 20000 117.6 

50 60 0.8122 0.0103 16667 97.1 

50 70 0.8143 0.0124 14286 80.8 

308.15 

50 30 

0.8019 

0.8066 0.0047 33333 212.8 

6.5801710 0.0062032 1060.77 

50 40 0.8081 0.0062 25000 161.3 

50 50 0.8094 0.0075 20000 133.3 

50 60 0.8110 0.0091 16667 109.9 

50 70 0.8126 0.0107 14286 93.5 

313.15 

50 30 

0.8019 

0.8059 0.0040 33333 250.0 

6.9107879 0.0073459 940.77 

50 40 0.8071 0.0052 25000 192.3 

50 50 0.8083 0.0064 20000 156.2 

50 60 0.8096 0.0077 16667 129.9 

50 70 0.8111 0.0092 14286 108.9 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka = ±0.02´10-3 M-1. 

Table 7. Data for the Benesi-Hildebrand double reciprocal plot constructed by UV-Vis 

spectroscopy for aqueous SS-β-CD system 

Temp 

/Ka 

[SS] 

/µM 

[β-CD] 

/µM 
Ao A ΔA 

1/[β-CD] 

/M-1 
1/ΔA Intercept Slope 

Ka 

/M-1b 

288.15 

50 30 

0.8019 

0.8098 0.0079 33333 126.6 

6.7600021 0.0036022 1876.63 

50 40 0.8122 0.0103 25000 97.1 

50 50 0.8145 0.0126 20000 79.4 

50 60 0.8170 0.0151 16667 66.2 

50 70 0.8191 0.0172 14286 58.2 

293.15 

50 30 

0.8019 

0.8093 0.0074 33333 135.1 

6.4280917 0.0038959 1649.96 

50 40 0.8114 0.0095 25000 105.3 

50 50 0.8136 0.0117 20000 85.5 

50 60 0.8159 0.0140 16667 71.4 

50 70 0.8184 0.0165 14286 60.6 

298.15 

50 30 

0.8019 

0.8085 0.0066 33333 151.5 

6.2717644 0.0043613 1438.05 

50 40 0.8106 0.0087 25000 114.9 

50 50 0.8125 0.0106 20000 94.3 

50 60 0.8145 0.0126 16667 79.6 

50 70 0.8167 0.0148 14286 67.6 

303.15 50 30 0.8019 0.8079 0.0060 33333 166.7 6.1369214 0.0048727 1259.45 
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50 40 0.8096 0.0077 25000 129.9 

50 50 0.8113 0.0094 20000 106.4 

50 60 0.8134 0.0115 16667 87.2 

50 70 0.8156 0.0137 14286 73.1 

308.15 

50 30 

0.8019 

0.8074 0.0055 33333 181.8 

5.9663108 0.0053241 1120.62 

50 40 0.8090 0.0071 25000 140.8 

50 50 0.8107 0.0088 20000 114.3 

50 60 0.8124 0.0105 16667 95.2 

50 70 0.8145 0.0126 14286 79.5 

313.15 

50 30 

0.8019 

0.8068 0.0049 33333 205.3 

5.8429417 0.0059699 978.73 

50 40 0.8084 0.0065 25000 153.8 

50 50 0.8099 0.0080 20000 125.0 

50 60 0.8112 0.0093 16667 107.5 

50 70 0.8130 0.0111 14286 89.9 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka = ±0.02´10-3 M-1. 

 

Table 8. Data of the van’t Hoff equation for calculation of thermodynamic parameters ΔHo 

and ΔSo of different SS-cyclodextrin inclusion complexes 

 
Temp 

/Ka 

Ka
 

/M-1b 
1/T lnKa

 Intercept Slope 
ΔHo 

/kJ mol-1b 

ΔSo 

/J mol-1K-1b 

α-cyclodextrin 

288.15 1831 0.00347 7.513 

-0.4622 2297.99 -19.11 -3.84 

293.15 1601 0.00341 7.378 

298.15 1399 0.00335 7.244 

303.15 1234 0.00330 7.118 

308.15 1092 0.00325 6.996 

313.15 969 0.00319 6.876 

β-cyclodextrin 

288.15 1938 0.00347 7.569 

-0.6642 2374.37 -19.74 -5.52 

293.15 1706 0.00341 7.442 

298.15 1485 0.00335 7.303 

303.15 1295 0.00330 7.166 

308.15 1142 0.00325 7.041 

313.15 1009 0.00319 6.917 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

b Mean errors in Ka


 = ±0.01´10-3 M-1; ΔHo = ±0.01 kJ mol-1; ΔSo = ±0.01 J mol-1K-1. 

Table 9. Data of the van’t Hoff equation for calculation of thermodynamic parameters ΔHo 

and ΔSo of different SS-cyclodextrin inclusion complexes 

 
Temp 

/Ka 

Ka 

/M-1b 
1/T lnKa Intercept Slope 

ΔHo 

/kJ mol-1b 

ΔSo 

/J mol-1K-1b 

α-cyclodextrin 

288.15 1769 0.00347 7.478 

-0.4748 2293.40 -19.07 -3.95 
293.15 1562 0.00341 7.353 

298.15 1369 0.00335 7.222 

303.15 1200 0.00330 7.090 
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308.15 1061 0.00325 6.967 

313.15 941 0.00319 6.847 

β-cyclodextrin 

288.15 1877 0.00347 7.537 

-0.5958 2345.06 -19.50 -4.95 

293.15 1650 0.00341 7.409 

298.15 1438 0.00335 7.271 

303.15 1259 0.00330 7.138 

308.15 1121 0.00325 7.022 

313.15 979 0.00319 6.886 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka = ±0.02´10-3 M-1; ΔHo = ±0.01 kJ mol-1; ΔSo = ±0.01 J mol-1K-1. 

Table 10. Association constants obtained by isothermal titration calorimetric study (KaC), 

corresponding thermodynamic parameters and stoichiometry (NC) of SS-CD inclusion 

complexes at 298.15 K. 

 
KaC ´ 10-3 

/M-1 

ΔHoC 

/kJ mol-1 

ΔSoC 

/J mol-1K-1 

NC 

/Sites 

α-cyclodextrin 1.424±0.131 -19.98±1.47 -2.99 0.98±0.0113 

β-cyclodextrin 1.515±0.142 -20.38±1.12 -3.19 0.99±0.0111 

Table 11. 1H NMR data of Sulfacetamide sodium salt, α-CD, β-CD and solid inclusion 

complexes 

Sulfacetamide sodium salt (300 MHz, Solv: D2O) 

δ /ppm 

1.77 (3H, s), 6.63-6.66 (2H, d, J = 8.7 Hz), 7.47-7.50 (2H, d, J = 8.7 Hz) 

α-Cyclodextrin (500 MHz, Solv: D2O) 

δ /ppm 

β-Cyclodextrin (400 MHz, Solv: D2O) 

δ /ppm 

3.48-3.51 (6H, t, J = 9.00 Hz), 3.53-3.56 (6H, dd, J = 10.00, 

3.00 Hz), 3.74-3.83 (18H, m), 3.87-3.91 (6H, t, J = 9 Hz), 

4.96-4.97 (6H, d, J = 3 Hz) 

3.49-3.54 (7H, t,  J = 9.2 Hz), 3.57-3.60 (7H, dd, J = 9.6, 

3.2 Hz), 3.79-3.84 (21H, m), 3.87-3.92 (7H,t, J = 9.2 Hz), 

5.00-5.01 (7H, d, J = 3.6 Hz) 

SS-α-CD inclusion complex 

(300 MHz, Solv: D2O) 

δ /ppm 

SS-β-CD inclusion complex 

(300 MHz, Solv: D2O) 

δ /ppm 

 1.77 (3H, s), 3.39-3.51 (12H, m), 3.61-3.67 (6H, m), 

3.71-3.82 (18H, m), 4.90-4.92 (6H, d, J = 3.6 Hz), 6.60-

6.62 (2H, d, J = 8.4 Hz), 7.43-7.46 (2H, d, J = 8.4 Hz) 

1.77 (3H, s), 3.39-3.51 (14H, m), 3.61-3.66 (7H, m), 3.71-

3.82 (21H, m), 4.91-4.92 (7H, d, J = 3.6 Hz), 6.59-6.62 

(2H, d, J = 8.4 Hz), 7.42-7.45 (2H, d, J = 8.4) 

Table 12. The observed peaks at different m/z with corresponding ions for the solid 

inclusion complexes 

SS-α-CD inclusion complex SS-β-CD inclusion complex 

m/z Ion m/z Ion 

237.03 [SS+H]+ 237.03 [SS+H]+ 

259.01 [SS+Na]+ 259.01 [SS+Na]+ 

973.32 [α-CD+H]+ 1135.38 [β-CD+H]+ 
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995.31 [α-CD+Na]+ 1157.36 [β-CD+Na]+ 

1209.35 [SS+α-CD+H]+ 1371.40 [SS+β-CD+H]+ 

1231.33 [SS+α-CD+Na]+ 1393.38 [SS+β-CD+Na]+ 

Table 13. Frequencies at FTIR spectra of Sulfacetamide sodium salt, α-CD, β-CD and solid 

inclusion complexes 

Sulfacetamide sodium salt 

wave number 
/ cm-1 

group 
wave number 

/ cm-1 
group 

3433.76 N-H stretching 1322.43 S=O asymmetric stretching 

1874.65 
out of plane C-H bending 
combination/overtone 

1132.63 S=O symmetric stretching 

1626.42 
>C=O stretching 

1086.51 C-N stretching 

1598.20 N-H bending 836.89 out of plane C-H bending 

1375.35  (aromatic)-C-N stretching  690.32 out of plane C-H bending 
α-Cyclodextrin β-Cyclodextrin 

wave number 
/ cm-1 

group 
wave number 

/ cm-1 
group 

3412.10 O-H stretching 3349.84 O-H stretching 

2930.79 –C-H stretching 2921.52 –C-H stretching 

1406.76 
–C-H bending and O-H 

bending 
1412.36 

 
–C-H bending and O-H 

bending 

1154.39 C-O-C bending 1157.57 C-O-C bending 

1030.39 C-C-O stretching 1033.51 C-C-O stretching 

952.36 
skeletal 

vibration  involving 
α-1,4linkage 

938.53 
skeletal vibration  

involving α-1,4linkage 

 
SS-α-CD inclusion complex 

 
SS-β-CD inclusion complex 

wave number 
/ cm-1 

group 
wave number 

/ cm-1 
group 

3406.25 O-H stretching 3417.91 O-H stretching 

2933.57 –C-H stretching 2932.95 –C-H stretching 
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1633.94 >C=O stretching 1634.83 >C=O stretching 

1594.92 N-H bending 1593.38 N-H bending 

1417.51 
–C-H bending and O-H 

bending 
1416.52 

–C-H bending and O-H 
bending 

1330.58 S=O asymmetric stretching 1329.43 S=O asymmetric stretching 

1152.07 S=O symmetric stretching 1154.61 S=O symmetric stretching 

1080.79 C-N stretching 1080.79 C-N stretching 

1031.75 C-C-O stretching 1031.10 C-C-O stretching 

951.71 
skeletal 

vibration  involving 
α-1,4linkage 

948.07 
skeletal 

vibration  involving 
α-1,4linkage 

846.98 out of plane C-H bending 844.09 out of plane C-H bending 

685.55 out of plane C-H bending 684.45 out of plane C-H bending 
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Figures 

Figure 1. Job plots of (a) SS-

298.15 K. R  =  [SS]/([SS] + [CD]),  ΔA  =  absorbance  difference  of  SS  without  and  with 

CD. 

Figure 2. Variation of surface tension of aqueous SS 

CD and (b) β-CD solution respectively at 298.15 K.
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298.15 K. R  =  [SS]/([SS] + [CD]),  ΔA  =  absorbance  difference  of  SS  without  and  with 

 

Variation of surface tension of aqueous SS with increasing concentration of (

CD solution respectively at 298.15 K. 

 

0.50 0.75 1.00

0.00

0.10

0.20

0.30

0.40

0.50

0.00 0.25 0.50 0.75

Δ
A

 *
 R

R

(b)

4 5 6 7
CD (mM) 

(a)

60

62

64

66

68

70

72

0 1 2 3 4 5

Su
rf

ac
e 

te
n

si
o

n
 (

m
N

 m
-1

)

β-CD (mM) 
(b)

 
56, 11672−11683 

 

max = 256 nm at 

298.15 K. R  =  [SS]/([SS] + [CD]),  ΔA  =  absorbance  difference  of  SS  without  and  with 
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Figure 3. Variation of conductivity of aqueous SS with increasing concentration of (

and (b) β-CD solution respectively at 298.15 K.
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Variation of conductivity of aqueous SS with increasing concentration of (

CD solution respectively at 298.15 K. 
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Variation of conductivity of aqueous SS with increasing concentration of (a) α-CD 
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Figure 4. Benesi-Hildebrand double reciprocal plots for the effect of α-CD on the absorbance of SS 

(256 nm) at different temperatures. 
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Figure 5. Benesi-Hildebrand double reciprocal plots for the effect of β-CD on the absorbance of SS 

(256 nm) at different temperatures. 
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Figure 6. Plot of lnKa vs 1/T for the interaction of SS with α-CD (●) and β-CD (■  ). 

 

Figure 7. Plot of lnKa
 vs 1/T for the interaction of SS with α-CD (■  ) and β-CD (●). 
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(a)                                                          

Figure 8. ITC isotherms for the interaction of (a) SS with 

cyclodextrin at 298 K. For each titration, cyclodextrin concentration in sample cell was 50 

μM and SS concentration in syringe wa

of association obtained upon titration of SS to α and 

the association isotherm fitted to the raw data using one site model.
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(a)                                                                                         (b)

ITC isotherms for the interaction of (a) SS with α-cyclodextrin and (b) SS with 

cyclodextrin at 298 K. For each titration, cyclodextrin concentration in sample cell was 50 

μM and SS concentration in syringe was 500 μM. The upper panels represent the raw heats 

of association obtained upon titration of SS to α and β-cyclodextrin. The lower panels are 

the association isotherm fitted to the raw data using one site model. 
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(b) 

cyclodextrin and (b) SS with β-

cyclodextrin at 298 K. For each titration, cyclodextrin concentration in sample cell was 50 

s 500 μM. The upper panels represent the raw heats 

cyclodextrin. The lower panels are 
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Figure 9. 1H NMR spectra of sulfacetamide

Figure 10. 1H NMR spectra of α-cyclodextrin in D

Published in Industrial & Engineering Chemistry Research, 2017, 56, 11672
 

H NMR spectra of sulfacetamide sodium salt in D2O at 298.15K. 

cyclodextrin in D2O at 298.15K. 
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Figure 11. 1H NMR spectra of β-cyclodextrin in D

Figure 12. 1H NMR spectra of solid inclusion complex of SS and 
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cyclodextrin in D2O at 298.15K. 

solid inclusion complex of SS and α-CD in D2O at 298.15K.
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at 298.15K. 
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Figure 13. 1H NMR spectra of solid inclusion complex of SS and 

Figure 14. 2D ROESY spectra of solid inclusion complex of SS and 

signals are marked by red circles
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solid inclusion complex of SS and β-CD in D2O at 298.15K.

2D ROESY spectra of solid inclusion complex of SS and α-CD in D

signals are marked by red circles). 
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at 298.15K. 

 

in D2O (correlation 



 

Published in Industrial & Engineering Chemistry Research, 2017
 

Figure 15. 2D ROESY spectra of solid inclusion complex of SS and 

signals are marked by red circles
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(b) 

2D ROESY spectra of solid inclusion complex of SS and β-CD in D

signals are marked by red circles). 

| C h a p t e r - V I  

 
56, 11672−11683 

 

in D2O (correlation 



190 | C h a p t e r - V I  

 

 
Published in Industrial & Engineering Chemistry Research, 2017, 56, 11672−11683 

 

 

Figure 16. ESI mass spectra of (a) SS-α-CD inclusion complex and (b) SS-β-CD inclusion 

complex. 
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Figure 17. FTIR spectra of (a) SS, (b) α-CD, (c) β-CD, (d) SS-α-CD IC, (e) SS-β-CD IC. 

4001300220031004000

(a)
3433.76

1874.65

1626.42
1598.20

1375.35

1322.43

1132.63

1086.51

836.89
690.32

4001300220031004000

(b)

3412.10
2930.79

2076.19

1636.80
1406.76

1154.39 1030.39

952.36

4001300220031004000

(c)

3349.84

2921.52

2066.61

1637.44
1412.36

1157.57

1033.51

938.53

4001300220031004000

(d)
3406.25

2933.57

1633.94

1594.92

1417.51

1330.58

1152.07

1080.79

1031.75

951.71

846.98

685.55

4001300220031004000
cm-1

(e)
3417.91 2932.95

1634.83
1593.38

1416.52

1329.43

1154.61

1080.79

1031.10

948.07

844.09

684.45



192 | C h a p t e r - V I  

 

 
Published in Industrial & Engineering Chemistry Research, 2017, 56, 11672−11683 

 

Schemes 

 

Scheme 1. Molecular structures of (a) sulfacetamide sodium salt and (b) cyclodextrin 

molecule with interior and exterior protons (n = 6, 7 for α-CD and β-CD respectively). 

 

 

Scheme 2. Plausible schematic presentation of mechanism for formation of 1:1 inclusion 

complex between sulfacetamide sodium salt and cyclodextrin. 
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CHAPTER VII 

Exploration of complexes of 18-crown-6 with three similarly substituted 

pyridinium and pyrrolidinium ionic liquids 

guest complexation with excellent comparison among 

ionic liquids, namely, 1-butyl-3-methylimidazolium chloride, 

methylpyridinium chloride and 1-butyl-1-methylpyrrolidinium chloride have been 

6 in acetonitrile medium by conductivity in a range of 

temperature to elucidate the stoichiometry of the complexes. The programmed 

mathematical study with the help of conductivity data provides association constants for 

the complexes, by which the thermodynamic properties have been evaluated for improved 

understanding about complexation. The molecular interactions have been explained 

with the help of FT-IR and 1H NMR spectroscopic studies, which 

dipolar attractions primarily exist in complexation.

 

Crown ethers (CEs) are cyclic polyether based macrocyclic molecules having utmost 

interest in the field of supramolecular chemistry.[1,2] CEs form diverse complexes with 

le species, such as, metal ions and cationic species by various non
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interactions.[3,4] These macrocyclic polyethers have the unique property of molecular 

recognition in solution phase, thus can act as phase transfer catalyst, photo sensor, delivery 

vehicle, etc.[5,6] In modern days researches are also interested in making supramolecular 

polymers, transmembrane channels, nanosensors, molecule-based logic gates and other 

interesting supramolecular systems improving the potential applications of CEs.[7,8] Thus, 

fundamental studies involving the interactions of CEs with cationic species are significant 

for their advanced applications.[9,10] The assemblies of CEs with cationic species are 

already known, but mechanistic study involving similarly substituted various ionic liquids 

(ILs) with a CE provides multidimensional information in this field of research.[11-13] In 

the present work 1-butyl-3-methylimidazolium chloride [BMIm]Cl, 1-butyl-4-

methylpyridinium chloride [BMPy]Cl and 1-butyl-1-methylpyrrolidinium chloride [BMP]Cl 

(scheme 1) have been investigated with 18-crown-6 (18-C-6) (scheme 2) in CH3CN solution 

to elucidate their complexation process in molecular level with specific atomic interactions. 

Imidazolium, pyridinium and pyrrolidinium based ILs are biologically highly significant as 

they play important roles in enzymatic reactions.[14,15] They are also important in 

organometallic, organic and material chemistry for their exceptional physical, chemical and 

electrical properties.[16-18] Here, the complexation processes for the three ILs are 

different and require special considerations. Various non-covalent type interactions are 

present in solution, but H-bond type attraction predominates over others in the 

complexations of [BMIm]Cl and [BMPy]Cl with 18-C-6, while ion-dipolar attraction prevails 

in complexation of [BMP]Cl with the CE in CH3CN medium.[19,20] The point of interaction 

in 18-C-6 is the electron rich etheric oxygen atoms, which interact with the electron 

deficient moiety of ILs. Conductivity study and programmed mathematical treatment 

provide quantitative data, while FT-IR and 1H NMR spectroscopic studies furnish specific 

information about the complexation processes for potential applications in supramolecular 

host-guest chemistry.[21] 
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VII.2. Experimental section 

VII.2.1. Source and purity of samples 

18-Crown-6, [BMIm]Cl, [BMPy]Cl and [BMP]Cl of puriss grade were bought from 

Sigma-Aldrich, Germany and used as purchased. Purity of 18-Crown-6, [BMIm]Cl, [BMPy]Cl 

and [BMP]Cl were ≥99.0%, ≥98.0%, ≥97.0% and ≥99.0% respectively. 

VII.2.2. Apparatus and procedure 

Specific conductivity values of the experimental solutions were measured by Mettler 

Toledo Seven Multi conductivity meter with uncertainty ±1.0 µS m-1. The measurements 

were carried out using HPLC grade CH3CN in an auto-thermostat water bath maintaining at 

±0.1 K of the desired temperature. The cell was calibrated using standard procedure. 

Fourier transform infrared (FT-IR) spectra were recorded on a Perkin Elmer FT-IR 

spectrometer in CH3CN solution with sample concentration 10 mM. The FTIR 

measurements were performed in the scanning range of 4000−400 cm−1 at room 

temperature. The spectral resolution of the spectrometer is 0.5 cm-1. 

1H NMR spectra were recorded in CD3CN with sample concentration 10 mM at 300 

MHz using Bruker Avance 300 MHz instrument at 298 K. Signals are cited as δ values in 

ppm using residual protonated solvent signal as internal standard (CH3CN, δ 1.96 ppm). 

Data are reported as chemical shift. 

Solubilities of 18-crown-6, [BMIm]Cl, [BMPy]Cl and [BMP]Cl have been verified in 

HPLC grade CH3CN. All the stock solutions of crown ether and ionic liquids were prepared 

by mass using Mettler Toledo AG-285 with uncertainty ±0.1 mg. The uncertainty in solution 

concentration is 0.1 mM. Sufficient precautions were made to minimize the evaporation 

during mixing and working with these solutions. 
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VII.3. Results and discussion 

VII.3.1. Conductivity study 

Conductivity measurement is highly beneficial for studying complexation in solution 

as it provides data for very small changes in concentration of the free and complexed 

ions.[22,23] The conductivity of a solution having IL with added CE gives important 

information about the formation and stability of CE-IL complex in the solution 

system.[24,25] In the present work complexations have been studied between 18-C-6 and 

three similarly substituted imidazolium, pyridinium and pyrrolidinium cations in CH3CN 

solution. For these purpose, conductivity measurements of the IL solutions having initial 

concentration 10.0 mM have been performed with increasing concentration of 18-C-6 at 

five different temperatures from 293 K to 313 K in 5 K intervals and shown in table 1 to 

table 3 with increasing CE/IL mole ratio. The variations of conductance have been shown in 

figure 1-3 where the CE/IL mole ratio is plotted in abscissa and the conductance is plotted 

in ordinate. All the figure 1-3 show there are regular decreases in conductance with 

increasing CE/IL mole ratio indicating arrest of the cations by 18-C-6 in CH3CN solution as 

the strong electrolytic behavior of the studied ILs in CH3CN don’t allow the ions to get 

associated in ion pairing.[26] Thus, complexations of the studied ILs with CE are described 

in figure 1-3 by lowering of conductance, which becomes almost plateau after the CE/IL 

mole ratio passes the value of 1.0, clearly signifying the formation of sufficiently stable 1:1 

CE-IL complex.[25,27] In all the three figure 1-3 there are five different curves at various 

temperatures, all of which demonstrate similar variation in conductance. The increased 

value of conductance may be explained due to improved mobility of the ions present in 

solution, which in turn for the reduced viscosity of the solvent at higher temperatures.[23] 

VII.3.2. Association constants and thermodynamic parameters 

Quantitative data about the formation of the complexes may be obtained by non-

linear programmed mathematical treatment based on the change in conductance according 

to 1:1 CE-IL complexation at different temperatures.[26,27] 
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The following equilibrium exists between the IL and CE 

                                                IL�  +  CE�   
K�

⇌
   CX                                            (VII.1) 

The association constant (Ka) for the formation of complex (CX) may be expressed 

as 

                                                     K� =  
[��]

[��]�[��]�
                                                 (VII.2) 

Here, [CX], [IL]f and [CE]f stand for the equilibrium concentration of CX, free IL and free CE 

respectively. 

According to the programmed non-linear isotherm, in dilute solution the association 

constant (Ka) for the formation of CX may be expressed as [25,27] 

 

                                                K� =  
[��]

[��]�[��]�
=  

(�������)

(������)[��]�
                                    (VII.3) 

where,                                  [CE]� =  [CE]�� −  
[��]��(�������)

(����)
                                  (VII.4) 

 

Here, κo, κobs and κ are the conductivity of IL at initial state, during addition of CE and 

final state respectively. [IL]ad and [CE]ad are the concentrations of IL and the added CE 

respectively. 

Thus, the values of Ka for complexation were evaluated from the isotherms by 

applying non-linear programme and shown in table 4, which demonstrates a range of 

values for each of the three complexes at five different temperatures from 293 K to 313 K 

in 5 K intervals. The agitation as well as mobility of the ions increases with increasing 

temperature, which may be the reason for lowering of the values of Ka with rise in 

temperature. From table 4 it is also recognized that the efficiency of complexation that is 

the binding of IL with CE is in the order of [BMIm]Cl > [BMPy]Cl > [BMP]Cl with 18-C-6 in 

CH3CN solution. 
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The thermodynamic properties provide more clear representation of the 

complexation process occurring in solution.[28] The changes in standard enthalpy, entropy 

and Gibbs energy are the basic parameters for this purpose.[29] The change in standard 

enthalpy is primarily due to cation-CE interactions, increased solvation of the complex 

formed, lowering of repulsion among the neighboring donor oxygen atoms, relaxed 

conformation of the CE after complexation and formation of H-bonding between the 

imidazolium or pyridinium ring hydrogen with oxygen atoms of CE.[28,29] The change in 

standard entropy is mainly due lowering of number of free species after complexation and 

conformational restriction of CE associated with complexation.[29,30] Thus, for better 

realization of the complexation process that is to evaluate the thermodynamic parameters 

the following van’t Hoff equation was used.[29] 

                                                            lnK� = −
∆��

��
+

∆��

�
                                            (VII.5) 

A plot of lnKa vs 1/T has been drawn for each complexation process and the values 

of ∆Ho and ∆So were obtained from the slope and intercept of the curve respectively (figure 

4). The corresponding values of ∆Go were obtained by the following equation at 298 K. 

                                                                         ∆Go = ∆Ho – T∆So                                                                                        (VII.6) 

The data about ∆Ho, ∆So and ∆Go at 298 K have been illustrated in table 4, which 

shows negative values for all the three parameters. The negative enthalpy change explains 

there is attractive force or stabilization when complexation takes place, whereas the 

negative entropy change illustrates the association among the ILs and CE molecules.[30,31] 

Here, enthalpy changes play the driving role for the favorable Gibbs energy changes 

signifying the spontaneity of all the three complexation processes.[32] 

VII.3.3. Infrared spectroscopic study 

Infrared spectroscopic study is a handy tool to detect complexation in solution.[33] 

Here, the FT-IR spectra have been obtained in CH3CN solution in the 4000–400 cm-1 region. 

Figure 5 shows the FT-IR spectra of 18-C-6, [BMIm]Cl and the complex, in which the 
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specific interactions between the IL and CE are observed. The frequency of (C–O)str of free 

CE is 1110 cm-1, whereas in the complexed state (C–O)str is 1095 cm-1 making a shift of 15 

cm-1, indicating the involvement of oxygen atoms in complexation with [BMIm]Cl.[33] On 

the other hand the (Csp2–H)str of [BMIm]Cl has free and complexed stretching frequency at 

3164, 2942 and 3152, 2929 cm-1 respectively making shifts of 12, 13 cm-1 (table 5). These 

data clearly indicate that the imidazolium ring hydrogen atoms are involved in the 

interaction with the oxygen atoms of CE making H-bond type association between 

them.[34,35] 

The FT-IR spectra of 18-C-6, [BMPy]Cl and the complex are shown in figure 6, which 

also indicate the specific interactions between the CE and IL. The frequency of (C–O)str in 

free CE is 1110 cm-1, whereas in the complexed state (C–O)str is 1099 cm-1 making a shift of 

11 cm-1, indicating that the oxygen atoms of polyether are involved in complexation with 

[BMPy]Cl.[33,34] The (Csp2–H)str of pyridinium ring has free and complexed stretching 

frequency at 2948 and 2937 cm-1 respectively making a shift of 11 cm-1 (table 5). This 

information is concurrent with the imidazolium complex and here also point out that 

pyridinium ring hydrogen atoms are involved in the specific interaction with the oxygen 

atoms of CE making H-bond like alliance between them.[35,36] 

The complexation of [BMP]Cl with 18-C-6 has also been examined by FT-IR spectra 

and has been presented in figure 7. Here, the complexed polyether (C–O)str frequency 

shows sharp absorption at 1104 cm-1 making a shift of 6 cm-1 from the free CE, which 

indicates weak interaction of the oxygen atoms with the IL.[33,34] The free and complexed 

(C–Nqrt)str frequency of [BMP]Cl indicate absorbance at 1376 and 1370 cm-1 respectively 

making a shift of 6 cm-1 (table 5). The H-bond type interaction is not possible for 

pyrrolidinium moiety with the polyether, so, this interaction may be due to weak ion-dipole 

involvement between the quaternary nitrogen of pyrrolidinium and oxygen atoms of the 

polyether.[35,36] 
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VII.3.4. 1H NMR spectroscopic study 

The complexation processes of the ILs, namely, [BMIm]Cl, [BMPy]Cl and [BMP]Cl 

with 18-C-6 were investigated by 1H NMR spectroscopy in CH3CN solution at 298 K. Figure 

8-10 show 1H NMR spectra of imidazolium, pyridinium and pyrrolidinium complexes with 

the CE respectively. Detail and marked spectra of 18-C-6, [BMIm]Cl and the complex are 

depicted in figure 8, which illustrate little downfield shift of the protons of CE (free CE δ = 

3.55 ppm and complexed CE δ = 3.59 ppm) and slightly broadening with upfield shift of the 

protons directly attached to imidazolium ring (free IL δ = 7.40, 7.45, 8.69 ppm and 

complexed IL δ = 7.30, 7.35, 8.58 ppm respectively) with practically unshifted signal of the 

methyl and butyl groups attached to imidazolium ring (table 6). This outcome clearly 

reveals that there is some sort of association between the oxygen atoms of CE and the 

imidazolium ring protons in CH3CN solution.[30,37] This association between electron 

deficient hydrogen atom and electron rich oxygen atom may be of H-bond type, which is 

key factor for the formation of the complex.[38,39] 

In figure 9 the marked 1H NMR spectra of 18-C-6, [BMPy]Cl and the complex are 

shown, which also reveal broadening with little upfield shift of the pyridinium ring protons 

(free IL δ = 7.76-7.78, 8.53-8.55 ppm and complexed IL δ = 7.72-7.74, 8.48-8.50 ppm 

respectively) and slightly downfield shift of the protons of CE (free CE δ = 3.55 ppm and 

complexed CE δ = 3.58 ppm). The signals of methyl and butyl groups attached to 

pyridinium ring are found almost unshifted (table 6). This spectral data also supports the 

association between the electron deficient hydrogen atoms of pyridinium ring and electron 

rich oxygen atoms of 18-C-6 for the complexation process.[37,38] 

1H NMR spectra of 18-C-6, [BMP]Cl and the complex are demonstrated in figure 10, 

where there is practically no shift for any protons of the IL, although the protons of methyl 

and methylene groups attached to nitrogen atom, that is, N+–C–H show very little upfield 

shift (free IL δ = 3.02, 3.28-3.34, 3.48 ppm and complexed IL δ = 3.01, 3.27-3.33, 3.47 ppm 

respectively) may be due to weak ion-dipole association with oxygen atoms of 18-C-6, 
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which show little downfield shift after complexation (free CE δ = 3.55 ppm and complexed 

CE δ = 3.56 ppm) (table 6).[38,39] 

The CE-IL interactions in CH3CN solution is the consequence of the presence of 

electron rich and electron deficient species in a non-polar medium.[40] The dielectric 

constant of CH3CN being very low, the ionic and dipolar species solvated in this medium 

can come close enough to interact with each other making the IL-CE complexes.[40,41] The 

imidazolium complex is formed mainly through H-bond type interaction between the 

electron deficient imidazolium ring protons and electron rich oxygen atoms of 18-C-6, thus 

lowering the enthalpy as well as entropy of the system.[30,31] The mechanism of 

formation of complex between [BMPy]Cl and 18-C-6 is similar to that of imidazolium 

complex, but the electron deficiency per ring proton is less for [BMPy]Cl than [BMIm]Cl, so 

the binding efficiency is less in pyridinium complex, which is in agreement from the higher 

Ka value of imidazolium complex than pyridinium complex at a particular temperature. The 

attractive interaction between [BMP]Cl and 18-C-6 in CH3CN to form the complex is purely 

weak ion-dipolar type as found from the 1H NMR spectroscopy. Here, H-bond type 

interaction is not possible and also the close approach of the cation towards CE is sterically 

little difficult because of tetrahedral arrangement of the alkyl groups surrounding the 

nitrogen atom, which is reflected in lowest Ka value among the complexes formed by the 

three types of similarly substituted ILs with 18-C-6.[42,43]  

The 1H NMR study indicates that there is upfield chemical shift of the imidazolium 

and pyridinium ring protons. The FT-IR study also shows changes in frequencies of the C-H 

vibration of imidazolium and pyridinium rings after complexation. These two spectroscopic 

results clearly demonstrate that there is some association of the above protons with the 

oxygen atoms of crown ether which may be of H-bond type. Thus, the possibility of donor-

acceptor type interaction between the lone pair of electrons on oxygen atoms and pi anti-

bonding orbitals of imidazolium and pyridinium rings may be neglected on the basis of the 

above spectroscopic results, which confirm the involvement of the ring protons in the 

complexation processes. 
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VII.4. Conclusion 

This study highlights toward the specific interactions between three very important 

ionic liquids with the macrocyclic polyether leading to complexation in acetonitrile in a 

range of temperature. The conductivity study support the association of the ILs with CE in 

1:1 stoichiometric ratio, while the mathematical programme elucidates quantitative data of 

the complexation process. Thermodynamic properties of the processes have also been 

evaluated for improved understanding about complexation. The specific interactions in 

molecular level have been illuminated with the help of FT-IR and 1H NMR spectroscopic 

studies, which describe the H-bond type interactions as the main operating force in 

imidazolium and pyridinium complex, while the weak ion-dipolar attraction exists in 

pyrrolidinium complex. The association among the species lowers the entropy of the 

system, but the spontaneity of the process is attributable to higher stabilization effect of 

change in enthalpy. This study provides significant information about supramolecular 

complexation of 18-C-6 with ILs, as well as offers excellent comparison among similarly 

substituted imidazolium, pyridinium and pyrrolidinium ions for fabrication of crown ether 

based host-guest materials. 

Tables 

Table 1. Conductivity of mole ratio of 18-C-6/[BMIm]Cl at various temperatures 

Mole  Ratio 

(CE/IL) 

κ 

/mS m-1a 

293 Ka 298 Ka 303 Ka 308 Ka 313 Ka 

0.0 105.7 110.6 115.7 120.8 126.3 

0.1 98.9 103.8 108.7 113.7 119.4 

0.2 93.0 97.4 102.2 107.6 112.9 

0.3 87.2 92.5 96.7 102.2 107.8 

0.4 82.5 87.6 91.7 96.4 102.0 

0.5 78.4 83.1 87.1 92.1 97.0 

0.6 74.3 79.0 82.8 87.4 92.2 

0.7 71.1 75.7 79.1 83.5 87.8 

0.8 67.8 72.3 75.8 79.8 84.1 

0.9 64.5 69.0 72.7 76.3 80.1 
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1.0 62.5 66.1 69.6 73.0 76.6 

1.1 61.4 64.7 68.0 71.2 74.8 

1.2 61.0 64.2 67.2 70.3 73.7 

1.3 60.5 63.6 66.7 69.7 73.0 

1.4 60.1 63.0 66.2 69.3 72.5 

1.5 59.6 62.4 65.6 68.8 72.0 

1.6 59.1 62.0 65.0 68.3 71.6 

1.7 58.7 61.5 64.5 67.9 71.1 

1.8 58.1 61.1 64.0 67.5 70.5 

1.9 57.6 60.6 63.6 67.0 70.1 

2.0 57.2 60.2 63.2 66.6 69.6 
a Standard uncertainties (u): temperature: u(T) = ±0.01 K, conductivity: u(κ) = ±0.1 mS·m-1. 

Table 2. Conductivity of mole ratio of 18-C-6/[BMPy]Cl at various temperatures 

Mole  Ratio 

(CE/IL) 

κ 

/mS m-1a 

293 Ka 293 Ka 293 Ka 293 Ka 293 Ka 

0.0 113.6 117.4 121.0 125.0 129.1 

0.1 106.6 110.4 114.0 118.0 122.1 

0.2 100.1 103.9 107.5 111.5 115.6 

0.3 94.6 98.4 102.0 106.0 110.1 

0.4 89.6 93.4 97.0 101.0 105.1 

0.5 85.0 88.8 92.4 96.4 100.5 

0.6 80.7 84.5 88.1 92.1 96.2 

0.7 77.0 80.8 84.4 88.4 92.5 

0.8 73.7 77.5 81.1 85.1 89.2 

0.9 70.6 74.4 78.0 82.0 86.1 

1.0 67.5 71.3 74.9 78.9 83.0 

1.1 65.9 69.7 73.3 77.3 81.4 

1.2 65.1 68.9 72.5 76.5 80.6 

1.3 64.6 68.4 72.0 76.0 80.1 

1.4 64.1 67.9 71.5 75.5 79.5 

1.5 63.5 67.3 70.9 74.9 79.0 

1.6 62.9 66.7 70.3 74.3 78.4 

1.7 62.4 66.2 69.8 73.8 77.9 

1.8 61.9 65.7 69.3 73.3 77.4 

1.9 61.5 65.3 68.9 72.9 77.0 

2.0 61.1 64.9 68.5 72.5 76.6 
a Standard uncertainties (u): temperature: u(T) = ±0.01 K, conductivity: u(κ) = ±0.1 mS·m-1. 

 



204 | C h a p t e r - V I I  

 

 

Published in Chemical Physics Letters, 2017, 684, 44 – 52 
 

Table 3. Conductivity of mole ratio of 18-C-6/[BMP]Cl at various temperatures 

Mole  Ratio 

(CE/IL) 

κ 

/mS m-1a 

293 Ka 293 Ka 293 Ka 293 Ka 293 Ka 

0.0 114.9 119.1 123.0 127.0 131.1 

0.1 108.1 112.3 116.2 120.2 124.3 

0.2 102.2 106.4 110.3 114.3 118.4 

0.3 96.4 100.6 104.5 108.5 112.6 

0.4 91.7 95.9 99.8 103.8 107.9 

0.5 87.6 91.8 95.7 99.7 103.8 

0.6 83.5 87.7 91.6 95.6 99.7 

0.7 80.3 84.5 88.4 92.4 96.5 

0.8 77.0 81.2 85.1 89.1 93.2 

0.9 73.8 77.9 81.8 85.8 89.9 

1.0 71.9 75.9 79.8 83.8 87.9 

1.1 71.1 74.8 79.0 82.9 86.6 

1.2 70.7 74.5 78.6 82.4 86.2 

1.3 70.2 74.2 78.1 82.0 85.7 

1.4 69.8 73.7 77.7 81.6 85.3 

1.5 69.3 73.3 77.2 81.0 84.8 

1.6 68.9 72.8 76.9 80.8 84.5 

1.7 68.6 72.4 76.6 80.4 84.1 

1.8 68.0 71.9 76.2 80.2 83.8 

1.9 67.6 71.3 75.6 79.5 83.2 

2.0 67.2 71.0 75.0 79.1 82.8 
a Standard uncertainties (u): temperature: u(T) = ±0.01 K, conductivity: u(κ) = ±0.1 mS·m-1. 

Table 4. Association constant, enthalpy, entropy and Gibbs energy change for various 

CE-IL complexes in CH3CN at different temperatures 

 

Ka 

/M-1b 
ΔHo 

/kJ mol-1b 

ΔSo 

/J mol-1K-1b 

ΔGo 

/kJ mol-1b 

(at 298 K) 293 Ka 298 Ka 303 Ka 308 Ka 313 Ka 

[BMIm]Cl 133 121 110 101 92 -14.00 -7.10 -11.88 

[BMPy]Cl 114 106 96 89 81 -13.08 -5.20 -11.53 

[BMP]Cl 102 93 86 80 74 -12.09 -2.84 -11.24 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

b Mean errors in Ka = ±1 M-1; ΔHo = ±0.01 kJ mol-1; ΔSo = ±0.01 J mol-1K-1; ΔGo = ±0.01 kJ mol-1. 
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Table 5. Change in frequencies at FTIR spectra for various CE-IL complexes in CH3CN 

at room temperature 

18-C-6 + [BMIm]Cl complex 

Group 
Free state 

/ cm-1a 
Complexed state 

/ cm-1a 
Shift 

/ cm-1a 

(C–O)str of CE 1110 1095 15 

(Csp2–H)str of IL 3164, 2942 3152, 2929 12, 13 

18-C-6 + [BMPy]Cl complex 

Group 
Free state 

/ cm-1a 
Complexed state 

/ cm-1a 
Shift 

/ cm-1a 

(C–O)str of CE 1110 1099 11 

(Csp2–H)str of IL 2948 2937 11 

18-C-6 + [BMP]Cl complex 

Group 
Free state 

/ cm-1a 
Complexed state 

/ cm-1a 
Shift 

/ cm-1a 

(C–O)str of CE 1110 1104 6 

(C–Nqrt)str of IL 1376 1370 6 

a Spectral resolution = 0.5 cm-1. 

 

Table 6. 1H NMR data of 18-C-6, [BMIm]Cl, [BMPy]Cl, [BMP]Cl and various CE-IL 

complexes in CH3CN 

18-C-6 (300 MHz, Solv: CD3CN) 

δ /ppm 

3.55 (24H, s, OCH2) 

[BMIm]Cl (300 MHz, Solv: CD3CN) 
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δ /ppm 

0.87-0.92 (3H, t, J = 7.26 Hz), 1.26-1.33(2H, m), 1.78-1.85 (2H, m), 3.87 (3H, s), 4.15-4.20 

(2H, t, J = 7.11 Hz), 7.40 (1H, s), 7.45 (1H, s), 8.69 (1H, s) 

[BMPy]Cl (300 MHz, Solv: CD3CN) 

δ /ppm 

0.82-0.87 (3H, t, J = 6.6 Hz), 1.22-1.29 (2H, m), 1.85-1.90 (2H, m), 2.55 (3H, s), 4.41-4.46 

(2H, t, J = 6.9 Hz), 7.76-7.78 (2H, d, J = 5.7 Hz), 8.53-8.55 (2H, d, J = 5.7 Hz) 

[BMP]Cl (300 MHz, Solv: CD3CN) 

δ /ppm 

0.91-0.96 (3H, t, J = 7.29 Hz), 1.34-1.41 (2H, m), 1.74-1.81(2H, m), 2.19 (4H, m), 3.02 (3H, 

s), 3.28-3.34 (2H, m), 3.48 (4H, m) 

18-C-6 + [BMIm]Cl complex (300 MHz, Solv: CD3CN) 

δ /ppm 

0.87-0.92 (3H, t, J = 7.26 Hz), 1.26-1.33(2H, m), 1.78-1.85 (2H, m), 3.59 (24H, s, OCH2), 3.85 

(3H, s), 4.12-4.17 (2H, t, J = 7.11 Hz), 7.30 (1H, s), 7.35 (1H, s), 8.58 (1H, s) 

18-C-6 + [BMPy]Cl complex (300 MHz, Solv: CD3CN) 

δ /ppm 

0.82-0.87 (3H, t, J = 6.6 Hz), 1.22-1.29 (2H, m), 1.85-1.90 (2H, m), 2.54 (3H, s), 3.58 (24H, s, 

OCH2), 4.40-4.45 (2H, t, J = 6.9 Hz), 7.72-7.74 (2H, d, J = 5.7 Hz), 8.48-8.50 (2H, d, J = 5.7 Hz) 

18-C-6 + [BMP]Cl complex (300 MHz, Solv: CD3CN) 

δ /ppm 

0.91-0.96 (3H, t, J = 7.29 Hz), 1.34-1.41 (2H, m), 1.74-1.81(2H, m), 2.19 (4H, m), 3.01 (3H, 

s), 3.27-3.33 (2H, m), 3.47 (4H, m), 3.56 (24H, s, OCH2) 

 

 

 

 

 



 

Published in

Figures 

Figure 1. Variation of conductance of 

temperatures (█ 293 K, █298 

 

 

50

60

70

80

90

100

110

120

130

140

0.0

C
o

n
d

u
ct

a
n

ce
 (

m
S

 m
-1

)

207 | C h a p t e r

Published in Chemical Physics Letters, 2017, 684, 44 – 52 

Variation of conductance of 18-Crown-6/[BMIm]Cl mole ratio at different 

 K, █ 303 K, █ 308 K, █ 313 K). 

0.5 1.0 1.5

18-Crown-6/[BMIm]Cl

C h a p t e r - V I I  

 

 

mole ratio at different 

2.0



208 | C h a p t e r - V I I  

 

Published in
 

Figure 2. Variation of conductance of 

temperatures ( 293 K,  298 K,

 

50

60

70

80

90

100

110

120

130

140

0.0 0.5

C
o

n
d

u
ct

a
n

ce
 (

m
S

 m
-1

)

Published in Chemical Physics Letters, 2017, 684, 44 – 52 

Variation of conductance of 18-Crown-6/[BMPy]Cl mole ratio at different 

298 K,  303 K,  308 K,  313 K). 

0.5 1.0 1.5

18-Crown-6/[BMPy]Cl

 

 

mole ratio at different 

2.0



 

Published in

Figure 3. Variation of conductance of 

temperatures ( 293 K,  298 K,

Figure 4. Plot of lnKa vs 1/T for the interaction of 18

and [BMP]Cl (). 

60

70

80

90

100

110

120

130

140

0.0

C
o

n
d

u
ct

a
n

ce
 (

m
S

 m
-1

)

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

5.0

0.00315 0.00320

ln
K

a

209 | C h a p t e r

Published in Chemical Physics Letters, 2017, 684, 44 – 52 

Variation of conductance of 18-Crown-6/[BMP]Cl mole ratio at different 

298 K,  303 K,  308 K,  313 K). 

vs 1/T for the interaction of 18-C-6 with [BMIm]Cl (∎

0.5 1.0 1.5

18-Crown-6/[BMP]Cl

0.00325 0.00330 0.00335 0.00340

1/T

C h a p t e r - V I I  

 

 

mole ratio at different 

 

∎), [BMPy]Cl () 

2.0

0.00340 0.00345



210 | C h a p t e r - V I I  

 

 

Published in Chemical Physics Letters, 2017, 684, 44 – 52 
 

 

 

Figure 5. FTIR spectra of 18-C-6 (top), [BMIm]Cl (middle) and complex (bottom). 
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Figure 6. FTIR spectra of 18-C-6 (top), [BMPy]Cl (middle) and complex (bottom). 

 

 

18-C-6

1110

1040

962

838

1444

1722

2252

2294

2918

3002

3164

[BMPy]Cl

3410

2948

2294

2252 1644
1470

1376

1176
1040

832
918

754

4001300220031004000
cm-1

18-C-6 + [BMPy]Cl

3420

2937

2292

2252

1722

1644
1448

1176

1099

1040

754

836
962



212 | C h a p t e r - V I I  

 

 

Published in Chemical Physics Letters, 2017, 684, 44 – 52 
 

 

Figure 7. FTIR spectra of 18-C-6 (top), [BMP]Cl (middle) and complex (bottom). 
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Figure 8. 1H NMR spectra of 18
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H NMR spectra of 18-C-6, [BMIm]Cl and complex in CD3CN at 298.15 K.
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Figure 9. 1H NMR spectra of 18
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H NMR spectra of 18-C-6, [BMPy]Cl and complex in CD3CN at 298.15 K.

 

 

CN at 298.15 K. 
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Figure 10. 1H NMR spectra of 18
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H NMR spectra of 18-C-6, [BMP]Cl and complex in CD3CN at 298.15 K.
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Schemes 

Scheme 1. Molecular structure of 

1-butyl-4-methylpyridinium chloride [BMPy]Cl and (c) 

chloride [BMP]Cl. 

 

Scheme 
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Molecular structure of (a) 1-Butyl-3-methylimidazolium chloride [BMIm]Cl, (b)

methylpyridinium chloride [BMPy]Cl and (c) 1-butyl-1-methy

 

Scheme 2. Molecular structure of 18-crown-6. 

 

 

methylimidazolium chloride [BMIm]Cl, (b) 
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CHAPTER VIII 

Host–guest inclusion complexes of α and β-cyclodextrins with α-amino 

acids 

Studies of molecular inclusions of a congener series of guest amino acid molecules into the 

host cavity of α and β-cyclodextrins in aqueous solution have been focused on modern 

research gaining far reaching effect. With both the α and β-cyclodextrins, it is found that 1 : 1 

host–guest inclusion complexes are formed with all the guest molecules at both low and high 

pH. The variation of the thermodynamic parameters with guest size and state are used to 

draw inferences about contributions to the overall binding from the driving forces, namely, 

hydrophobic effect, van der Waals forces, H-bonds, electrostatic forces, structural effect and 

configurational theory. The formation and comparative study of inclusion complexes have 

been analyzed by available data supplemented with surface tension, pH, 

density, viscosity and refractive index. 

 
 

VIII.1. Introduction 

There has been an increasing interest in the use of cyclodextrins as a tool for 

controlled release of active compounds due to their outstanding ability to form molecular 

inclusion complexes with hydrophobic guest molecules. Cyclodextrins are formed from the 

enzymatic degradation of starch by bacteria. They are cyclic oligosaccharides consisting of 

six (α-CD), seven (β-CD) and eight (γ-CD) glucopyranose units, which are bound together by 

α-(1–4) linkages forming a torus-shaped ring structure (scheme 1). Due to their unique 

property, i.e., polar hydrophilic outer shell and relatively hydrophobic inner cavity, they can 

build host–guest complexes by inclusion of the suitable hydrophobic moiety of guest 

molecules (e.g., α-amino acid).[1] Formation of these complexes have significant applications 
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in stabilization, carry and controlled delivery and are directed by packing effect, solubility 

and the interactions of the guest with host molecules without any chemical modification.[2] 

To the best of our knowledge, there has been no previous study on these ternary 

solution systems. In the present study, we attempt to ascertain the nature of the formation of 

inclusion complexes inside into α and β-cyclodextrins with three α-amino acids, namely, L-

lysine, L-phenylalanine and L-glutamic acid in 0.001, 0.003, 0.005 mass fractions of α and β-

cyclodextrins in aqueous media (scheme 1). 

VIII.2. Experimental section 

VIII.2.1. Source and purity of samples 

The studied compounds, namely, amino acids and cyclodextrins of puriss grade, were 

purchased from Sigma-Aldrich, Germany and used as purchased. The mass fraction purity of 

L-Lys, L-Phe, L-Glu, α-cyclodextrin and β-cyclodextrin were ≥ 0.98, 0.98, 0.99, 0.98, and 0.98, 

respectively. 

VIII.2.2. Apparatus and procedure 

Solubility of the chosen cyclodextrins in water (deionized, triply distilled, degassed 

water with a specific conductance of 1×10-6 S cm-1) and titled compounds namely, amino 

acids in aqueous cyclodextrin, were precisely checked prior to the start of the experimental 

work, and the selected amino acids were freely soluble in all proportions of aqueous 

cyclodextrin. All the stock solutions of the amino acids were prepared by mass (weighed by 

Mettler Toledo AG-285 with uncertainty 0.0003 g), and then the working solutions were 

obtained by mass dilution at 298.15 K. The conversions of molality into molarity were 

performed using density values. Adequate precautions were made to reduce evaporation 

losses during mixing. 

The surface tension experiments were performed by platinum ring detachment 

method using a Tensiometer (K9, KRUSS, Germany) at the experimental temperature. The 

accuracy of the measurement was within ±0.1 mN m-1. Temperature of the system was 

maintained by circulating auto-thermostat water through a double-wall glass vessel 

containing the solution. 
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pH values of the experimental solutions were measured by Mettler Toledo Seven 

Multi pH meter with uncertainty 0.009. The measurements were made in a thermostated 

water bath maintaining the temperature at 298.15 K. The uncertainty in temperature was 

0.01 K. 

The densities (ρ) of the solvents were measured by means of vibrating a U-tube 

Anton Paar digital density meter (DMA 4500M) with a precision of 0.00005 g cm-3 

maintained at 0.01 K of the desired temperature. It was calibrated by passing de-ionized, 

doubly distilled, degassed water and dry air. 

The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable 

Rheometer with fitted spindle size-42. 

Refractive index was measured with the help of a Digital Refractometer Mettler 

Toledo. The light source was LED, λ=589.3 nm. The refractometer was calibrated twice using 

distilled water, and calibration was checked after every few measurements. The uncertainty 

of refractive index measurement was 0.0002 units. 

VIII.3. Result and discussion 

VIII.3.1. Surface tension study 

Surface tension (γ) measurement can be used to obtain valuable clues about the 

formation of the inclusion complex in cyclodextrins. It is found that γ for aqueous solutions 

of pure α and β-CD don’t show any remarkable change with increasing concentration (table 

1), whereas the aqueous solutions of L-Lys, L-Phe and L-Glu show considerable variations 

(figure 1).[3] The pH data of aq. solution of L-Lys (8.95–9.00) indicates the existence of an –

NH3+ group in both the zwitterion and at the end of the butylamine side chain. Due to this 

charged structure, the ionic interaction might occur by NH3+, COO– and the end –NH3+ group 

of L-Lys, which reflects an increase in γ value with increasing concentration. Similar 

variation has been observed in the surface tension of the aq. solution of L-Glu, i.e., γ values 

gradually increase with increasing concentration due to the presence of a negatively charged 

deprotonated carboxylate (–COO–) group at the side chain, as evident from pH = 4.10–4.25, 

which is responsible for interaction in solution. However, the situation is different in case of 

L-Phe, as the variation of γ in aqueous solution shows a considerable decrease with 

increasing concentration (figure 1). This is because of the appreciable hydrophobic nature of 
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the benzyl (–CH2Ph) group at the side chain, as well as hydrophilic zwitterionic group 

present, which can behave like a surfactant, resulting in a decrease in the surface tension. 

The surface tensions (γ) with corresponding concentration of amino acid in different 

mass fractions of aq. α and β-CD have been observed for three α-amino acids (figure 1). In 

each case, the trends of the curves in surface tensions (γ) against concentration (molality) 

are similar to that of aq. amino acids, but each curve clearly shows a break point in surface 

tension at a certain concentration, i.e., the γ values increase (L-Lys and LGlu) or decrease (L-

Phe) with corresponding concentration, reaching a certain point (break point), and then 

become approximately steady, which obviously indicates the formation of the inclusion 

complex. The formation of inclusion complexes is responsible for the insertion of the 

hydrophobic (aliphatic or aromatic) group of the chosen amino acid inside into the cavity of 

α and β-CD. There is a possibility that the inclusion complex may have different 

stoichiometries, like 1 : 1, 1 : 2, 2 : 1, 2 : 2 (scheme 2) ratios of CD and amino acid 

respectively. Single break, double break and so on in the curve of surface tension are 

indications of 1 : 1, 1 : 2, and so on inclusion complexes by cyclodextrin.[4] In figure 1, each 

curve shows a single break point, which further suggests that 1 : 1 inclusion complexes are 

formed. Two intersecting straight lines have been drawn for determination of the value of γ 

and the corresponding concentration at the break point of the respective amino acid (table 

2). For each amino acid, the change in γ is suppressed with the increasing mass fraction of 

aq. α and β-CD compared to aq. amino acid, i.e., the break point comes at the lower 

concentration of the respective amino acids, and the γ value comes closer to that of aq. CDs, 

which suggests that inclusion becomes more feasible when increasing the amount of CD is 

present in solution. If we compare aq. α-CD and β-CD, both the values of γ and concentration 

at the break point are lower in the case of aq. β-CD than that of aq. α-CD for L-Lys and L-Glu; 

however, for L-Phe, γ is higher at the lower concentration in aq. β-CD than α-CD. This is 

obviously due to the fact that β-CD provides a more viable feature (cavity diameter and 

volume) for the formation of feasible inclusion complex than α-CD. The studied amino acids, 

thus, form soluble 1 : 1 complexes with both the cyclodextrins, in which we visualize the 

nonpolar tail group of the amino acid to be inserted via the wider rim, so as to make 

maximum contact with the cyclodextrin cavity (scheme 3), while the charged polar head 

residue remains in the wider rim of cyclodextrin or in bulk solution. This is also in 

correlation with the data from density and viscosity measurements, which undoubtedly 
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establishes that β-CD is more efficient than α-CD in the formation of the inclusion complexes 

with the above three selected α-amino acids. 

VIII.3.2. pH study 

The pH values of the three amino acids, e.g., L-Lys, L-Phe and LGlu, clearly show the 

existence and variation in their zwitterionic forms (scheme 4). The pH of L-Lys in both aq. α 

and β-CD is 9.76–10.12, suggesting the existence of an –NH3+ group in the butylamine side 

chain. The value of pH increases with the increasing concentration of L-Lys as well as with 

the increase in concentration of α and β-CD (table 1, 3), indicating that after inclusion, the 

end –NH3+ group interacts with the –OH group of cyclodextrin by making an H-bond (scheme 

5). The existence of a side chain carboxylate –COO– and zwitterionic group of L-Glu is 

confirmed by shifts from pH = 4.10–4.25 in aq. solution to 3.16–3.40 in α and β-CD. Note that 

the lower pH is due to release of an H+ ion from carboxylic acid (–COOH) group in the side 

chain. However, the case of L-Phe is different; the pH range lies within 5.10–6.36 in both aq. 

α and β-CD, which shows the simple zwitterionic structure and the rest of the part are 

hydrophobic groups. Thus, L-Phe acts as a surfactant and is very suitable for the formation of 

the inclusion complex with the apolar cavity of CDs. 

VIII.3.3. Density study 

Volumetric properties, such as apparent molar volume (ϕv) and limiting apparent 

molar volume (ϕvo) are regarded as sensitive tools for understanding the interactions that 

take place in solutions. The apparent molar volume can be considered to be the sum of the 

geometric volume of the central solute molecule and changes in the solvent volume due to its 

interaction with the solute around the co-sphere. Thus, ϕv has been determined from the 

solution density using the suitable equation (table 1, 3).[5] The magnitude of ϕv (table 4) is 

found to be large and positive for all the studied systems, suggesting strong solute–solvent 

interactions.[6] The ϕv values decrease with increasing molarity (m) of amino acid in both 

the aq. α and β-CD, respectively, for all the amino acids under study. ϕv varies linearly with 

m and could be least-square fitted to the Masson equation from where limiting molar 

volume, ϕvo (partial molar volume at infinite dilution), have been estimated.[5]  If the 

variation of ϕv with m showed considerable scatter, ϕvo can be determined either graphically 

or taken as the average of the ϕv values when the slope tends to zero, within the range of R2 

= 0.9989 to 0.9999 in linear regression coefficients. The values have been represented in 
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table 5. The trend of variation of ϕvo of selected amino acids follows the order: Glu < Lys < 

Phe. 

The increase of ϕvo for amino acids with increasing mass fraction and the increasing 

positive transfer volumes suggests that the ion–ion and ion–hydrophilic group interactions 

are stronger than ion–hydrophobic group interactions. In the present ternary system (amino 

acid + aq. cyclodextrin), the interactions of head groups (COO– and NH3+) of amino acids with 

the cyclodextrin is localized at the –OH groups. 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. 

It should be noted (figure 2) that ϕvo of L-Glu is less than that of L-Lys owing to 

greater electrostriction. This is because the additional methylene groups (with increasing 

chain length) provide an increasing structure, enforcing tendency in L-Lys, and as a result, 

the water in the overlapping co-spheres is more structured than in the bulk. When this water 

relaxes to the bulk, there is a decrease in volume. However, in amino acids, the interactions 

increase with the addition of –CH2 groups, and consequently there is a net increase in 

volume. 

The results on the chosen amino acids can be rationalized on the basis that the partial 

molar volume is observed to increase with the increasing molar mass and size of the amino 

acid (table 5, 6). The ϕvo for glycine, L-alanine, L-valine was studied earlier.[6] When one H 

of L-Ala is replaced by –(CH2)4NH2 (L-Lys), –CH2C6H5 (L-Phe),  –(CH2)2COOH (L-Glu) groups, 

there is a huge change in ϕvo, this should increase by virtue of its increased chain length as 

well as size. L-Glu has a hydrophobic –(CH2)2 and hydrophilic acid (–COOH) group, because 

the ϕvo of which is less compatible to L-Lys [containing a hydrophobic –(CH2)4 and 

hydrophilic (–NH2) group], though they have almost same molar mass. When a –CH2 group 

(L-Ala) is replaced by a hydrophobic –(CH2)2 group (L-Glu), ϕvo increases because of the 

structure-enhancing behavior of the alkyl group. If –(CH2)2 group of (L-Glu) is replaced by 

another hydrophobic –(CH2)2 group (L-Lys), the increase in the partial molar volume should 

be greater, relative to L-Glu owing to greater hydrophobicity of the side chain, as it observed. 

On the other hand, L-Phe has the maximum value of ϕvo in the series of studied amino acids, 

which can be attributed to its great effect of both the zwitterions and benzyl (–CH2C6H5) 

group as well as its largest size and mass. 
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The entire groups present in the studied amino acids (L-Lys, L-Phe, and L-Glu) greatly 

affect the inclusion complexes occurring in the solution systems. Variations of ϕvo and 

viscosity B-coefficient with the number of carbon atoms (nc) in the alkyl chain for basic, 

neutral and acidic amino acids in presence of α and β-CD have been estimated (table 6). It is 

observed that for chosen amino acids, while the slopes are the volume contributions by the 

CH2 group found within the range of 7.34-20.11 × 10-6 m3 mol-1 for ϕvo, which is of the order 

reported for amino acids in water (16 × 10-6 m3 mol-1) and the intercept, the volume 

contribution by polar head groups stay in the range of 23.11-34.94 × 10-6 m3 mol-1.[7] For L-

Lys the contribution of (NH3+, COO–) to ϕvo is larger than that of the –CH2– group and 

decreases with the increase in the mass fraction (wn) for both the α and β-CD, which 

indicates that the interactions between the –OH group (primary or secondary) of CD and the 

polar head groups (NH3+, COO–) of amino acids are strong, but they decrease with increasing 

mass fraction of α and β-CD. The contribution of –CH2 group increases, which suggests that –

CH2 group exerts the +I effect. For a particular mass fraction (e.g., wn = 0.001), contribution 

of (NH3+, COO–) groups for L-Lys is less significant than L-Phe, which in turn become less 

than L-Glu, which indicates that the (NH3+, COO–) group contribution is effective for L-Glu. 

However, the –CH2 group contribution has been found to possess the opposite trend, i.e., 

contribution of the –CH2 group is greater for L-Lys than L-Phe, which in turn is greater than 

L-Glu. This suggests that the –CH2 group exerts the +I effect; as a result of increasing the 

number of –CH2 groups interactions are more intense. If we consider the other group for L-

Lys, the contribution of the –(CH2)4NH2 group increases with increasing the mass fraction of 

both the α and β-CD, but, for the –NH2 group, it decreases. This indicates that the effect of the 

hydrophilic end –NH2 group is very poor, whereas –(CH2)4NH2 is more effective due to the 

greater number of –CH2 groups and also the greater +I effect. For L-Phe, contributions of 

both PhCH2– and –Ph to ϕvo are found to be greater and increase with mass fraction of CD, 

which indicates that both the groups strongly affect the hydrophobic solvation as well as 

side chain phenyl group effect. For L-Glu, both the –(CH2)COOH and end –COOH group 

contribution increase with the rising amount of mass of CD in solution, which indicates that 

both groups are contributed in similar fashion. Between these two, the contribution of –

COOH is higher than –CH2, suggesting the hydrophilic end –COOH is stronger. 

A decrease in the hydration number (nH) and increase in solvation number (Sn) on 

addition of α and β-CD (table 7) is due to the decrease in the electrostriction of water. L-Lys 

with a larger charge separation, greater hydrophobicity and +I effect, than L-Glu has a larger 
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solvation number value, which is consistent with the results of Ogawa et al.[8] Due to the 

large electrostriction and greater effect of the –CH2C6H5 group in the case of L-Phe, solvation 

numbers are found to be higher than in the other amino acids studied. Table 7 also shows 

that L-Lys is more solvated by CD than L-Glu. If we consider individual cyclodextrin, initially, 

in aqueous mixture, all or maximum of –OH (primary or secondary) groups interact with the 

water molecules present in the bulk solution. After addition of chosen amino acids 

(separately), they coordinate the –OH of cyclodextrins by replacing the water molecules, 

with the proper phase of interaction, such as zwitterionic groups, the end –NH3+ group of 

butylamine of L-Lys, the side chain –COO- group of L-Glu, and the benzyl group (–CH2C6H5) of 

L-Phe, and therefore there is a net increase in solvation number. Lower hydration numbers 

as well as higher solvation numbers in β-CD than α-CD for studied amino acids further 

suggest that β-CD are more useful for solvation than α-CD. 

VIII.3.4. Viscosity study 

The viscosity of aq. CD increases with an increase in employed mass fraction w = 

0.001, 0.003 and 0.005 (table 1), attributed to the structure-making influence between CD 

and water by breaking the H-bonded structure of water in its vicinity. For the ternary system 

(amino acid + aq. CD), at a given concentration of CD, the viscosity of the solution increases 

with the increasing molarity of amino acids (table 3). The viscosity B-coefficient is known to 

depend on the size and shape of the solute molecules, which indicate the solute–solvent 

interactions.[9] The B-coefficients of all the studied amino acids were positive (figure 3) and 

increase with the increasing concentration of CD, which may be considered to arise from the 

increasing amino acid–cyclodextrin interaction as well as increasing solvation. 

The group contributions of the amino acids to viscosity B-coefficient have been 

derived and shown in table 6, which illustrate that B(NH3+, COO-) for L-Lys and L-Glu 

decreases, and B(–CH2) values decrease with increasing mass fraction (wn) of both CD, 

suggesting that the effect of (NH3+, COO-) groups are diminished and that of –CH2 groups are 

enhanced in the structure for solute–solvent interactions in solutions.[6] The side chain 

contribution shows positive and greater for L-Phe than L-Lys, which in turn is greater than 

L-Glu. This fact is due to the structure making propensity, and these findings are found to be 

the same as the trend discussed in group contribution to volume. 
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VIII.3.5. Refractive index study 

The refractive index and molar refraction is also a valuable tool for investigating the 

molecular interaction in solution. More refractive index indicates that the velocity of light 

becomes lower through the medium; in other words, more molar refraction (RM) as well as 

limiting molar refraction (RM0) (table 4, 5) indicate that the medium is denser or more 

compact.[10,11] Therefore, from figure 4 it is evident that the inclusion complex of L-Phe 

with both the α and β-CD is more closely packed than that of L-Lys and L-Glu. This may be 

explained because of the greater hydrophobic interaction between the –CH2Ph group of L-

Phe and the hydrophobic cavity of α and β-CD than that of the –(CH2)n– group present in L-

Lys and L-Glu. This reflects that the inclusion complexes formed by L-Phe are denser and 

stronger, which is in good agreement with the data found from surface tension, density and 

viscosity. 

VIII.3.6. Structural influence of cyclodextrins 

Complex formation is a dimensional fit between the host cavity of CD and the amino acid 

molecule. The most notable feature of the cyclodextrin molecule (lipophilic cavity diameter 

of α and β-CD is 4.7–5.3 Å and 6.0–6.5 Å respectively) provides a micro environment into 

which appropriately sized non-polar moiety enters and forms strong inclusion complexes 

(scheme 5).[12] However, no covalent bonds are broken or formed during formation of the 

inclusion complex.[13] The main driving force in aqueous solution is that the slightly apolar 

cyclodextrin cavity is occupied by water molecules, which are energetically unfavoured 

(polar–apolar interaction) and therefore can be readily substituted by more hydrophobic 

side chain groups of α-amino acid molecules, which are less polar than water, to attain an 

apolar–apolar association and decrease cyclodextrin ring strain resulting in a more stable, 

lower energy state.[3,14] One or two cyclodextrin molecules can entrap one or more amino 

acid molecules; therefore, the plausible host : guest ratio of the inclusion is 1 : 1, 1 : 2, 2 : 1, 

and 2 : 2, or an even more complicated association complex and higher order of equilibrium 

can exist simultaneously (scheme 2). However, the simplest and most frequent case of host : 

guest ratio is 1 : 1 because of molecular encapsulation by α and β-CD. Moreover, it is difficult 

for a second amino acid molecule to be trapped by the cavity of the cyclodextrin after 

inclusion of a molecule. This is because, the cavity size (scheme 1) and volume allow a single 

molecule to accommodate through the wider or secondary rim, and both the narrow and 

wider rims are blocked (scheme 3, 5). The inclusion result states that the binding strength of 
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L-Phe–CD complex is well fit together on specific local interactions between surface atoms 

and forms stronger inclusion than L-Lys–CD and L-Glu–CD. 

Based on these dimensions of α and β-cyclodextrins, the selected amino acids can 

typically complex with aliphatic, aromatics side chains. Hence, the positive interactions 

occurred to form the inclusion complex by: 

 displacement of polar water molecules from the apolar cavity of cyclodextrin, 

 increased number of H-bonds formed as the substituted water, which returns to the 

larger pool, 

 reduction of the repulsive interactions between the hydrophobic group of amino acid 

and the aqueous environment, 

 an increase in the hydrophobic–hydrophobic interactions as the inclusion of amino acid 

takes place in the apolar cavity of cyclodextrin. 

VIII.4. Conclusion 

 The extensive study concludes the formation of inclusion complexes for all the titled 

α-amino acids in the apolar cavity of both α and β-cyclodextrins. Surface tension study 

confirms that 1 : 1 inclusion complex was formed. All the derived parameters obtained from 

the supplementary data of density, viscosity and refractive index strongly support the 

formation of the inclusion complex as well as solute–solvent interaction taking place in the 

studied solution systems. The order of interaction for selected α-amino acid inside into α and 

β-CD is as follows: L-Glu < L-Lys < L-Phe. Hence, the findings discussed and explained in this 

paper illustrate the advancement of the work and demonstrate the suitability for diverse 

applications.
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Tables 

Table 1. Experimental values of density (ρ), viscosity (η), refractive index (nD), surface 

tension (γ) and pH in deferent mass fraction of  aqueous α and β-cyclodextrin mixtures 

at 298.15 Ka 

Aq. solvent mixture 
ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD 

γ 

/mN∙m-1 
pH 

aq. α-CD 

w1 = 0.001 0.99732 1.300 1.3328 71.62 6.44 

w1 = 0.003 0.99792 1.310 1.3331 71.49 6.39 

w1 = 0.005 0.99859 1.321 1.3334 71.45 6.32 

aq. β-CD 

w2 = 0.001 0.99747 1.304 1.3329 71.71 6.65 

w2 = 0.003 0.99815 1.313 1.3332 71.61 6.10 

w2 = 0.005 0.99890 1.323 1.3336 71.57 5.57 

a Standard uncertainties u are: u(ρ) =2×10-6 kg∙m-3, u(η) =0.003 mP∙s, u(nD) =0.0002, 
u(γ) =0.03 mN∙m-1, u(pH) =0.01, and u(T) =0.01K  

Table 2. Values of surface tension at the break point (γ) with corresponding 

concentration of amino acids in different mass fraction of aqueous α and β-cyclodextrin 

respectively at 298.15Ka 

mass fraction (w) conc (m) γ /mNm-1 conc (m) γ/mNm-1 conc (m) γ/mNm-1 

 L-Lys L-Phe L-Glu 

w1=0.001b 0.0441 77.81 0.0389 62.37 0.0403 77.67 

w1=0.003b 0.0427 77.11 0.0385 65.06 0.0396 76.62 

w1=0.005b 0.0421 76.26 0.0378 65.66 0.0389 75.56 

w2=0.001b 0.0413 77.67 0.0364 62.83 0.0387 77.61 

w2=0.003b 0.0405 77.06 0.0356 65.24 0.0361 76.29 

w2=0.005b 0.0381 76.15 0.0341 66.22 0.0337 75.49 

a Standard uncertainties u are: u(T) =0.01K. 

bw1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

Table 3. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of 

selected amino acids in deferent mass fraction of aqueous α and β-cyclodextrin mixtures 

at 298.15 Ka 
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molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD pH 

molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD pH 

Glysine L-Lysine 

w1 = 0.001b w1 = 0.001b 

0.0100 0.99766 1.309 - - 0.0100 0.99773 1.338 1.3330 9.76 

0.0251 0.99819 1.316 - - 0.0251 0.99841 1.363 1.3334 9.81 

0.0402 0.99873 1.322 - - 0.0403 0.99913 1.384 1.3337 9.89 

0.0553 0.99928 1.327 - - 0.0555 0.99989 1.403 1.3341 9.94 

0.0704 0.99984 1.332 - - 0.0707 1.00068 1.421 1.3345 9.97 

0.0855 1.00040 1.336 - - 0.0859 1.00148 1.437 1.3350 9.99 

w1 = 0.003b w1 = 0.003b 

0.0100 0.99826 1.322 - - 0.0100 0.99828 1.349 1.3333 9.79 

0.0251 0.99879 1.331 - - 0.0251 0.99889 1.377 1.3337 9.84 

0.0401 0.99934 1.338 - - 0.0403 0.99956 1.400 1.3340 9.92 

0.0552 0.99990 1.345 - - 0.0554 1.00027 1.422 1.3344 9.98 

0.0703 1.00047 1.350 - - 0.0707 1.00101 1.442 1.3347 10.01 

0.0855 1.00105 1.355 - - 0.0859 1.00180 1.460 1.3351 10.05 

w1 = 0.005b w1 = 0.005b 

0.0100 0.99893 1.337 - - 0.0100 0.99890 1.362 1.3336 9.82 

0.0251 0.99947 1.348 - - 0.0251 0.99945 1.393 1.3339 9.89 

0.0401 1.00003 1.357 - - 0.0402 1.00007 1.419 1.3342 9.96 

0.0552 1.00060 1.364 - - 0.0554 1.00074 1.443 1.3345 10.01 

0.0703 1.00119 1.372 - - 0.0706 1.00147 1.466 1.3348 10.07 

0.0854 1.00179 1.378 - - 0.0859 1.00222 1.487 1.3352 10.12 

L-Phenylalanine L-Glutamic acid 

w1 = 0.001b w1 = 0.001b 

0.0100 0.99777 1.347 1.3330 6.26 0.0100 0.99795 1.328 1.3330 3.35 

0.0251 0.99847 1.381 1.3335 6.12 0.0251 0.99898 1.346 1.3334 3.28 

0.0403 0.99919 1.409 1.3339 6.01 0.0402 1.00007 1.361 1.3337 3.24 

0.0555 0.99992 1.435 1.3343 5.91 0.0554 1.00121 1.375 1.3341 3.23 

0.0708 1.00066 1.459 1.3347 5.82 0.0706 1.00239 1.388 1.3345 3.22 

0.0861 1.00142 1.482 1.3351 5.74 0.0858 1.00362 1.400 1.3349 3.21 

w1 = 0.003b w1 = 0.003b 
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0.0100 0.99831 1.358 1.3333 6.21 0.0100 0.99850 1.339 1.3334 3.34 

0.0251 0.99894 1.395 1.3337 6.08 0.0251 0.99946 1.359 1.3337 3.28 

0.0403 0.99961 1.426 1.3341 5.95 0.0402 1.00051 1.376 1.3340 3.25 

0.0555 1.00031 1.454 1.3344 5.84 0.0554 1.00162 1.392 1.3343 3.23 

0.0707 1.00103 1.481 1.3348 5.76 0.0705 1.00277 1.406 1.3346 3.22 

0.0861 1.00178 1.506 1.3352 5.70 0.0857 1.00398 1.419 1.3349 3.21 

w1 = 0.005b w1 = 0.005b 

0.0100 0.99891 1.372 1.3337 6.10 0.0100 0.99912 1.351 1.3336 3.32 

0.0251 0.99947 1.412 1.3341 5.95 0.0251 1.00002 1.373 1.3339 3.27 

0.0403 1.00008 1.447 1.3345 5.83 0.0402 1.00102 1.392 1.3342 3.25 

0.0555 1.00074 1.479 1.3348 5.73 0.0553 1.00207 1.409 1.3345 3.23 

0.0707 1.00146 1.509 1.3351 5.68 0.0705 1.00319 1.425 1.3348 3.22 

0.0860 1.00219 1.538 1.3354 5.64 0.0857 1.00438 1.441 1.3351 3.21 

Glysine L-Lysine 

w2 = 0.001b w2 = 0.001b 

0.0100 0.99781 1.315 - - 0.0100 0.99786 1.322 1.3331 9.81 

0.0251 0.99834 1.323 - - 0.0251 0.99851 1.338 1.3334 9.88 

0.0402 0.99889 1.330 - - 0.0403 0.99920 1.352 1.3338 9.93 

0.0553 0.99944 1.336 - - 0.0555 0.99992 1.364 1.3342 9.97 

0.0704 1.00001 1.341 - - 0.0707 1.00067 1.375 1.3346 9.99 

0.0855 1.00058 1.346 - - 0.0859 1.00143 1.386 1.3350 10.01 

w2 = 0.003b w2 = 0.003b 

0.0100 0.99849 1.328 - - 0.0100 0.99848 1.319 1.3334 9.84 

0.0251 0.99902 1.338 - - 0.0251 0.99906 1.334 1.3337 9.91 

0.0401 0.99957 1.347 - - 0.0402 0.99970 1.351 1.3341 9.95 

0.0552 1.00014 1.354 - - 0.0554 1.00039 1.368 1.3345 9.99 

0.0703 1.00072 1.360 - - 0.0706 1.00111 1.385 1.3349 10.02 

0.0854 1.00131 1.367 - - 0.0859 1.00186 1.403 1.3353 10.04 

w2 = 0.005b w2 = 0.005b 

0.0100 0.99924 1.340 - - 0.0100 0.99918 1.327 1.3339 9.87 

0.0251 0.99978 1.352 - - 0.0251 0.99969 1.348 1.3342 9.94 

0.0401 1.00034 1.361 - - 0.0402 1.00028 1.372 1.3345 9.99 

0.0552 1.00092 1.369 - - 0.0554 1.00093 1.396 1.3349 10.02 
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0.0703 1.00152 1.376 - - 0.0706 1.00163 1.424 1.3352 10.05 

0.0854 1.00213 1.384 - - 0.0859 1.00238 1.453 1.3356 10.08 

L-Phenylalanine L-Glutamic acid 

w2 = 0.001b w2 = 0.001b 

0.0100 0.99788 1.318 1.3326 6.36 0.0100 0.99808 1.323 1.3332 3.40 

0.0251 0.99854 1.333 1.3330 6.18 0.0251 0.99908 1.339 1.3336 3.32 

0.0403 0.99924 1.345 1.3333 6.02 0.0402 1.00016 1.352 1.3339 3.26 

0.0555 0.99996 1.357 1.3335 5.88 0.0554 1.00129 1.364 1.3343 3.23 

0.0708 1.00070 1.368 1.3338 5.76 0.0706 1.00248 1.375 1.3346 3.21 

0.0861 1.00146 1.379 1.3341 5.67 0.0858 1.00371 1.386 1.3349 3.20 

w2 = 0.003b w2 = 0.003b 

0.0100 0.99849 1.321 1.3334 6.01 0.0100 0.99870 1.325 1.3335 3.32 

0.0251 0.99907 1.339 1.3338 5.90 0.0251 0.99963 1.343 1.3338 3.25 

0.0403 0.99969 1.358 1.3342 5.82 0.0402 1.00064 1.360 1.3341 3.21 

0.0555 1.00036 1.378 1.3347 5.73 0.0554 1.00173 1.376 1.3344 3.20 

0.0707 1.00106 1.398 1.3352 5.65 0.0705 1.00286 1.393 1.3347 3.18 

0.0861 1.00178 1.420 1.3357 5.61 0.0857 1.00407 1.410 1.3350 3.17 

w2 = 0.005b w2 = 0.005b 

0.0100 0.99916 1.328 1.3338 5.49 0.0100 0.99939 1.329 1.3338 3.30 

0.0251 0.99965 1.355 1.3342 5.40 0.0251 1.00024 1.349 1.3341 3.24 

0.0403 1.00020 1.384 1.3346 5.31 0.0402 1.00119 1.370 1.3344 3.21 

0.0555 1.00083 1.413 1.3350 5.23 0.0553 1.00223 1.392 1.3347 3.19 

0.0707 1.00149 1.443 1.3354 5.15 0.0705 1.00337 1.415 1.3350 3.18 

0.0860 1.00222 1.474 1.3359 5.10 0.0857 1.00454 1.439 1.3352 3.16 

a Standard uncertainties u are: u(ρ) =2×10-6 kg∙m-3, u(η) =0.003 mP∙s, u(nD) =0.0002, u(pH) 

=0.01, and u(T) =0.01K 
b w1 and w2 are mass fractions of α- and β-cyclodextrin in aqueous mixture respectively. 

 

Table 4. Apparent molar volume (ϕV), (ηr-1)/√m and molar refraction (RM) of selected 

amino acids in different mass fraction of aqueous α and β-cyclodextrin mixtures at 

298.15 Ka 

Aq. solvent 

mixture 

ϕV ×106 

/m3 mol-1 

(ηr-1)/√m 

/kg1/2mol -

RM ×106 

/m3 mol-1 

Aq. solvent 

mixture 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol -

RM ×106 

/m3 mol-
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1/2 1/2 1 

Glysine L-Lysine 

w1 = 0.001b w1 = 0.001b 

0.0100 41.18 0.069 - 0.0100 105.47 0.223 30.1369 

0.0251 40.38 0.078 - 0.0251 102.87 0.243 30.1580 

0.0402 39.93 0.084 - 0.0403 101.21 0.261 30.1763 

0.0553 39.54 0.088 - 0.0555 99.73 0.274 30.1909 

0.0704 39.17 0.093 - 0.0707 98.45 0.289 30.2047 

0.0855 38.94 0.095 - 0.0859 97.51 0.299 30.2163 

w1 = 0.003b w1 = 0.003b 

0.0100 41.16 0.092 - 0.0100 110.42 0.236 30.1522 

0.0251 40.35 0.101 - 0.0251 107.61 0.260 30.1639 

0.0401 39.65 0.107 - 0.0403 105.41 0.282 30.1710 

0.0552 39.15 0.114 - 0.0554 103.68 0.298 30.1766 

0.0703 38.72 0.115 - 0.0707 102.26 0.316 30.1827 

0.0855 38.33 0.117 - 0.0859 100.75 0.331 30.1871 

w1 = 0.005b w1 = 0.005b 

0.0100 41.13 0.121 - 0.0100 115.35 0.242 30.1364 

0.0251 39.93 0.129 - 0.0251 111.95 0.277 30.1546 

0.0401 39.13 0.136 - 0.0402 109.34 0.298 30.1662 

0.0552 38.58 0.139 - 0.0554 107.25 0.319 30.1757 

0.0703 37.98 0.146 - 0.0706 105.20 0.339 30.1849 

0.0854 37.48 0.148 - 0.0859 103.63 0.359 30.1947 

L-Phenylalanine L-Glutamic acid 

w1 = 0.001b w1 = 0.001b 

0.0100 120.51 0.299 34.0527 0.0100 84.36 0.169 30.3277 

0.0251 119.51 0.335 34.0763 0.0251 80.95 0.189 30.3340 

0.0403 118.76 0.356 34.0922 0.0402 78.59 0.199 30.3390 

0.0555 118.23 0.385 34.1060 0.0554 76.61 0.209 30.3435 

0.0708 117.79 0.399 34.1208 0.0706 74.90 0.220 30.3476 

0.0861 117.27 0.419 34.1322 0.0858 73.21 0.229 30.3508 

w1 = 0.003b w1 = 0.003b 
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0.0100 126.45 0.320 34.0659 0.0100 89.32 0.175 30.3401 

0.0251 124.65 0.366 34.0846 0.0251 85.71 0.202 30.3354 

0.0403 123.20 0.392 34.0988 0.0402 82.55 0.217 30.3319 

0.0555 121.99 0.421 34.1098 0.0554 80.02 0.227 30.3287 

0.0707 121.01 0.442 34.1209 0.0705 78.01 0.239 30.3261 

0.0861 120.03 0.463 34.1330 0.0857 75.99 0.245 30.3232 

w1 = 0.005b w1 = 0.005b 

0.0100 133.38 0.340 34.0791 0.0100 94.26 0.189 30.3350 

0.0251 130.17 0.392 34.0943 0.0251 90.06 0.215 30.3424 

0.0403 128.12 0.426 34.1064 0.0402 86.50 0.230 30.3468 

0.0555 126.28 0.456 34.1158 0.0553 83.98 0.245 30.3512 

0.0707 124.37 0.481 34.1237 0.0705 81.53 0.259 30.3547 

0.0860 123.01 0.509 34.1300 0.0857 79.12 0.269 30.3588 

Glysine L-Lysine 

w2 = 0.001b w2 = 0.001b 

0.0100 41.17 0.084 - 0.0100 107.46 0.260 30.1270 

0.0251 40.37 0.092 - 0.0251 104.86 0.285 30.1510 

0.0402 39.67 0.099 - 0.0403 103.20 0.306 30.1694 

0.0553 39.35 0.104 - 0.0555 101.90 0.322 30.1852 

0.0704 38.88 0.107 - 0.0707 100.73 0.338 30.2002 

0.0855 38.58 0.110 - 0.0859 99.85 0.348 30.2148 

w2 = 0.003b w2 = 0.003b 

0.0100 41.15 0.114 - 0.0100 113.40 0.274 30.1275 

0.0251 40.34 0.120 - 0.0251 109.99 0.308 30.1536 

0.0401 39.64 0.129 - 0.0402 107.64 0.330 30.1713 

0.0552 38.96 0.133 - 0.0554 105.66 0.353 30.1866 

0.0703 38.43 0.135 - 0.0706 104.09 0.370 30.2015 

0.0854 37.96 0.141 - 0.0859 102.73 0.382 30.2137 

w2 = 0.005b w2 = 0.005b 

0.0100 41.12 0.128 - 0.0100 118.32 0.294 30.1594 

0.0251 39.91 0.138 - 0.0251 114.72 0.334 30.1765 

0.0401 39.11 0.143 - 0.0402 111.81 0.362 30.1884 

0.0552 38.38 0.148 - 0.0554 109.40 0.385 30.1997 
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0.0703 37.68 0.151 - 0.0706 107.31 0.407 30.2091 

0.0854 37.11 0.158 - 0.0859 105.36 0.423 30.2171 

L-Phenylalanine L-Glutamic acid 

w2 = 0.001b w2 = 0.001b 

0.0100 124.51 0.329 34.0132 0.0100 86.35 0.184 30.3372 

0.0251 122.70 0.372 34.0265 0.0251 82.94 0.203 30.3432 

0.0403 121.25 0.401 34.0373 0.0402 80.08 0.218 30.3473 

0.0555 120.22 0.426 34.0448 0.0554 77.87 0.231 30.3508 

0.0708 119.35 0.447 34.0519 0.0706 75.75 0.243 30.3537 

0.0861 118.55 0.465 34.0588 0.0858 73.91 0.251 30.3566 

w2 = 0.003b w2 = 0.003b 

0.0100 131.43 0.342 34.0499 0.0100 92.30 0.198 30.3413 

0.0251 128.63 0.394 34.0802 0.0251 88.09 0.221 30.3406 

0.0403 126.92 0.429 34.1019 0.0402 85.04 0.239 30.3401 

0.0555 125.24 0.456 34.1215 0.0554 82.19 0.256 30.3397 

0.0707 123.85 0.481 34.1377 0.0705 79.99 0.267 30.3394 

0.0861 122.71 0.501 34.1535 0.0857 77.63 0.276 30.3390 

w2 = 0.005b w2 = 0.005b 

0.0100 139.34 0.370 34.0696 0.0100 98.24 0.211 30.3476 

0.0251 135.34 0.424 34.0930 0.0251 93.63 0.239 30.3495 

0.0403 132.84 0.467 34.1106 0.0402 89.98 0.260 30.3509 

0.0555 130.24 0.501 34.1247 0.0553 86.68 0.276 30.3522 

0.0707 128.33 0.529 34.1381 0.0705 83.36 0.290 30.3533 

0.0860 126.27 0.554 34.1498 0.0857 80.87 0.304 30.3541 

a Standard uncertainties u are: u(T) =0.01K 

b w1 and w2 are mass fractions of α- and β-cyclodextrin in aqueous mixture respectively. 

 

Table 5. Limiting apparent molar volume (ϕV0), experimental slope (SV*), viscosity A & B-

coefficient and limiting molar refraction (RM0) of selected amino acids in different mass 

fraction of aqueous α and β-cyclodextrin mixtures at 298.15 Ka 

sol. mix 
ϕV0 ×106 

/m3 mol-1 

SV*×106 

/m3·mol- 3/2 

·kg1/2 

B 

/kg·mol-1 

A 

/ kg1/2 

·mol-1/2 

RMO×106 

/m3 mol-1 
sol. mix 

ϕV0×106 

/m3 mol-1 

SV*×106 

/m3·mol- 3/2 

·kg1/2 

B 

/kg·mol-1 

A 

/kg1/2 

·mol-1/2 

RMO×106 

/m3 mol-1

L-Lysine 
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w1 = 0.001b 109.53 -41.41 0.403 0.180 30.09 w2 = 0.001b 111.23 -39.40 0.462 0.213 30.08 

w1 = 0.003b 115.46 -49.99 0.493 0.184 30.13 w2 = 0.003b 118.84 -55.45 0.568 0.217 30.08 

w1 = 0.005b 121.56 -61.16 0.599 0.181 30.10 w2 = 0.005b 125.24 -67.44 0.671 0.227 30.12 

L-Phenylalanine 

w1 = 0.001b 122.15 -16.59 0.619 0.236 34.01 w2 = 0.001b 127.57 -30.98 0.703 0.259 33.98 

w1 = 0.003b 129.86 -33.35 0.737 0.247 34.03 w2 = 0.003b 135.89 -45.12 0.822 0.262 33.99 

w1 = 0.005b 138.77 -53.66 0.862 0.254 34.05 w2 = 0.005b 146.09 -67.14 0.960 0.274 34.02 

L-Glutamic acid 

w1 = 0.001b 90.10 -57.46 0.303 0.139 30.31 w2 = 0.001b 93.04 -64.91 0.355 0.148 30.32 

w1 = 0.003b 96.49 -69.70 0.359 0.143 30.34 w2 = 0.003b 100.06 -75.91 0.412 0.157 30.34 

w1 = 0.005b 102.28 -78.44 0.415 0.148 30.32 w2 = 0.005b 107.79 -90.99 0.482 0.163 30.34 

a Standard uncertainties u are: u(T) =0.01K 

b w1 and w2 are mass fractions of α- and β-cyclodextrin in aqueous mixture respectively. 

  

Table 6. Contributions of zwitterionic group (NH3+, COO−), CH2 group, end group and the 

other alkyl chains to the limiting apparent molar volume (ϕV0) and viscosity B-

coefficient for amino acids in different mass fraction of aqueous α and β-cyclodextrin 

respectively at 298.15Ka 

Groups  
0
V  × 106/ m3 mol-1 B/ kg mol-1 

 w1=0.001b w1=0.003b w1=0.005b w1=0.001b w1=0.003b w1=0.005b 

L-Lys       

NH3+, COO− 27.57 25.99 24.24 0.098 0.068 0.032 

-CH2- 14.71 16.66 18.71 0.037 0.069 0.107 

-(CH2)4NH2 67.25 72.81 78.61 0.268 0.356 0.460 

end –NH2 gr 8.41 6.17 3.77 0.120 0.080 0.032 

L-Phe       

NH3+, COO− 30.16 28.59 26.58 0.052 0.108 0.168 

-CH2- 12.12 14.06 16.37 0.083 0.029 -0.029 

 
79.87 87.21 95.82 0.484 0.600 0.665 

 
67.75 73.15 79.45 0.401 0.571 0.636 

L-Glu       

NH3+, COO− 34.94 33.23 31.61 0.107 0.082 0.056 

-CH2- 7.34 9.42 11.34 0.028 0.055 0.083 

-(CH2)2COOH 47.82 53.84 59.33 0.168 0.222 0.276 

end -COOH 33.14 35.00 36.65 0.112 0.112 0.110 

 w2=0.001b w2=0.003b w2=0.005b w2=0.001b w2=0.003b w2=0.005b 

L-Lys       

NH3+, COO− 27.13 24.98 23.11 0.079 0.044 0.010 

-CH2- 15.37 17.94 20.11 0.058 0.096 0.133 

-(CH2)4NH2 68.73 75.92 82.02 0.235 0.428 0.528 
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end –NH2 gr 7.25 4.16 1.58 0.093 0.044 -0.004 

L-Phe
 

      

NH3+, COO− 28.83 27.12 24.76 0.094 0.151 0.218 

-CH2- 13.67 15.80 18.46 0.041 -0.014 -0.079 

 
85.07 92.97 102.87 0.568 0.657 0.663 

 
71.40 77.17 84.41 0.527 0.643 0.584 

L-Glu
 

      

NH3+, COO− 34.06 33.16 29.85 0.081 0.055 0.023 

-CH2- 8.44 9.76 13.37 0.054 0.082 0.116 

-(CH2)2COOH 50.54 57.14 64.57 0.220 0.275 0.343 

end -COOH 33.66 37.62 37.83 0.112 0.111 0.111 
a Standard uncertainties u are: u(T) =0.01K 
bw1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

Table 7. Hydration number (nH) and solvation number (Sn) of the amino acids in 

deferent mass fraction of aqueous α and β-cyclodextrin respectively at 298.15Ka 

 nH Sn 

Aq. α-CD (w1)b 0.001 0.003 0.005 0.001 0.003 0.005 

L-Lys 6.98 5.01 2.97 3.68 4.27 4.93 

L-Phe 5.52 2.95 -0.02 5.07 5.68 6.21 

L-Glu 4.54 2.41 0.48 3.36 3.72 4.06 

Aq. β -CD (w2)b       

L-Lys 6.42 3.88 1.75 4.15 4.78 5.36 

L-Phe 3.71 0.94 -2.46 5.51 6.05 6.57 

L-Glu 3.56 1.22 -1.35 3.82 4.12 4.47 

a Standard uncertainties u are: u(T) =0.01K 
b w1 and w2 are mass fractions of α and β-cyclodextrin in 

aqueous mixture respectively. 
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Figure 1. Plot of surface tension (
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Plot of surface tension (γ) against concentration of amino acids (m) in

=0.003(▲), w1=0.005(●) mass fraction of α-CD

w2=0.003(∆), w2=0.005(○) mass fraction of β-CD

 

 

) in pure α-CD (×), 

CD and in pure β-CD 

CD respectively. 
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Figure 2. Plot of limiting molar volume (

L-Glu (yellow) in aqueous α-CD and 

CD respectively. 

Figure 3. Plot of viscosity B-coefficient vs mass fraction for L

(yellow) in aqueous α-CD and for L
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Plot of limiting molar volume (ϕV0) vs mass fraction for L-Lys (brown), L

CD and for L-Lys (red), L-Phe (green), L-Glu (black) in aqueous

coefficient vs mass fraction for L-Lys (black), L-

for L-Lys (indigo), L-Phe (green), L-Glu (red) in aq
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mass fraction of CD
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mass fraction of CD
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Lys (brown), L-Phe (blue), 

Glu (black) in aqueous β-

 

-Phe (blue), L-Glu 

Glu (red) in aqueous β-CD 
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Figure 4. Plot of limiting molar refraction (

of aqueous α and β-CD respectively.
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Plot of limiting molar refraction (RM0) for the amino acids in different mass fraction 
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1:1 1:2 2:1 2:2  

Scheme 2. Plausible stoichiometries for inclusion of host:guest molecule. 

cyclodextrin

guest molecule

restricted inclusion

feasible inclusion

guest molecule
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Scheme 3. Feasible and restricted inclusion of host:guest molecule. 
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Scheme 5. Schematic representations of convincing mechanism for 1:1 inclusion complexes of 

the α-amino acids inside into α and β-cyclodextrin. 
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Probing supramolecular complexation of 

crown ethers 

Supramolecular complexations of 

dimension based crown ethers, namely, 

dicyclohexano-18-crown-6 have been explored

with the help of conductivity in a series of temperatures to reveal the 

three host-guest complexes. Programme based mathematical treatment of the conductivity 

data affords association constants for complexations from which the thermodynamic 

parameters were derived for better comprehension about the process.

molecular level have been explained 

NMR spectroscopic studies that

force of attraction for the investigated 

IX.1. Introduction 

Crown ethers (CEs) are 

where the host–guest interaction mimics natural systems as well as 

materials.[1-6] CEs are macromolecular heterocyclic compounds with essential 

unit -CH2CH2O-.[7] A number of researchers are working on fabrication of crown

based stimuli-responsive materials that have unique characters of ion 

10] A variety of current supramolecular ma
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CHAPTER IX 

supramolecular complexation of cetylpyridinium chloride 

Supramolecular complexations of cetylpyridinium chloride with three comparable

crown ethers, namely, dibenzo-18-crown-6, 18

have been explored and adequately compared 

with the help of conductivity in a series of temperatures to reveal the stoichiometry of th

Programme based mathematical treatment of the conductivity 

data affords association constants for complexations from which the thermodynamic 

parameters were derived for better comprehension about the process. The interactions 

explained and decisively discussed by means of FT

NMR spectroscopic studies that demonstrate H-bond type interactions as the primarily 

force of attraction for the investigated supramolecular complexations. 
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these unique recognition properties of CEs.[11,12] Binding of CEs with cations with high 

selectivity and affinity has found remarkable importance in chemistry.[13,14] Formation of 

molecular assemblies has vast implication for the building of molecular machines having 

plausible use as analogous to sophisticated machines of natural systems.[15,16] Hence, 

fundamental investigations of the interactions between CEs and cationic species are 

important for their advanced applications.[17,18] In the present work cetylpyridinium 

chloride (CPCl) (scheme 1) has been investigated as the cationic species, which is 

structurally significant because of having long lipophilic chain and pyridinium cationic 

head and also has medicinal applications, while three CEs, namely, dibenzo-18-crown-6 

(DB-18-C-6), 18-crown-6 (18-C-6) and dicyclohexano-18-crown-6 (DCH-18-C-6) (scheme 

2) have been selected with similar cavity dimension, but having different and tailored 

abilities to construct supramolecular complexes.[19-23] The complexation processes have 

been explored in CH3CN solution with definite host-guest type interactions in molecular 

level.[24,25] Pyridinium based ionic liquids (ILs) are biologically extremely significant and 

also have role in material chemistry for their extraordinary properties.[26-28] Here, the 

structure of CPCl is very important to make supramolecular materials and also has 

biological and medicinal functions.[29,30] In this study the three complexation processes 

require special attention to explore the various interactions taking place in molecular 

level.[31,32] Conductivity measurement and programmed mathematical treatment of the 

data offer quantitative idea about association constant and thermodynamic parameters, 

whereas FT-IR and 1H NMR spectroscopic studies deliver specific information about the 

complexation processes for the potential applications in supramolecular host-guest 

chemistry. 

IX.2. Experimental section 

IX.2.1. Source and purity of samples 

Cetylpyridinium chloride, dibenzo-18-crown-6, 18-crown-6 and dicyclohexano-18-

crown-6 of puriss grade have been bought from Sigma-Aldrich, Germany and used as 

received. Purity of cetylpyridinium chloride, dibenzo-18-crown-6, 18-crown-6 and 

dicyclohexano-18-crown-6 were ≥98.0%, ≥98.0%, ≥99.0% and ≥98.0% respectively. 
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IX.2.2. Apparatus and procedure 

Solubilities of cetylpyridinium chloride, dibenzo-18-crown-6, 18-crown-6 and 

dicyclohexano-18-crown-6 have been verified in HPLC grade CH3CN. All the stock solutions 

of CPCl and crown ethers were arranged by mass using Mettler Toledo AG-285 with 

uncertainty ±0.1 mg. Sufficient precautions were made to minimize the evaporation during 

mixing and working with these solutions. 

Specific conductivity values of the experimental solutions were measured by Mettler 

Toledo Seven Multi conductivity meter with uncertainty ±1.0 µS m-1. The measurements 

were carried out using HPLC grade CH3CN in an auto-thermostat water bath maintaining at 

±0.1 K of the desired temperature. The cell was calibrated using standard procedure. 

Fourier transform infrared (FT-IR) spectra were recorded on a Perkin Elmer FT-IR 

spectrometer in CH3CN solution. The FTIR measurements were performed in the scanning 

range of 4000−400 cm−1 at room temperature. 

1H NMR spectra were recorded in CD3CN at 300 MHz using Bruker Avance 300 MHz 

instrument at 298 K. Signals are cited as δ values in ppm using residual protonated solvent 

signal as internal standard (CH3CN, δ 1.96 ppm). Data are reported as chemical shift. 

IX.3. Results and discussion 

IX.3.1. Conductivity study 

Conductivity study is a convincing method for exploring complexation in solution 

not only because it affords information for minute alteration of concentrations of the 

charged particles, but also it offers data for the various interactions among the particles 

taking place in the solution system.[33,34] Conductivity of a solution with IL and added CE 

provides valuable information for the complexation process between the CE and IL in 

solution.[35,36] In our work complexations have been explored between CPCl and three 

similar CEs in CH3CN solution. Thus to acquire data about complexation, conductivity of the 

CPCl solution with initial concentration of 10.0 mM have been measured with increasing 

concentration of the three CEs at five various temperatures from 293 K to 313 K in 5 K 

intervals and presented in table 1-3 with increasing CE/IL mole ratio. The plots of 
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conductance are depicted in figure 1-3, in which CE/IL mole ratio is shown in abscissa and 

conductance is shown in ordinate. A gradual decrease in conductance is observed with 

increasing CE/IL mole ratio for each plot, which signifies capture of the cetylpyridinium 

ions by the CEs respectively in CH3CN solution, because CPCl being strong electrolyte can’t 

form ion pair in the studied solution system.[37] So the complexation processes of 

cetylpyridinium ion with the three CEs which have been illustrated by decrease in 

conductance in figure 1-3, become approximately plateau as the CE/IL mole ratio exceed 

1.0, evidently suggesting development of adequately stable 1:1 CPCl-CE complex in CH3CN 

solution system.[38] Each of the figures (figure 1-3) shows five various curve at different 

temperatures, all exhibiting analogous variation in conductance. At elevated temperatures 

the conductances become high because of enhanced mobility of the cetylpyridinium ions, as 

a result of lowered viscosity of CH3CN solution.[39] 

IX.3.2. Association constants and thermodynamic parameters 

Association constants (Ka) for the formation of complexes have been derived by a 

mathematical programme based on non-linear changes in conductance for 1:1 CPCl-CE 

complexation at various temperatures.[37-39] 

The following equilibrium is supposed to exist between CPCl and CE during complexation. 

                                                CPCl�  + CE�   
K�

⇌
   CX                                         (IX.1) 

Thus Ka for the complex (CX) may be illustrated as 

                                                     K� =  
[��]

[����]�[��]�
                                              (IX.2) 

Here, [CX], [CPCl]f and [CE]f correspond to the equilibrium concentration of CX, free CPCl 

and free CE respectively. 

In accordance with the non-linear isotherm the Ka for the CX may be illustrated as [36,39] 

 

                                                  K� =  
[��]

[����]�[��]�
=  

(�������)

(������)[��]�
                                (IX.3) 
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where,                                     [CE]� =  [CE]�� −  
[����]��(�������)

(����)
                            (IX.4) 

 

Here, κo, κobs and κ are conductivities of CPCl at initial state, during addition of CE and final 

state respectively. [CPCl]ad and [CE]ad are concentrations of CPCl and the added CE 

respectively. 

Hence Ka for complexation processes have been evaluated from various isotherms 

by using mathematical programme and presented in table 4, which illustrates different 

values of Ka for each of the three complexes at the experimental temperature range, may be 

because of higher thermal agitation of the ions at increased temperatures that lowers the 

values of Ka with rise in temperature.[40,41] It is also noted from table 4 that CPCl has 

binding efficiency to form the complexes with the three studied CEs in the order of DB-18-

C-6 < 18-C-6 < DCH-18-C-6 in CH3CN solution. 

The thermodynamic parameters furnish comprehensive idea about the 

complexation processes taking place in solution.[39] The changes in standard enthalpy 

(∆Ho), entropy (∆So) and free energy (∆Go) during complexation are fundamental factors 

for this process.[40,41] ∆Ho is essentially responsible for the cetylpyridinium ion-CE 

interactions, higher solvation of the complex in CH3CN, decreased repulsion among the 

adjacent donor oxygen atoms, relaxed conformations of the CEs after complexation and 

formation of H-bonds between aromatic hydrogen of CPCl and oxygen atoms of CEs. ∆So is 

primarily accountable for the decrease in number of free species after complexation and 

conformational constraints of CEs associated with complex formation. Hence, for better 

understanding of the complexations that is to estimate the thermodynamic parameters 

van’t Hoff equation was used as follows [40]  

                                                            lnK� = −
∆��

��
+

∆��

�
                                              (IX.5) 

According to equation IX.5, lnKa vs 1/T was plotted for each of the three complexes 

to obtain ∆Ho and ∆So from slope and intercept of the curves respectively (figure 4). 

Subsequent values of ∆Go have been derived from following equation at 298 K. 

                                                                          ∆Go = ∆Ho – T∆So                                                                                         (IX.6) 
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The values of ∆Ho, ∆So and ∆Go for the complexations are presented in table 4, which 

demonstrates negative values for all three parameters. The attraction between CPCl and 

CEs in CH3CN are attributed to the negative enthalpy change while union of CPCl and CEs is 

accountable for negative entropy change during complexation processes. Thus, favorable 

changes in ∆Go are driven by higher negative value of ΔHO that play the key role for the 

spontaneity of all three complexation processes.[42,43] 

IX.3.3. Infrared spectroscopic study 

Infrared spectroscopy is a useful technique to identify complexation in solution 

system.[44,45] In this work the FT-IR spectra were taken in CH3CN solution in 4000–400 

cm-1 range. Figure 5 demonstrates the FT-IR spectra of DB-18-C-6, CPCl and the complex, 

where the particular interactions between CPCl and DB-18-C-6 can be detected. In table 5 it 

is observed that the stretching frequency of (Csp3–O)str of free DB-18-C-6 is 1128 cm-1, in 

the complexed state (Csp3–O)str is 1115 cm-1 that generates frequency shift of 13 cm-1 and 

the stretching frequency of (Csp2–O)str at free state is 1252 cm-1, in complexed state (Csp2–

O)str is 1241 cm-1 that produces frequency shift of 11 cm-1. These shifts signify participation 

of oxygen atoms of DB-18-C-6 in complexation, but it is also observed that the oxygen 

atoms linked to benzene ring have lower shift than those which are linked to methylene 

group. Alternatively, (Csp2–H)str of CPCl has free and complexed stretching frequencies at 

3012, 2926, 2854 cm-1 and 3002, 2920, 2850 cm-1 respectively producing shifts of 10, 6, 4 

cm-1. These information not only point out that pyridinium ring hydrogen atoms of CPCl are 

concerned in the interaction with the oxygen atoms of DB-18-C-6 making H-bond type 

involvement, but also that the oxygen atoms linked to benzene ring have weaker 

interaction with CPCl than those which are linked to methylene group.[45,46] 

The FT-IR spectra of 18-C-6, CPCl and the complex are presented in figure 6, that 

also specify the specific interactions of CPCl with 18-C-6 molecule. The frequency of (C–

O)str of 18-C-6 in free state is 1110 cm-1 and in complexed state is 1096 cm-1, making a shift 

of 14 cm-1 (table 5), denoting again the oxygen atoms of the cyclic-ether are associated in 

complexation with the IL. (Csp2–H)str of CPCl have stretching frequencies at 3012, 2926, 

2854 cm-1 and 3000, 2918, 2848 cm-1 in the free and complexed states respectively 
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generating frequency shifts of 12, 8, 6 cm-1 in that order. These data again support that 

pyridinium ring hydrogen atoms are involved in the particular interaction with the oxygen 

atoms of 18-C-6 making H-bonds between them.[46,47] 

The complexation of DCH-18-C-6 with CPCl has also been studied by FT-IR 

spectroscopy and shown in figure 7. Here, for the CE, frequencies of (C1ᵒ–O)str are 1098 cm-1 

(free state) and 1085 cm-1 (complexed state) and the frequencies of (C2ᵒ–O)str are 1060 cm-1 

(free state) and 1042 cm-1 (complexed state), making frequency shifts of 13 cm-1 and 18 cm-

1 respectively (table 5). (Csp2–H)str of CPCl have stretching frequencies at 3012, 2926, 2854 

cm-1 and 2998, 2917, 2846 cm-1 in the free and complexed states respectively causing 

frequency shifts of 14, 9, 8 cm-1 correspondingly. These shifts signify participation of 

oxygen atoms of DCH-18-C-6 in complexation, but it is also observed that the oxygen atoms 

linked to 2O carbon of cyclohexyl group have higher shift than those which are linked to 

methylene group. These information again not only point out that pyridinium ring 

hydrogen atoms of CPCl are concerned in the interaction with the oxygen atoms of DCH-18-

C-6 making H-bond type involvement, but also that the oxygen atoms linked to 2O carbon of 

cyclohexyl group have stronger interaction with CPCl than those which are linked to 

methylene group.[45-47] 

One more interesting comparison is observed from the FT-IR study that the 

frequency shifts of the (Csp2–H)str of CPCl for the three complexation processes are in the 

order of DB-18-C-6 < 18-C-6 < DCH-18-C-6, which is highly in agreement with the results 

found from the mathematical treatment of conductivity data, that is the association 

constants of the three complexes have similar order as found from the order on 

interactions in FT-IR study. 

IX.3.4. 1H NMR spectroscopic study 

The complexations of CPCl with the three CEs, namely, DB-18-C-6, 18-C-6 and DCH-

18-C-6 have been explored by 1H NMR spectroscopy in CH3CN solution at 298 K. Figure 8-

10 show 1H NMR spectra of the three complexes of CPCl with DB-18-C-6, 18-C-6 and DCH-

18-C-6 respectively. Detailed and marked spectra of DB-18-C-6, CPCl and the complex are 
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illustrated in figure 8, which describes slight downfield shift of the aliphatic protons of CE 

(free CE δ = 3.86-3.89 ppm for H2C-O-CH2, 4.10-4.13 ppm for arom-O-CH2 and complexed 

CE δ = 3.88-3.91 ppm for H2C-O-CH2, 4.11-4.14 ppm for arom-O-CH2 respectively) with 

nearly unshifted signal of the aryl protons and little broadening with slight upfield shift of 

the protons of pyridinium ring (free CPCl δ = 8.18-8.22, 8.66-8.68, 8.89-8.91 ppm and 

complexed CPCl δ = 8.17-8.21, 8.65-8.67, 8.88-8.90 ppm respectively) with almost 

unshifted signal of the cetyl group (table 6). This result evidently reveals existence of some 

kind of association between the electron rich oxygen atoms of DB-18-C-6 and the electron 

deficient protons of pyridinium ring, may be of H-bond type in CH3CN solution, signifying 

as the key factor for the complexation process.[48-50] 

In figure 9 marked 1H NMR spectra of 18-C-6, CPCl and the complex are presented, 

that also demonstrate broadening with upfield shift of the pyridinium ring protons (free 

CPCl δ = 8.18-8.22, 8.66-8.68, 8.89-8.91 ppm and complexed CPCl δ = 8.17-8.21, 8.64-8.66, 

8.87-8.89 ppm respectively) with nearly unshifted signal of the cetyl group and small 

downfield shift of the protons of CE (free CE δ = 3.55 ppm, complexed CE δ = 3.59 ppm 

respectively) (table 6). These spectral data also support the union of the electron deficient 

hydrogen atoms of pyridinium ring and electron rich oxygen atoms of 18-C-6 to form the 

complex.[41,48] 

1H NMR spectra of DCH-18-C-6, CPCl and the complex are demonstrated in figure 10, 

which explain downfield shift of the protons of CE (free CE δ = 3.59-3.61 ppm for -O-CH2 & -

O-CH and complexed CE δ = 3.64-3.66 ppm for -O-CH2 & -O-CH respectively) with 

practically unshifted signals of the cyclohexyl -CH2- protons and broadening with upfield 

shift of the protons of pyridinium ring (free CPCl δ = 8.18-8.22, 8.66-8.68, 8.89-8.91 ppm 

and complexed CPCl δ = 8.16-8.20, 8.63-8.65, 8.86-8.88 ppm respectively) with 

approximately unshifted signal of the cetyl group (table 6). These findings obviously state 

the presence of H-bond like association between the electron rich oxygen atoms at DCH-18-

C-6 and the electron deficient protons at pyridinium ring in CH3CN solution.[48,49] 

The CPCl-CE attraction in CH3CN medium is the outcome of the presence of electron 

deficient and electron rich species respectively in the non-polar medium.[50,51] Dielectric 
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constant of acetonitrile is low, thus ionic or dipolar species in this medium can approach 

sufficiently close to interact with each other making the CPCl-CE complexes mainly through 

H-bond type interaction between electron deficient ring protons of pyridinium and 

electron rich oxygen atoms of CEs, thus lowering the enthalpy as well as entropy of the 

system.[41-43] 

In DB-18-C-6 + CPCl complex the oxygen atoms which are attached to benzene ring 

are less effective donor compared to the oxygen atoms which are linked to alkyl group, thus 

overall electron donating ability of DB-18-C-6 is less compared to 18-C-6, in which electron 

delocalization through benzene ring is not possible.[52] On the other hand in DCH-18-C-6 + 

CPCl complex the electron donating ability of the oxygen atoms is enhanced by positive 

inductive effect of cyclohexyl groups, thus here CPCl-CE interaction is highest.[53,54] This 

fact is reflected in the extent of 1H NMR signal shifts of pyridinium ring protons as well as 

CE protons and in the association constant values of the three complexes, which inform 

that, the order of feasibility of complexation is DCH-18-C-6 + CPCl > 18-C-6 + CPCl > DB-18-

C-6 + CPCl.[54,55] 

IX.4. Conclusion 

This study emphasize to the definite interactions between cetylpyridinium chloride 

and three similar macrocyclic polyethers toward complexation in acetonitrile in a range of 

temperature. Here, conductivity measurement helps to ascertain the association of CPCl 

with the three CEs in 1:1 stoichiometry, whereas the programmed mathematical treatment 

reveals quantitative data for complexation processes. Thermodynamic parameters have 

also been estimated for better perceptive about the complexations. The detailed 

interactions in molecular level have been elucidated by FT-IR and 1H NMR spectroscopy 

that explains dipolar attractions due to H-bonding is the major operating force in the three 

complexes. During complexation the entropy of the system is decreased, but lowering of 

enthalpy has greater effect that makes the complexation spontaneous. This study not only 

presents remarkable information about supramolecular complexation of CPCl with the 

three analogous CEs, but also suggests admirable comparison among the studied CEs for 

construction of various types of CE-IL host-guest materials. 
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Tables 

Table 1. Conductivity of mole ratio of DB-18-Crown-6/CPCl at various temperatures 

Mole  Ratio 

(CE/IL) 

κ 

/mS m-1a 

293 Ka 298 Ka 303 Ka 308 Ka 313 Ka 

0.0 112.1 115.4 118.9 123.0 126.9 

0.1 107.4 110.6 114.5 118.4 122.5 

0.2 102.8 106.0 109.8 114.0 118.1 

0.3 98.0 101.7 105.6 109.6 113.6 

0.4 93.2 97.0 101.0 104.9 109.2 

0.5 88.9 92.7 96.6 100.6 104.7 

0.6 84.2 88.0 91.9 95.9 100.0 

0.7 80.3 84.1 88.0 92.0 96.1 

0.8 76.6 80.4 84.3 88.3 92.4 

0.9 73.1 76.9 80.8 84.8 88.9 

1.0 69.8 73.6 77.5 81.5 85.6 

1.1 68.0 71.8 75.7 79.7 83.8 

1.2 67.1 70.9 74.8 78.8 82.9 

1.3 66.5 70.3 74.2 78.2 82.3 

1.4 66.1 69.9 73.7 77.8 81.9 

1.5 65.6 69.4 73.3 77.3 81.4 

1.6 65.1 68.9 72.8 76.8 80.9 

1.7 64.7 68.5 72.4 76.4 80.5 

1.8 64.3 68.1 72.0 76.0 80.1 

1.9 63.8 67.6 71.5 75.5 79.6 

2.0 63.4 67.2 71.1 75.1 79.2 
a Standard uncertainties (u): temperature: u(T) = ±0.01 K, conductivity: u(κ) = ±0.1 mS·m-1. 

Table 2. Conductivity of mole ratio of 18-Crown-6/CPCl at various temperatures 

Mole  Ratio 

(CE/IL) 

κ 

/mS m-1a 

293 Ka 298 Ka 303 Ka 308 Ka 313 Ka 

0.0 110.9 115.0 118.9 123.0 126.9 

0.1 103.8 108.0 111.8 115.9 120.0 

0.2 97.7 101.8 105.7 109.8 113.7 

0.3 92.3 96.4 100.3 104.4 108.3 

0.4 86.5 90.6 94.5 98.7 102.7 

0.5 82.1 86.2 90.1 94.3 98.1 

0.6 77.5 81.6 85.5 89.6 93.5 
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0.7 73.6 77.7 81.6 85.7 89.6 

0.8 69.9 74.0 77.9 82.0 85.9 

0.9 66.4 70.5 74.4 78.5 82.4 

1.0 63.1 67.3 71.1 75.3 79.2 

1.1 61.3 65.4 69.3 73.4 77.3 

1.2 60.4 64.5 68.4 72.5 76.4 

1.3 59.8 63.8 67.8 71.9 75.8 

1.4 59.4 63.4 67.4 71.4 75.4 

1.5 58.9 62.9 66.9 71.0 74.9 

1.6 58.4 62.5 66.5 70.5 74.4 

1.7 58.0 62.1 66.0 70.1 74.0 

1.8 57.6 61.7 65.6 69.7 73.6 

1.9 57.1 61.2 65.2 69.2 73.1 

2.0 56.7 60.8 64.8 68.8 72.7 
a Standard uncertainties (u): temperature: u(T) = ±0.01 K, conductivity: u(κ) = ±0.1 mS·m-1. 

Table 3. Conductivity of mole ratio of DCH-18-Crown-6/CPCl at various temperatures 

Mole  Ratio 

(CE/IL) 

κ 

/mS m-1a 

293 Ka 298 Ka 303 Ka 308 Ka 313 Ka 

0.0 109.7 113.8 117.8 122.0 125.8 

0.1 99.8 104.0 108.2 112.5 116.6 

0.2 91.6 95.6 99.6 103.5 108.0 

0.3 85.3 89.0 92.9 96.7 101.2 

0.4 79.9 83.4 87.5 91.1 95.5 

0.5 75.4 79.1 82.8 86.8 90.8 

0.6 70.7 74.4 78.2 82.1 86.1 

0.7 66.8 70.5 74.3 78.2 82.2 

0.8 63.1 66.8 70.6 74.5 78.5 

0.9 59.6 63.3 67.1 71.0 74.8 

1.0 56.3 60.0 63.8 67.7 71.7 

1.1 54.5 58.2 62.0 65.9 69.9 

1.2 53.6 57.3 61.1 65.0 69.0 

1.3 52.9 56.7 60.5 64.4 68.4 

1.4 52.5 56.3 60.0 64.0 68.0 

1.5 52.1 55.8 59.6 63.5 67.5 

1.6 51.6 55.3 59.1 63.0 67.0 

1.7 51.2 54.9 58.7 62.6 66.6 

1.8 50.8 54.5 58.3 62.2 66.2 

1.9 50.3 54.0 57.8 61.7 65.7 

2.0 49.9 53.6 57.4 61.3 65.3 
a Standard uncertainties (u): temperature: u(T) = ±0.01 K, conductivity: u(κ) = ±0.1 mS·m-1. 
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Table 4. Association constant, enthalpy, entropy and Gibbs energy change for various 
CE-IL complexes in CH3CN at different temperatures 

 

Ka 

/M-1b 
ΔHo 

/kJ mol-1b 

ΔSo 

/J mol-1K-1b 

ΔGo 

/kJ mol-1b 

(at 298 K) 293 Ka 298 Ka 303 Ka 308 Ka 313 Ka 

DB-18-crown-6 83 77 72 66 61 -11.73 -3.26 -10.76 

18-crown-6 149 136 124 114 105 -13.37 -4.03 -12.17 

DCH-18-crown-6 199 179 165 149 136 -14.41 -5.16 -12.87 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

b Mean errors in Ka = ±1 M-1; ΔHo = ±0.01 kJ mol-1; ΔSo = ±0.01 J mol-1K-1; ΔGo = ±0.01 kJ mol-1. 

Table 5. Change in frequencies at FTIR spectra for various CE-IL complexes in CH3CN 

at room temperature 

DB-18-Crown-6 + CPCl complex 

Group 
Free state 

/ cm-1a 
Complexed state 

/ cm-1a 
Shift 

/ cm-1a 

(Csp3–O)str of CE 1128 1115 13 

(Csp2–O)str of CE 1252 1241 11 

(Csp2–H)str of IL 3012, 2926, 2854 3002, 2920, 2850 10, 6, 4 

18-Crown-6 + CPCl complex 

Group 
Free state 

/ cm-1a 
Complexed state 

/ cm-1a 
Shift 

/ cm-1a 

(C–O)str of CE 1110 1096 14 

(Csp2–H)str of IL 3012, 2926, 2854 3000, 2918, 2848 12, 8, 6 

DCH-18-Crown-6 + CPCl complex 

Group 
Free state 

/ cm-1a 
Complexed state 

/ cm-1a 
Shift 

/ cm-1a 

(C1ᵒ–O)str of CE 1098 1085 13 
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(C2ᵒ–O)str of CE 1060 1042 18 

(Csp2–H)str of IL 3012, 2926, 2854 2998, 2917, 2846 14, 9, 8 

a Spectral resolution = 0.5 cm-1. 

 

Table 6. 1H NMR data of DB-18-C-6, 18-C-6, DCH-18-C-6, CPCl and various CE-IL 

complexes in CH3CN 

DB-18-C-6 (300 MHz, Solv: CD3CN) 

δ /ppm 

3.86-3.89 (8H, m, H2C-O-CH2), 4.10-4.13 (8H, m, arom-O-CH2), 6.89-6.96 (8H, m, aryl) 

18-C-6 (300 MHz, Solv: CD3CN) 

δ /ppm 

3.55 (24H, s, OCH2) 

DCH-18-C-6 (300 MHz, Solv: CD3CN) 

δ /ppm 

1.23 (4H, m), 1.41 (8H, m), 1.71 (4H, m), 3.59-3.61 (20H, m, -O-CH2 & -O-CH) 

CPCl (300 MHz, Solv: CD3CN) 

δ /ppm 

0.78-0.82 (3H, t, J = 6.5 Hz), 1.38-1.44 (28H, m), 4.67-4.71 (2H, t, J = 6.6 Hz), 8.18-8.22 (2H, 

m), 8.66-8.68 (1H, m), 8.89-8.91 (2H, m) 

DB-18-C-6 + CPCl complex (300 MHz, Solv: CD3CN) 

δ /ppm 

0.78-0.82 (3H, t, J = 6.5 Hz), 1.38-1.44 (28H, m), 3.88-3.91 (8H, m, H2C-O-CH2), 4.11-4.14 

(8H, m, arom-O-CH2), 4.67-4.71 (2H, t, J = 6.6 Hz), 6.89-6.96 (8H, m, aryl), 8.17-8.21 (2H, m), 

8.65-8.67 (1H, m), 8.88-8.90 (2H, m) 

18-C-6 + CPCl complex (300 MHz, Solv: CD3CN) 

δ /ppm 

0.78-0.82 (3H, t, J = 6.5 Hz), 1.38-1.44 (28H, m), 3.59 (24H, s, OCH2), 4.67-4.71 (2H, t, J = 6.6 

Hz), 8.17-8.21 (2H, m), 8.64-8.66 (1H, m), 8.87-8.89 (2H, m) 

DCH-18-C-6 + CPCl complex (300 MHz, Solv: CD3CN) 
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0.78-0.82 (3H, t, J = 6.5 Hz), 1.23 (4H, m), 1.38

m, -O-CH2 & -O-CH), 4.67-4.71 (2H, t,

8.88 (2H, m) 
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Figure 2. Variation of conductance of 18

temperatures (∎ 293 K, ∎ 298 

50

60

70

80

90

100

110

120

130

140

0.0

C
o

n
d

u
ct

a
n

ce
 (

m
S

 m
-1

)

255 | 

Journal of Molecular Structure, 2017, 1147, 776 – 785

Variation of conductance of 18-crown-6/CPCl mole ratio at different 

 K, ∎ 303 K, ∎ 308 K, ∎ 313 K). 

0.5 1.0 1.5
18-Crown-6/CPCl

| C h a p t e r - I X  

 
785 

 

mole ratio at different 

2.0



256 | C h a p t e r - I X  
 

Published in Journal of Molecular Structure, 2017, 1147, 776 

Figure 3. Variation of conductance of DCH

temperatures ( 293 K,  298 K,

 

Figure 4. Plot of lnKa vs 1/T for the interaction of CPCl with DB
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Figure 5. FTIR spectra of DB-18-C-6 (top), CPCl (middle) and complex (bottom). 
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Figure 6. FTIR spectra of 18-C-6 (top), CPCl (middle) and complex (bottom). 
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Figure 7. FTIR spectra of DCH-18-C-6 (top), CPCl (middle) and complex (bottom). 

 

DCH-18-C-6

3536

3164

3002

2944
2294

2254

1636

10601098

13761444

750

918

CPCl

3380 3012

2926
2854 2254

1472
1638 1376

2294
1208

1040

1324

920

784
522

688

4001300220031004000
cm-1

DCH-18-C-6
+ CPCl

3394

2917

2294

2254 1638 1376 1085

1456
782920

688

1042

522

2998
2846



260 | C h a p t e r - I X  
 

Published in Journal of Molecular Structure, 2017, 1147, 776 

 
Figure 8. 1H NMR spectra of DB
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H NMR spectra of DB-18-Crown-6, CPCl and complex in CD3CN at 298.15 K.
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Figure 9. 1H NMR spectra of 18
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H NMR spectra of 18-Crown-6, CPCl and complex in CD3CN at 298.15 K.
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Figure 10. 1H NMR spectra of DCH

 

Schemes 

Scheme 1. Molecular structure of c
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H NMR spectra of DCH-18-Crown-6, CPCl and complex in CD3CN at 298.15 K.

 
Molecular structure of cetylpyridinium chloride (CPCl). 

 
785 

 

CN at 298.15 K. 

 



 

Published in Journal of Molecular Structure, 2017, 1147, 776 

 

Scheme 2. Molecular structure of 

(18-C-6) and (c) dicyclohexano
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Molecular structure of (a) Dibenzo-18-crown-6 (DB-18-C-6), (b) 

dicyclohexano-18-crown-6 (DCH-18-C-6). 
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CHAPTER X 

 

Host–guest inclusion complexes of RNA nucleosides inside aqueous 

cyclodextrins explored by physicochemical and spectroscopic 

methods 

Stable host-guest inclusion complexes have been formed with the guest RNA 

nucleosides inside aqueous α and β-cyclodextrins. α-cyclodextrin has been found to 

have favorable structural features for inclusion with uridine and cytidine, whereas β-

cyclodextrin has that with all the four nucleosides, namely, adenosine, guanosine, 

uridine and cytidine. The formation and nature of the inclusion complexes have been 

characterized using surface tension study, Job’s method by ultraviolet spectroscopy and 

pH measurements. The limiting apparent molar volume, viscosity B-coefficient, limiting 

apparent molar adiabatic compressibility and limiting molar refraction data have been 

used to characterize the interaction between nucleosides and cyclodextrins in the 

experimental ternary solution systems. The inclusion phenomenon has been confirmed 

by proton NMR study. Association constants and thermodynamic parameters have been 

evaluated for the formed inclusion complexes by ultraviolet spectroscopy. 

 

X.1. Introduction 

Cyclodextrins are cyclic oligosaccharides containing six (α-CD), seven (β-CD) and 

eight (γ-CD) glucopyranose units, which are bound by α-(1–4) linkages forming a 

truncated conical structure, which have hydrophobic interior and hydrophilic rims 

having primary and secondary –OH groups (scheme 1).[1] Because of having unique 

structure, they can build up stable host-guest arrangement, i.e., they can accommodate 

the hydrophobic moiety of a guest molecule into its hydrophobic cavity as well as the 

polar rims can stabilize the polar part of the guest, if any.[2] This is why CDs are of 
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particular interest among various approaches to enhance the apparent solubility of the 

biomolecules.[3] CDs can act as molecular receptors (hosts) for a wide variety of 

organic and inorganic, as well as biological and pharmaceutical guest molecules, 

forming host–guest inclusion complexes or supramolecular assemblies.[4,5] The use of 

CD for solubility, bioavailability, safety, stability and as a carrier may be achieved by 

formation of inclusion complexes with biologically active molecules.[6,7] In fact, the use 

of CD already has a long history in pharmaceuticals, pesticides, foodstuffs, toilet articles, 

textile processing industry, supramolecular host-guest chemistry, models for studying 

enzyme activity, molecular recognition, molecular encapsulation, studying 

intermolecular interactions and chemical stabilization.[8-10] RNA nucleosides are very 

important biomolecules (scheme 1) having enormous applications in the field of 

modern biological sciences, e.g., RNA-based information technologies, RNA cloning, 

recombinant RNA technology and other genetic engineering processes.[11] Xiang et. al. 

demonstrated the formation of inclusion  complexes  of  purine  nucleosides  with  β-CD, 

as well as their stability and carrying capacity by solubility, circular  dichroism,  

ultraviolet  spectrophotometry and  NMR  techniques.[12] Formoso illustrated the 

binding of nucleic acid monomer units as well as dinucleoside phosphates with β-CD by 

circular dichroism studies and calculated the binding constants and thermodynamic 

parameters, which show significant interactions between β-CD and the nucleotide 

moieties.[13,14] In the present work the inclusions of all the four RNA nucleosides 

inside into aqueous α and β-CD have been explored, especially towards their formation, 

stabilization, carrying and controlled release without chemical modification by different 

reliable methods (e.g., 1H NMR study), focusing mainly on the encapsulation of the RNA 

nucleosides into the cavity of α and β-CD. Associated thermodynamic parameters have 

also been evaluated to communicate a quantitative idea about encapsulation of the 

above RNA nucleosides while complexed with cyclodextrins. The nature of formation of 

inclusion complexes of the chosen adenosine (A), guanosine (G), uridine (U) and 

cytidine (C) have been studied in 0.001, 0.0025, 0.004 molar aqueous α and β-CD 

solutions by various physicochemical techniques. 
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X.2. Experimental section 

X.2.1. Source and purity of samples 

The RNA nucleosides and cyclodextrins of puriss grade were bought from Sigma-

Aldrich, Germany and used as purchased. Purity of adenosine, guanosine, uridine, 

cytidine, α-cyclodextrin and β-cyclodextrin were ≥ 0.99, 0.98, 0.99, 0.99, 0.98 and 0.98 

respectively. 

X.2.2. Apparatus and procedure 

Prior to the start of the experimental work solubility of the chosen cyclodextrins 

in triply distilled and degassed water (with a specific conductance of 1×10-6 S∙cm-1)  and 

solubility of the nucleosides in aqueous cyclodextrins have been precisely checked and 

observed that the selected nucleosides freely soluble in all proportion of aqueous 

cyclodextrins. First, the cyclodextrin solutions of required molarity were prepared and 

then these solutions were used to make all the nucleoside stock solutions. All the stock 

solutions of the nucleosides were prepared by mass (weighed by Mettler Toledo AG-285 

with uncertainty 0.0003 g) and then the working solutions were obtained by mass 

dilution at 298.15 K. The conversions of molarity into molality have been done using 

density values.[15] Adequate precautions were made to reduce evaporation losses 

during mixing. 

The surface tension experiments were done by platinum ring detachment 

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

The accuracy of the measurement was within ±0.1 mN∙m−1. Temperature of the system 

has been maintained by circulating auto-thermostated water through a double-wall 

glass vessel containing the solution. 

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer, 

with an uncertainty of wavelength resolution of ±2 nm. The measuring temperature was 

held constant by a thermostated. 

pH values of the experimental solutions were measured by Mettler Toledo Seven 

Multi pH meter with uncertainty 0.009. The measurements were made in a 
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thermostated water bath maintaining the temperature at 298.15 K. The uncertainty in 

temperature was 0.01 K. 

The densities (  ) of the solvents were measured by means of vibrating U-tube 

Anton Paar digital density meter (DMA 4500M) with a precision of ±0.00005 g.cm-3 

maintained at ±0.01K of the desired temperature. It was calibrated by passing triply 

distilled, degassed water and dry air. 

The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable 

Rheometer with fitted spindle size-42. 

Refractive index was measured with the help of Mettler Toledo Digital 

Refractometer. The light source was LED, λ=589.3 nm. The refractometer has been 

calibrated twice using distilled water and calibration has been checked after every few 

measurements. The uncertainty of refractive index measurement was ±0.0002 units. 

Ultrasonic speed (u) has been measured by multi frequency ultrasonic 

interferometer (Model M-81) from Mittal Enterprises, India, which works at 5 MHz. The 

uncertainty in the speed is ±0.2 ms-1 and the temperature has been controlled within 

±0.01 K using a Lauda thermostated during the measurement. 

NMR spectra were recorded in D2O unless otherwise stated. 1H NMR spectra 

were recorded at 400 MHz and 500 MHz using Bruker Avance 400 MHz and Bruker 

Avance 500 MHz instruments respectively at 298.15K. Signals are quoted as δ values in 

ppm using residual protonated solvent signals as internal standard (D2O: δ 4.79 ppm). 

Data are reported as chemical shift. 

X.3. Result and discussion 

X.3.1. Surface tension study reveals the inclusion and also the stoichiometric ratio 

of the inclusion complexes 

Surface tension (γ) was measured at 298.15K for aqueous α and β-cyclodextrins 

which were found to be almost constant with increasing molarity (table 1, figure 1).[16] 

Surface tensions (γ) were observed with corresponding concentrations of four 

nucleosides in different molarity of α and β-cyclodextrins (figure 1), in which each curve 

shows similar increasing trend to that of pure nucleoside in γ vs concentration plot. This 
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trend is observed due to the presence of hydrophilic phenolic –OH, –NH2 and >C=O 

groups in nucleoside molecules which form extensive H-bonding among themselves 

resulting an increase in γ with increasing concentrations. 

The plausibility of formation of inclusion complex can be predicted from surface 

tension (γ) study, where the formation of inclusion complex has been confirmed from 

the break point in the curve of surface tension vs concentration.[8] The 1:1, 1:2 and so 

on stoichiometry of host : guest inclusion complexes has been confirmed from the 

appearance of single, double and so on break point in the γ vs conc. curve.[16] The value 

of γ and corresponding concentration of nucleosides at the break point have been 

determined from two intersecting straight lines, which show a lowering in their values 

with increasing molarity of cyclodextrins (table 2) indicating the feasibility of inclusion 

with increasing amount of cyclodextrins in solution.[17-19] 

In the surface tension curves for adenosine and guanosine with different 

molarity of α-CD, steady increase in surface tension have been found against nucleoside 

concentration, i.e., there is no break point (figure 1), suggesting that there may not be 

any possibility of formation of inclusion complex. But the similar plots for uridine and 

cytidine with α-CD clearly indicate single break point (figure 1) in each curve at specific 

concentrations, i.e., after a certain point surface tension becomes relatively steady with 

increasing concentrations of the nucleosides. This is the indication of formation of 

inclusion complex which takes place by the insertion of relatively hydrophobic 

pyrimidine moiety into the hydrophobic cavity of α-CD. The pyrimidine moiety of 

uridine and cytidine enter the hydrophobic cavity of α-CD from the wider rim which is 

geometrically allowed and also make more fitting contact with the cyclodextrin cavity. 

The hydrophilic pentose sugar part remains outside and stabilized with H-bonds with 

the hydrophilic groups of wider rim of cyclodextrin and also surrounded by water 

molecules (scheme 2). The value of corresponding concentration of nucleosides at the 

break point are found lowered with increasing molarity of α-CD (table 2), indicating the 

feasibility of inclusion with increasing amount of α-CD in solution. 

In the surface tension (γ) study for the aforesaid four nucleosides with β-CD 

shows single break point (figure 1) in each γ vs concentration curve, which clearly 

indicates β-CD can form 1:1 inclusion complexes with both pyrimidine and purine 

moiety. Here also inclusion takes place from the wider rim of β-CD as that from other 

rim would be geometrically and energetically unfavorable; the hydrophilic sugar moiety 
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remains hydrated at the outside of the cyclodextrin cavity and stabilized with H-bonds 

with the secondary hydrophilic groups of cyclodextrin (scheme 3). At each break point 

the corresponding concentrations of the nucleosides are found lower subsequently with 

increasing molarity of β-CD (table 2) indicating that the easiness of inclusion in 

presence of more amount of β-cyclodextrin. 

X.3.2. Job plot confirms the stoichiometry of host-guest inclusion complexes 

One of the first methods used for determination of the stoichiometry of inclusion 

complexes was Job’s method, known as the continuous variation method.[20] Here the 

solutions of each nucleoside and cyclodextrin were  mixed  at  different  molar  ratios,  R  

=  [nucleoside]/([nucleoside] + [CD])  keeping  the total concentration [nucleoside] + 

[CD] constant and the mole fraction of the nucleoside varies in the range 0–1 (table 3-8). 

The stoichiometry for each complex was determined by  plotting  ΔA  ×  R  against  R 

(where  ΔA  is  the  absorbance  difference  of  the  nucleoside  without  and  with  

cyclodextrin), (figure 2).[21] Absorbance values were measured at 261 nm for uridine, 

270 nm for cytidine, 259 nm for adenosine and 253 nm for guanosine at 298.15 K for a 

series of solutions. The maximum deviation of R gives the stoichiometry of the inclusion 

complex (R = 0.5 for 1:1 complexes; R = 0.33 for 1:2 complexes; R = 0.66 for 2:1 

complexes). In this work the plots of U+α-CD, C+α-CD, A+β-CD, G+β-CD, U+β-CD and 

C+β-CD show maxima at R = 0.5 suggesting each of these forms inclusion complex 

having 1:1 molar ratio. 

X.3.3. pH study indicates inclusion phenomenon 

Study of pH data at 298.15K for the four nucleosides provides important clue 

about inclusion.[22] The nucleosides contain organic basic groups in their hydrophobic 

aromatic moiety, because of this there should be a slow increase in the pH value with 

increasing concentration of nucleosides, which is reflected in the adenosine+α-CD and 

guanosine+α-CD systems (table 1, figure 3), possibly indicating no inclusion has been 

taken place. But uridine+α-CD and cytidine+α-CD systems show typical nature of 

inclusion, i.e., pH values initially increase with increasing concentration of nucleosides 

but at higher concentration range they become almost steady (figure 3), which probably 

indicate that the hydrophobic moiety containing the basic group is encapsulated into 

the cyclodextrin cavity (scheme 2). 
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In case of nucleoside+β-CD systems all the pH versus concentration curves show 

similar trend, i.e., slow increase of pH at the beginning and approximately constant 

value at higher concentration range (figure 3), which is again an indication of 

encapsulation of the hydrophobic-basic residue of the nucleosides into the hydrophobic 

cavity of β-CD (scheme 3). 

X.3.4. Apparent molar volume, viscosity B-coefficient and solvation number 

The characteristic behavior of interactions (here, inclusion) of solute can also be 

obtained from apparent molar volume and viscosity B-coefficient. Both the limiting 

molar volume (ϕvo) and viscosity B-coefficient signify the solute-solvent interactions in 

the RNA nucleoside+aqueous cyclodextrin ternary solution systems. The limiting molar 

volume (ϕvo) and viscosity B-coefficient have been obtained from appropriate equation 

using the experimental values of density (ρ) and viscosity (η) respectively and are 

presented in table 1, 9, 10 and figure 4-7. The inspection of figure 4-7 shows that the 

limiting molar volume (ϕvo) and viscosity B-coefficient both raise regularly from 

adenosine to cytidine of RNA nucleosides in all concentration (w) of aqueous α-

cyclodextrin and fall with increasing temperature. But the values show different nature 

in aqueous β-cyclodextrin, where both were higher for adenosine and guanosine 

compared to uridine and cytidine. The observed trends are 

A ˂ G ˂˂ U ˂ C in aq. α-cyclodextrin 

and    U ˂ C ˂˂ A ˂ G   in aq. β-cyclodextrin 

The trend signals that interactions (solute-solvent interaction) are enhanced 

from adenosine to guanosine to uridine to cytidine in aqueous α-cyclodextrin solution. 

This is due to the fact that α-CD shows favorable interaction with pyrimidine based 

nucleosides than with the purine based nucleosides. But the trend is reverse in case of 

β-CD, the solute-solvent interaction is higher for adenosine and guanosine compared to 

uridine and cytidine, which shows that in these cases the purine based nucleosides have 

favorable fitting for inclusion due to the most favorable sized cavity of β-CD.[17] These 

data and results support the observed data in surface tension and pH, which have been 

discussed earlier. 

Solvation numbers (Sn) are evaluated from apparent molar volume and viscosity 

B-coefficient. Sn expresses the solvation of the nucleosides by the cyclodextrin molecule, 

i.e., the interaction between the polar groups of the guest and the –OH groups at the 
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primary and secondary rims of cyclodextrin.[22,23] In table 11 the solvation numbers 

are listed which show that after the formation of inclusion complex the nucleosides 

form H-bonds with the –OH groups at the primary and secondary rims of cyclodextrin, 

that further stabilize the inclusion complex. 

X.3.5. Ultrasonic speed: interactions between nucleosides and cyclodextrins 

Ultrasonic speed in the present ternary system provides information about 

interactions among nucleosides and cyclodextrins (table 1, 12). The values of apparent 

molar adiabatic compressibility (ϕK) and limiting apparent molar adiabatic 

compressibility (ϕKO) have been evaluated at 298.15K from the measured data (table 

13). ϕKO is an important parameter that gives information about the extent of 

interaction between nucleosides and cyclodextrins, which have been shown in figure 8 

against the molarity of α and β-CD.[24] The observed ϕKO values are following the order  

C+α-CD>U+α-CD>>G+α-CD>A+α-CD   in case of α-CD 

and   G+β-CD >A+β-CD >>C+β-CD >U+β-CD  in case of β-CD  

which is in good agreement with the data found from density and viscosity 

measurements. The results are suggesting that the pymidine based nucleosides are 

more feasible for interaction with α-CD. On the other hand both the purine and 

pymidine based nucleosides have the great tendency for interaction with β-CD, but from 

the figure 8, it is seen that purine based nucleosides have the greater efficiency for 

interaction with β-CD than pymidine based nucleosides have. The figure 8 also shows 

the increasing value of ϕKO with increasing molarity of both the CDs, suggesting that the 

interactions become stronger with increasing molarity of CDs in solutions. 

X.3.6. Refractive index shows compactness of inclusion complexes 

Refractive index (RI) measurement also provides important information about 

molecular interactions in solution. Higher value of RI (table 1, 12), molar refraction (RM) 

and consequently the limiting molar refraction (ROM) (table 13) suggest that the solute-

solvent interaction is higher in that solution system, as a result the medium become 

denser or compact.[17] In the present ternary solution system the interactions taking 

place between four different nucleosides and two different cyclodextrins are explored. 

The RMO values of different nucleoside-CD systems for different molarity of α and β-CD 

at 298.15 K are shown in figure 9 which represents a clear comparison among them. It 
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is evident from figure 9 that α-CD interacts stronger with cytidine and uridine than with 

adenosine and guanosine; also the interactions are strengthening with increasing 

molarity of α-CD. The order of interaction is C+α-CD>U+α-CD>>G+α-CD>A+α-CD, which 

is probably due to favorable inclusion of uridine and cytidine into the cavity of α-CD, 

and unfavorable inclusion of adenosine and guanosine having purine moiety. 

The RMO values for nucleoside+β-CD systems also show significant variation, and 

the order of which is G+β-CD>A+β-CD>>C+β-CD>U+β-CD (figure 9). This is also 

understandable from the point of view of host-guest size. Guanosine and adenosine 

contain larger purine moiety which can be better fitted into the hydrophobic cavity of β-

CD, making compact structure, which is reflected in their high RMO values, whereas 

fitting of smaller pyrimidine moiety of uridine and cytidine is not so good into the 

hydrophobic cavity of β-CD resulting in less dense structure and lower RMO values. This 

data also supports the findings from density, viscosity and acoustic measurements. 

X.3.7. NMR study: confirmation of inclusion 

Insertion of a guest molecule into the hydrophobic cavity of cyclodextrin results 

in the chemical shift of guest as well as of the cyclodextrin molecule in the NMR spectra, 

which is due to the interaction of the host with the guest molecule.[25] In case of 

aromatic compounds the spectral changes that can be observed upon inclusion is the 

diamagnetic shielding of the aromatic guest with the interacting atoms of the host 

molecule.[26] In the structure of cyclodextrin the H3 and H5 hydrogens are situated 

inside the conical cavity, particularly, the H3 are placed near the wider rim while H5 are 

placed near the narrower rim of cyclodextrin molecule. The other H1, H2 and H4 

hydrogens are located at the exterior of the cyclodextrin molecule (scheme 1).[27] 

The molecular interactions have been studied by 1H NMR spectra. Upon inclusion 

the signals of H3 and H5 of cyclodextrin as well as the interacting aromatic protons of 

the nucleosides show considerable upfield shift (Δδ). In this study the guest nucleosides 

also contain the sugar residue, which contain the hydrophilic –CH(OH)- groups and 

signals of which merge with that of the H3 and H5 of cyclodextrin. Here, that is why, it is 

better to investigate the chemical shifts (Δδ) of the aromatic protons rather than that of 

the H3 and H5 of cyclodextrin (though upfield chemical shift is observable for H3 and 

H5, but value are not clear), (scheme 1). Table 14 lists the chemical shift values (Δδ) of 
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the aromatic protons of different nucleosides. The shifts of adenosine and guanosine 

when interact with α-CD are negligible (figure 10, 11), while that of the uridine and 

cytidine with α-CD are considerably high (figure 12, 13). Hence it is clear that adenosine 

and guanosine do not form inclusion complex with α-CD, whereas uridine and cytidine 

form inclusion complex with α-CD. In case of β-CD, considerable chemical shifts are 

observed for all the four nucleosides confirming the formation of inclusion complexes 

between four different RNA nucleosides with β-CD (figure 14-17). 

X.3.8. Ultraviolet spectroscopy: association constants and thermodynamic 

parameters 

The association constants Ka for different nucleoside-cyclodextrin systems have 

been evaluated by spectroscopic methods on the basis of changes of molar absorptivity 

of the nucleosides when complexed into the cyclodextrin molecules. This is due to the 

changes in the polarity of the environment of the chromophore of the nucleoside when 

it goes from the polar aqueous environment to the apolar cavity of cyclodextrin.  

Changes in absorption intensity of uridine (261 nm), cytidine (270 nm), adenosine (259 

nm) and guanosine (253 nm) were studied as a function of concentration of 

cyclodextrin to determine the value of Ka (table 15-20). On the basis of reliable Benesi–

Hildebrand method for 1:1 host-guest complex the double reciprocal plots have been 

drawn using the following equation (figure 18-19).[28,29] 

                                                       
�

∆�
=

�

∆�[�����]��
∙

�

[����]
+

�

∆�[�����]
                                             (X.1) 

The values of the association constants for each of the systems were evaluated 

by dividing the intercept by the slope of the straight line of the double reciprocal plot 

(table 15-20).[30,31] 

Thermodynamic parameters can easily be derived basing upon the association 

constants found by the above method with the help of van’t Hoff equation (equation 

X.2).[32] 

                                                                 lnK� = −
∆��

��
+

∆��

�
                                                            (X.2) 

There is a linear relationship between lnKa and 1/T in the above equation 

(equation X.2) (figure 20). On the basis of equation X.2 the thermodynamic parameters 

ΔHO, ΔSO and ΔGO for the formation of the inclusion complex can be obtained (table 21). 
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The value of ΔGO is found negative, which suggests that the inclusion process 

proceeds spontaneously. ΔHO and ΔSO have also been found negative suggesting that the 

inclusion process is exothermic and entropy controlled, not entropy driven (table 21). 

This is expected as while inclusion complex is formed between cyclodextrin and any 

guest molecule a molecular association takes place, resulting in a drop of entropy, which 

is unfavorable for the spontaneity of the inclusion complex formation, but this effect is 

conquered by higher negative value of ΔHO, making the overall inclusion process 

thermodynamically favorable. 

X.3.9. Structural influence of cyclodextrins 

Formation of host-guest inclusion complex also depends on the size of the 

incoming guest molecules and the cavity diameter of the host molecule.[33] As the 

cavity diameters of the cyclodextrins are fixed, it is more convenient to discuss the size 

effect of the chosen nucleoside molecules. In this respect it is very difficult for purine 

moiety to be encapsulated by the α-CD, whereas it can encapsulate the pyrimidine based 

nucleosides, which is in good agreement with the findings of this work. Besides, β-CD 

has relatively larger cavity, which can encapsulate both types of nucleosides and form 

stable inclusion complex. The main driving force is the slightly apolar cyclodextrin 

cavity is occupied by water molecules which is energetically unfavoured (polar–apolar 

interaction) and therefore can readily be substituted by incoming hydrophobic residue 

of nucleosides to attain an apolar–apolar association and decrease cyclodextrin ring 

strain resulting in a more stable and lower energy state.[16] The trapped water 

molecules are liberated in the bulk increasing the entropy of the system (scheme 2, 

3).[9] Solvation numbers (Sn), (table 11) also show that after inclusion the nucleosides 

form H-bonds with the –OH groups at the primary and secondary rims of cyclodextrin, 

which further stabilizes the inclusion complex. Thus the efficiency of inclusion among 

different nucleoside-cyclodextrin systems on the basis of association constants may be 

illustrated in scheme 4, where α-CD can accommodate only pyrimidine type 

nucleosides, but β-CD can accommodate all the four nucleosides under experimental 

conditions. 
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X.4. Conclusion 

The present study unfolds a unique behavior of aqueous cyclodextrin-nucleoside 

system. It establishes the possibility of formation of host-guest inclusion complex 

between cyclodextrin and RNA nucleosides by physicochemical as well as spectroscopic 

methods. Surface tension measurement and pH study support that α-cyclodextrin forms 

inclusion complex with only pyrimidine based nucleosides, whereas β-cyclodextrin 

forms with both purine and pyrimidine based nucleosides, as well as the ratio of host : 

guest is found to be 1:1 by Job’s method. The measured parameters, e.g., density, 

viscosity, acoustic data, refractive index data support the order of interaction among 

different nucleosides and cyclodextrin systems, while NMR data confirms the inclusion 

phenomenon. The determination of association constants and various thermodynamic 

parameters quantitatively explain the significance of the work. Hence, this exclusive 

study has diverse applications in the broad field of biology and chemistry. 

Tables 

Table 1. Experimental values of density (ρ), viscosity (η), refractive index (nD), 

surface tension (γ), pH and ultrasonic sound (u) in deferent molarity of aqueous α 

and β-cyclodextrin mixtures 

aq. solvent 

mixture 
Temp 

/Ka 

ρ∙10-3 

/kg∙m-3 

η 

/mP∙s 
nD 

γ 

/mN∙m-1 
pH 

u 

/m∙s-1 

w 1=0.001b 

 

298.15 0.99742 1.300 1.3000 71.78 6.43 1492.5 

303.15 0.99600 1.202 - - - - 

308.15 0.99412 1.098 - - - - 

w 1=0.0025b 

 

298.15 0.99794 1.308 1.3070 71.71 6.40 1493.5 

303.15 0.99653 1.210 - - - - 

308.15 0.99470 1.105 - - - - 

w 1=0.004b 

 

298.15 0.99846 1.315 1.3170 71.65 6.35 1494.7 

303.15 0.99708 1.217 - - - - 

308.15 0.99532 1.113 - - - - 

w 2=0.001b 

 

298.15 0.99758 1.306 1.3040 71.75 6.64 1490.4 

303.15 0.99622 1.207 - - - - 

308.15 0.99442 1.103 - - - - 

w 2=0.0025b 

 

298.15 0.99809 1.313 1.3110 71.69 6.59 1491.5 

303.15 0.99675 1.213 - - - - 
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308.15 0.99500 1.108 - - - - 

w2=0.004b 

 

298.15 0.99861 1.322 1.3200 71.62 6.52 1492.6 

303.15 0.99730 1.221 - - - - 

308.15 0.99552 1.115 - - - - 

a Standard uncertainties in temperature (T) = ±0.01 K. 

 b w1 and w2 are the molarity of α and β-CD in aqueous mixture respectively. 

 

Table 2. Values of surface tension (γ) at the break point with corresponding 

concentration of RNA nucleosides in different molarity of aqueous α and β-

cyclodextrin respectively at 298.15 K a 

aq. solvent  

mixture 

Adenosine Guanosine Uridine Cytidine 

Conc 

/mM 

γ a 

/mN·m-1 

Conc 

/mM 

γ a 

/mN·m-1 

Conc 

/mM 

γ a 

/mN·m-1 

Conc 

/mM 

γ a 

/mN·m-1 

w1=0.001b - - - - 5.97 77.25 5.96 77.22 

w1=0.0025b - - - - 5.72 76.13 5.35 75.81 

w1=0.004b - - - - 5.21 75.17 4.64 74.76 

w2=0.001b 6.00 77.16 5.90 76.95 6.28 77.42 5.97 77.39 

w2=0.0025b 5.27 75.75 5.20 75.68 5.82 76.15 5.63 76.03 

w2=0.004b 4.49 74.62 3.89 74.14 5.42 75.37 4.93 74.89 

a Standard uncertainties (u); temperature: u(T) = ±0.01 K, surface tension: u(γ) = ±0.1mN∙m−1 

b w1 and w2 are the molarity of α and β-CD in aqueous mixture respectively. 

 

Table 3. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous 

uridine- α-CD system 

Uridine 

(mL) 

α-CD 

(mL) 

Uridine 

(µM) 

α-CD 

(µM) 
[U]/([U]+[α-CD]) 

Absorbance 

(A) 
ΔA ΔA[U]/([U]+[α-CD]) 

0.0 1.0 0 100 0.0 0.00 0.96 0.000 

0.1 0.9 10 90 0.1 0.08 0.88 0.088 

0.2 0.8 20 80 0.2 0.17 0.79 0.158 

0.3 0.7 30 70 0.3 0.28 0.68 0.204 

0.4 0.6 40 60 0.4 0.37 0.59 0.236 

0.5 0.5 50 50 0.5 0.45 0.51 0.255 

0.6 0.4 60 40 0.6 0.57 0.39 0.234 

0.7 0.3 70 30 0.7 0.68 0.28 0.196 

0.8 0.2 80 20 0.8 0.79 0.17 0.136 

0.9 0.1 90 10 0.9 0.88 0.08 0.072 

1.0 0.0 100 0 1.0 0.96 0.00 0.000 
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Table 4. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous 

cytidine- α-CD system 

Cytidine 
(mL) 

α-CD 
(mL) 

Cytidine 
(µM) 

α-CD 
(µM) 

[C]/([C]+[α-CD]) 
Absorbance 

(A) 
ΔA ΔA[C]/([C]+[α-CD]) 

0.0 1.0 0 100 0.0 0.00 0.78 0.000 

0.1 0.9 10 90 0.1 0.06 0.72 0.072 

0.2 0.8 20 80 0.2 0.14 0.64 0.128 

0.3 0.7 30 70 0.3 0.21 0.57 0.171 

0.4 0.6 40 60 0.4 0.29 0.49 0.196 

0.5 0.5 50 50 0.5 0.37 0.41 0.205 

0.6 0.4 60 40 0.6 0.45 0.33 0.198 

0.7 0.3 70 30 0.7 0.53 0.25 0.175 

0.8 0.2 80 20 0.8 0.61 0.17 0.136 

0.9 0.1 90 10 0.9 0.69 0.09 0.081 

1.0 0.0 100 0 1.0 0.78 0.00 0.000 

 

Table 5. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous 

adenosine-β-CD system 

Adenosine 
(mL) 

β-CD 
(mL) 

Adenosine 
(µM) 

β-CD 
(µM) 

[A]/([A]+[β-CD]) 
Absorbance 

(A) 
ΔA ΔA[A]/([A]+[β-CD]) 

0.0 1.0 0 100 0.0 0.00 0.92 0.000 

0.1 0.9 10 90 0.1 0.08 0.84 0.084 

0.2 0.8 20 80 0.2 0.16 0.76 0.152 

0.3 0.7 30 70 0.3 0.25 0.67 0.201 

0.4 0.6 40 60 0.4 0.35 0.57 0.228 

0.5 0.5 50 50 0.5 0.44 0.48 0.240 

0.6 0.4 60 40 0.6 0.54 0.38 0.228 

0.7 0.3 70 30 0.7 0.63 0.29 0.203 

0.8 0.2 80 20 0.8 0.72 0.20 0.160 

0.9 0.1 90 10 0.9 0.81 0.11 0.099 

1.0 0.0 100 0 1.0 0.92 0.00 0.000 

 

Table 6. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous 

guanosine-β-CD system 

Guanosine 
(mL) 

β-CD 
(mL) 

Guanosine 
(µM) 

β-CD 
(µM) 

[G]/([G]+[β-CD]) 
Absorbance 

(A) 
ΔA ΔA[G]/([G]+[β-CD]) 

0.0 1.0 0 100 0.0 0.00 1.02 0.000 

0.1 0.9 10 90 0.1 0.09 0.93 0.093 

0.2 0.8 20 80 0.2 0.20 0.82 0.164 

0.3 0.7 30 70 0.3 0.29 0.73 0.219 

0.4 0.6 40 60 0.4 0.41 0.61 0.244 

0.5 0.5 50 50 0.5 0.50 0.52 0.260 

0.6 0.4 60 40 0.6 0.62 0.40 0.240 
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0.7 0.3 70 30 0.7 0.71 0.31 0.217 

0.8 0.2 80 20 0.8 0.81 0.21 0.168 

0.9 0.1 90 10 0.9 0.91 0.11 0.099 

1.0 0.0 100 0 1.0 1.02 0.00 0.000 

 

Table 7. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous 

uridine- β-CD system 

Uridine 
(mL) 

β-CD 
(mL) 

Uridine 
(µM) 

β-CD 
(µM) 

[U]/([U]+[β-CD]) 
Absorbance 

(A) 
ΔA ΔA[U]/([U]+[β-CD]) 

0.0 1.0 0 100 0.0 0.00 1.01 0.000 

0.1 0.9 10 90 0.1 0.11 0.90 0.090 

0.2 0.8 20 80 0.2 0.20 0.81 0.162 

0.3 0.7 30 70 0.3 0.31 0.70 0.210 

0.4 0.6 40 60 0.4 0.41 0.60 0.240 

0.5 0.5 50 50 0.5 0.50 0.51 0.255 

0.6 0.4 60 40 0.6 0.61 0.40 0.240 

0.7 0.3 70 30 0.7 0.71 0.30 0.210 

0.8 0.2 80 20 0.8 0.82 0.19 0.152 

0.9 0.1 90 10 0.9 0.90 0.11 0.099 

1.0 0.0 100 0 1.0 1.01 0.00 0.000 

 

Table 8. Data for the Job plot constructed by UV-Vis spectroscopy for aqueous 

cytidine-β-CD system 

Cytidine 
(mL) 

β-CD 
(mL) 

Cytidine 
(µM) 

β-CD 
(µM) 

[C]/([C]+[β-CD]) 
Absorbance 

(A) 
ΔA ΔA[C]/([C]+[β-CD]) 

0.0 1.0 0 100 0.0 0.00 0.99 0.000 

0.1 0.9 10 90 0.1 0.08 0.91 0.091 

0.2 0.8 20 80 0.2 0.19 0.80 0.160 

0.3 0.7 30 70 0.3 0.28 0.71 0.213 

0.4 0.6 40 60 0.4 0.39 0.60 0.240 

0.5 0.5 50 50 0.5 0.48 0.51 0.255 

0.6 0.4 60 40 0.6 0.60 0.39 0.234 

0.7 0.3 70 30 0.7 0.71 0.28 0.196 

0.8 0.2 80 20 0.8 0.79 0.20 0.160 

0.9 0.1 90 10 0.9 0.90 0.09 0.081 

1.0 0.0 100 0 1.0 0.99 0.00 0.000 

 

Table 9. Experimental values of density (ρ) and viscosity (η) corresponding to 

various concentrations of nucleosides in different molarity of aqueous α and β-

cyclodextrin at different temperature 

Conc 

(m) 

ρ∙10-3 

/kg∙m-3 

η 

/mP·s 

Conc 

(m) 

ρ∙10-3 

/kg∙m-3 

η 

/mP·s 

Conc 

(m) 

ρ∙10-3 

/kg∙m-3 

η 

/mP·s 
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298.15 Ka 303.15Ka 308.15Ka 

w1=0.001 b 

Adenosine 

0.0010 0.99748 1.310 0.0010 0.99610 1.211 0.0010 0.99426 1.105 

0.0025 0.99761 1.318 0.0025 0.99628 1.217 0.0025 0.99449 1.111 

0.0040 0.99775 1.325 0.0040 0.99648 1.223 0.0040 0.99474 1.115 

0.0055 0.99791 1.332 0.0055 0.99670 1.229 0.0055 0.99500 1.120 

0.0070 0.99809 1.338 0.0070 0.99693 1.234 0.0070 0.99527 1.124 

0.0085 0.99827 1.344 0.0085 0.99717 1.239 0.0086 0.99555 1.127 

Guanosine 

0.0010 0.99749 1.310 0.0010 0.99610 1.211 0.0010 0.99426 1.106 

0.0025 0.99763 1.319 0.0025 0.99629 1.218 0.0025 0.99450 1.111 

0.0040 0.99779 1.327 0.0040 0.99650 1.224 0.0040 0.99476 1.116 

0.0055 0.99798 1.334 0.0055 0.99673 1.230 0.0055 0.99503 1.121 

0.0070 0.99818 1.342 0.0070 0.99698 1.236 0.0070 0.99531 1.126 

0.0085 0.99842 1.348 0.0085 0.99724 1.241 0.0086 0.99560 1.130 

Uridine 

0.0010 0.99744 1.311 0.0010 0.99605 1.211 0.0010 0.99421 1.106 

0.0025 0.99749 1.320 0.0025 0.99617 1.219 0.0025 0.99437 1.112 

0.0040 0.99758 1.329 0.0040 0.99631 1.226 0.0040 0.99456 1.118 

0.0055 0.99769 1.337 0.0055 0.99648 1.232 0.0055 0.99477 1.123 

0.0070 0.99783 1.344 0.0070 0.99666 1.238 0.0070 0.99498 1.128 

0.0085 0.99798 1.352 0.0085 0.99685 1.244 0.0086 0.99520 1.133 

Cytidine 

0.0010 0.99743 1.311 0.0010 0.99604 1.211 0.0010 0.99420 1.106 

0.0025 0.99746 1.321 0.0025 0.99613 1.219 0.0025 0.99435 1.113 

0.0040 0.99753 1.330 0.0040 0.99625 1.226 0.0040 0.99453 1.119 

0.0055 0.99762 1.339 0.0055 0.99640 1.233 0.0055 0.99472 1.125 

0.0070 0.99774 1.348 0.0070 0.99656 1.240 0.0070 0.99492 1.130 

0.0085 0.99790 1.356 0.0085 0.99674 1.246 0.0086 0.99514 1.135 

w1=0.0025 b 

Adinosine 

0.0010 0.99800 1.318 0.0010 0.99662 1.219 0.0010 0.99483 1.113 

0.0025 0.99812 1.327 0.0025 0.99679 1.226 0.0025 0.99505 1.118 

0.0040 0.99827 1.335 0.0040 0.99699 1.232 0.0040 0.99530 1.123 



281 | C h a p t e r - X  
 

 
Published in RSC Advances, 2016, 6, 8881 – 8891 

0.0055 0.99845 1.342 0.0055 0.99720 1.238 0.0055 0.99555 1.128 

0.0070 0.99864 1.349 0.0070 0.99743 1.243 0.0070 0.99581 1.132 

0.0085 0.99884 1.356 0.0085 0.99767 1.249 0.0086 0.99609 1.136 

Guanosine 

0.0010 0.99801 1.318 0.0010 0.99663 1.219 0.0010 0.99484 1.113 

0.0025 0.99814 1.328 0.0025 0.99681 1.226 0.0025 0.99507 1.119 

0.0040 0.99831 1.336 0.0040 0.99702 1.233 0.0040 0.99533 1.124 

0.0055 0.99850 1.343 0.0055 0.99725 1.239 0.0055 0.99560 1.129 

0.0070 0.99871 1.350 0.0070 0.99749 1.245 0.0070 0.99587 1.134 

0.0085 0.99895 1.357 0.0085 0.99775 1.251 0.0086 0.99616 1.138 

Uridine 

0.0010 0.99796 1.319 0.0010 0.99658 1.219 0.0010 0.99479 1.113 

0.0025 0.99802 1.328 0.0025 0.99669 1.227 0.0025 0.99495 1.119 

0.0040 0.99812 1.337 0.0040 0.99683 1.234 0.0040 0.99514 1.125 

0.0055 0.99824 1.345 0.0055 0.99700 1.240 0.0055 0.99534 1.130 

0.0070 0.99840 1.353 0.0070 0.99717 1.247 0.0070 0.99556 1.135 

0.0085 0.99857 1.361 0.0085 0.99736 1.253 0.0086 0.99579 1.140 

Cytidine 

0.0010 0.99795 1.319 0.0010 0.99657 1.220 0.0010 0.99478 1.113 

0.0025 0.99799 1.329 0.0025 0.99667 1.227 0.0025 0.99493 1.120 

0.0040 0.99807 1.339 0.0040 0.99680 1.235 0.0040 0.99510 1.126 

0.0055 0.99819 1.348 0.0055 0.99696 1.241 0.0055 0.99530 1.132 

0.0070 0.99834 1.356 0.0070 0.99713 1.249 0.0070 0.99550 1.137 

0.0085 0.99851 1.365 0.0085 0.99732 1.255 0.0086 0.99574 1.143 

w1=0.004 b 

Adinosine 

0.0010 0.99851 1.326 0.0010 0.99716 1.226 0.0010 0.99544 1.121 

0.0025 0.99863 1.336 0.0025 0.99732 1.234 0.0025 0.99566 1.127 

0.0040 0.99878 1.344 0.0040 0.99751 1.241 0.0040 0.99590 1.132 

0.0055 0.99895 1.352 0.0055 0.99772 1.247 0.0055 0.99615 1.137 

0.0070 0.99914 1.359 0.0070 0.99794 1.253 0.0070 0.99640 1.142 

0.0085 0.99933 1.367 0.0085 0.99817 1.259 0.0085 0.99668 1.147 

Guanosine 

0.0010 0.99852 1.326 0.0010 0.99717 1.226 0.0010 0.99545 1.121 

0.0025 0.99865 1.336 0.0025 0.99735 1.234 0.0025 0.99568 1.127 
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0.0040 0.99881 1.345 0.0040 0.99755 1.242 0.0040 0.99593 1.133 

0.0055 0.99899 1.354 0.0055 0.99777 1.248 0.0055 0.99620 1.139 

0.0070 0.99919 1.362 0.0070 0.99801 1.255 0.0070 0.99647 1.144 

0.0085 0.99942 1.370 0.0085 0.99826 1.262 0.0085 0.99677 1.149 

Uridine 

0.0010 0.99847 1.326 0.0010 0.99712 1.226 0.0010 0.99540 1.121 

0.0025 0.99853 1.337 0.0025 0.99723 1.235 0.0025 0.99556 1.128 

0.0040 0.99862 1.347 0.0040 0.99737 1.243 0.0040 0.99574 1.134 

0.0055 0.99874 1.356 0.0055 0.99753 1.250 0.0055 0.99595 1.140 

0.0070 0.99889 1.364 0.0070 0.99770 1.257 0.0070 0.99615 1.146 

0.0085 0.99905 1.373 0.0085 0.99789 1.264 0.0085 0.99638 1.151 

Cytidine 

0.0010 0.99846 1.326 0.0010 0.99711 1.227 0.0010 0.99539 1.121 

0.0025 0.99850 1.338 0.0025 0.99721 1.236 0.0025 0.99553 1.128 

0.0040 0.99858 1.348 0.0040 0.99733 1.244 0.0040 0.99570 1.135 

0.0055 0.99870 1.358 0.0055 0.99748 1.251 0.0055 0.99590 1.141 

0.0070 0.99885 1.367 0.0070 0.99765 1.259 0.0070 0.99610 1.147 

0.0085 0.99901 1.376 0.0085 0.99782 1.266 0.0085 0.99631 1.153 

w2=0.001 b 

Adenosine 

0.0010 0.99760 1.317 0.0010 0.99627 1.217 0.0010 0.99451 1.111 

0.0025 0.99769 1.328 0.0025 0.99639 1.225 0.0025 0.99467 1.118 

0.0040 0.99781 1.337 0.0040 0.99655 1.233 0.0040 0.99486 1.124 

0.0055 0.99797 1.347 0.0055 0.99673 1.240 0.0055 0.99506 1.130 

0.0070 0.99816 1.356 0.0070 0.99694 1.247 0.0070 0.99528 1.136 

0.0085 0.99838 1.366 0.0085 0.99717 1.254 0.0086 0.99552 1.142 

Guanosine 

0.0010 0.99761 1.317 0.0010 0.99628 1.217 0.0010 0.99451 1.111 

0.0025 0.99771 1.328 0.0025 0.99642 1.226 0.0025 0.99469 1.118 

0.0040 0.99785 1.339 0.0040 0.99658 1.234 0.0040 0.99489 1.125 

0.0055 0.99802 1.349 0.0055 0.99680 1.241 0.0055 0.99512 1.131 

0.0070 0.99824 1.359 0.0070 0.99703 1.249 0.0070 0.99536 1.138 

0.0085 0.99845 1.369 0.0085 0.99729 1.256 0.0086 0.99562 1.144 

Uridine 

0.0010 0.99760 1.317 0.0010 0.99627 1.216 0.0010 0.99450 1.111 
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0.0025 0.99767 1.326 0.0025 0.99637 1.224 0.0025 0.99465 1.117 

0.0040 0.99777 1.335 0.0040 0.99651 1.231 0.0040 0.99482 1.123 

0.0055 0.99792 1.343 0.0055 0.99666 1.237 0.0055 0.99501 1.128 

0.0070 0.99809 1.351 0.0070 0.99684 1.243 0.0070 0.99521 1.133 

0.0085 0.99829 1.359 0.0085 0.99703 1.249 0.0086 0.99542 1.138 

Cytidine 

0.0010 0.99759 1.317 0.0010 0.99626 1.216 0.0010 0.99449 1.111 

0.0025 0.99765 1.327 0.0025 0.99635 1.224 0.0025 0.99463 1.117 

0.0040 0.99774 1.336 0.0040 0.99648 1.232 0.0040 0.99479 1.123 

0.0055 0.99787 1.345 0.0055 0.99663 1.239 0.0055 0.99497 1.129 

0.0070 0.99805 1.354 0.0070 0.99680 1.245 0.0070 0.99516 1.135 

0.0085 0.99825 1.362 0.0085 0.99699 1.252 0.0086 0.99537 1.140 

w2=0.0025 b 

Adinosine 

0.0010 0.99810 1.324 0.0010 0.99679 1.223 0.0010 0.99508 1.116 

0.0025 0.99818 1.335 0.0025 0.99690 1.231 0.0025 0.99523 1.123 

0.0040 0.99829 1.345 0.0040 0.99705 1.239 0.0040 0.99541 1.130 

0.0055 0.99844 1.355 0.0055 0.99722 1.247 0.0055 0.99561 1.136 

0.0070 0.99862 1.365 0.0070 0.99742 1.255 0.0070 0.99582 1.142 

0.0085 0.99882 1.375 0.0085 0.99766 1.262 0.0086 0.99605 1.148 

Guanosine 

0.0010 0.99811 1.324 0.0010 0.99680 1.223 0.0010 0.99509 1.116 

0.0025 0.99820 1.336 0.0025 0.99692 1.232 0.0025 0.99525 1.124 

0.0040 0.99833 1.347 0.0040 0.99708 1.240 0.0040 0.99545 1.130 

0.0055 0.99849 1.357 0.0055 0.99728 1.248 0.0055 0.99567 1.137 

0.0070 0.99869 1.368 0.0070 0.99749 1.256 0.0070 0.99590 1.144 

0.0085 0.99891 1.378 0.0085 0.99775 1.264 0.0086 0.99615 1.150 

Uridine 

0.0010 0.99810 1.324 0.0010 0.99679 1.222 0.0010 0.99507 1.116 

0.0025 0.99816 1.334 0.0025 0.99689 1.230 0.0025 0.99521 1.122 

0.0040 0.99825 1.343 0.0040 0.99702 1.238 0.0040 0.99537 1.128 

0.0055 0.99839 1.352 0.0055 0.99718 1.245 0.0055 0.99555 1.134 

0.0070 0.99853 1.360 0.0070 0.99735 1.251 0.0070 0.99574 1.139 

0.0085 0.99874 1.369 0.0085 0.99755 1.258 0.0086 0.99593 1.145 

Cytidine 
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0.0010 0.99809 1.324 0.0010 0.99678 1.223 0.0010 0.99506 1.116 

0.0025 0.99814 1.334 0.0025 0.99686 1.231 0.0025 0.99519 1.123 

0.0040 0.99823 1.344 0.0040 0.99699 1.238 0.0040 0.99534 1.129 

0.0055 0.99837 1.353 0.0055 0.99713 1.246 0.0055 0.99551 1.135 

0.0070 0.99851 1.362 0.0070 0.99731 1.253 0.0070 0.99569 1.141 

0.0085 0.99870 1.371 0.0085 0.99750 1.260 0.0086 0.99589 1.146 

w2=0.004 b 

Adinosine 

0.0010 0.99861 1.333 0.0010 0.99733 1.231 0.0010 0.99559 1.123 

0.0025 0.99868 1.345 0.0025 0.99743 1.240 0.0025 0.99574 1.131 

0.0040 0.99878 1.356 0.0040 0.99757 1.249 0.0040 0.99591 1.137 

0.0055 0.99891 1.366 0.0055 0.99774 1.257 0.0055 0.99610 1.144 

0.0070 0.99908 1.376 0.0070 0.99794 1.265 0.0070 0.99631 1.151 

0.0085 0.99929 1.387 0.0085 0.99816 1.273 0.0085 0.99653 1.157 

Guanosine 

0.0010 0.99862 1.334 0.0010 0.99734 1.231 0.0010 0.99560 1.123 

0.0025 0.99870 1.346 0.0025 0.99745 1.241 0.0025 0.99576 1.131 

0.0040 0.99882 1.357 0.0040 0.99761 1.250 0.0040 0.99595 1.138 

0.0055 0.99897 1.368 0.0055 0.99779 1.258 0.0055 0.99617 1.145 

0.0070 0.99916 1.379 0.0070 0.99801 1.267 0.0070 0.99640 1.152 

0.0085 0.99938 1.390 0.0085 0.99824 1.275 0.0085 0.99664 1.159 

Uridine 

0.0010 0.99862 1.333 0.0010 0.99733 1.231 0.0010 0.99558 1.123 

0.0025 0.99868 1.343 0.0025 0.99741 1.239 0.0025 0.99572 1.130 

0.0040 0.99878 1.353 0.0040 0.99753 1.246 0.0040 0.99587 1.136 

0.0055 0.99891 1.362 0.0055 0.99768 1.254 0.0055 0.99605 1.142 

0.0070 0.99909 1.372 0.0070 0.99784 1.261 0.0070 0.99623 1.148 

0.0085 0.99927 1.381 0.0085 0.99802 1.269 0.0085 0.99642 1.154 

Cytidine 

0.0010 0.99861 1.333 0.0010 0.99732 1.231 0.0010 0.99558 1.123 

0.0025 0.99865 1.344 0.0025 0.99739 1.239 0.0025 0.99570 1.130 

0.0040 0.99874 1.354 0.0040 0.99751 1.247 0.0040 0.99584 1.137 

0.0055 0.99886 1.363 0.0055 0.99765 1.255 0.0055 0.99601 1.143 

0.0070 0.99901 1.373 0.0070 0.99781 1.263 0.0070 0.99618 1.149 

0.0085 0.99918 1.383 0.0085 0.99800 1.271 0.0085 0.99637 1.156 
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a Standard uncertainties in temperature (T) = 0.01 K. b w1 and w2 are the molarity of 

α and β-CD in aqueous mixture respectively. 

 

Table 10. Limiting apparent molar volume (ϕv0), experimental slope (Sv*), 

viscosity A and B-coefficient of various nucleosides in deferent molarity of 

aqueous α and β-cyclodextrin mixtures 

Temp 

/Ka 

ϕv
o×106 

/m3 mol-1 

Sv
*×106 

/ m3 mol- 3/2 kg1/2 

B 

/ kg mol-1 

A 

/ kg1/2 mol-1/2 

w 1=0.001b 

Adenosine 

298.15 223.6 -745.1 2.066 0.175 

303.15 187.4 -624.6 1.716 0.171 

308.15 143.1 -471.3 1.338 0.164 

Guanosine 

298.15 238.7 -769.8 2.500 0.170 

303.15 202.4 -695.4 1.963 0.171 

308.15 157.5 -520.7 1.613 0.163 

Uridine 

298.15 256.9 -837.0 2.904 0.165 

303.15 215.4 -769.1 2.249 0.169 

308.15 175.5 -634.7 1.948 0.161 

Cytidine 

298.15 267 -828.9 3.302 0.159 

303.15 230.3 -790.0 2.514 0.164 

308.15 184.9 -663.7 2.203 0.162 

w 1=0.0025 b 

Adenosine 

298.15 233.3 -776.8 2.410 0.170 

303.15 198.8 -711.9 1.896 0.170 

308.15 152.4 -522.4 1.477 0.166 

Guanosine 

298.15 245.1 -858.2 2.587 0.170 

303.15 209.4 -753.6 2.130 0.166 

308.15 163.5 -565.4 1.477 0.161 

Uridine 

298.15 259.0 -948.3 2.973 0.163 

303.15 220.3 -800.1 2.333 0.165 

308.15 178.1 668.2 2.002 0.159 

Cytidine 

298.15 274.0 -1034 3.365 0.159 

303.15 233.9 -907.4 2.569 0.161 

308.15 192.0 761.6 2.262 0.159 

w 1=0.004 b 

Adenosine 
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298.15 240.6 -830.2 2.824 0.168 

303.15 208.2 -755.1 2.258 0.163 

308.15 161.5 -587 1.865 0.155 

Guanosine 

298.15 250.9 -863 3.170 0.162 

303.15 217.3 -794.6 2.647 0.153 

308.15 173.8 -659.9 2.186 0.148 

Uridine 

298.15 265.9 -981.7 3.528 0.154 

303.15 229.3 -879.5 2.864 0.152 

308.15 186.8 -733.7 2.384 0.149 

Cytidine 

298.15 280.3 -1089 3.921 0.145 

303.15 241.1 -936 3.104 0.149 

308.15 201 -815.6 2.601 0.144 

w 2=0.001 b 

Adenosine 

298.15 283.5 -1178 3.800 0.141 

303.15 250.6 -1021 2.851 0.159 

308.15 203.6 -694.2 2.586 0.143 

Guanosine 

298.15 294.4 -1234 4.205 0.132 

303.15 259.2 -1084 3.108 0.154 

308.15 215 -782.1 2.798 0.139 

Uridine 

298.15 261.5 -1067 3.005 0.159 

303.15 224.1 -805.7 2.302 0.165 

308.15 184.6 -625.1 1.993 0.155 

Cytidine 

298.15 273 -1141 3.403 0.151 

303.15 238 -921.6 2.612 0.159 

308.15 195.1 -682.7 2.304 0.148 

w 2=0.0025 b 

Adenosine 

298.15 295.7 -1238 4.002 0.135 

303.15 262.6 -1091 3.109 0.147 

308.15 213.8 -754.2 2.706 0.140 

Guanosine 

298.15 304.2 -1267 4.402 0.126 

303.15 270.7 -1115 3.306 0.143 

308.15 224.5 -825.9 2.912 0.136 

Uridine 

298.15 272.6 -1109 3.348 0.149 

303.15 235.5 -919.7 2.602 0.158 

308.15 194.7 -657.8 2.200 0.151 

Cytidine 
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298.15 282.3 -1188 3.601 0.145 

303.15 250.7 -1033 2.854 0.152 

308.15 202.6 -686.8 2.418 0.146 

w2=0.004 b 

Adenosine 

298.15 302.2 -1224 4.302 0.133 

303.15 270.6 -1120 3.401 0.142 

308.15 221.7 -795.2 2.936 0.135 

Guanosine 

298.15 314.4 -1311 4.616 0.129 

303.15 278.8 -1143 3.708 0.136 

308.15 231.4 -868.2 3.207 0.128 

Uridine 

298.15 275.4 -1113 3.600 0.144 

303.15 248.4 -965 2.902 0.150 

308.15 202.3 -703.6 2.506 0.143 

Cytidine 

298.15 284.6 -1168 3.801 0.144 

303.15 260 -1069 3.111 0.147 

308.15 209.3 -715.2 2.710 0.139 
a Standard uncertainties in temperature (T) = 0.01 K. b w1 and w2 are the molarity of α and β-CD 

in aqueous mixture respectively. 

Table 11. Solvation number (Sn) of nucleosides in different molarity of aqueous α 

and β-cyclodextrin mixtures at different temperatures 

Temp 

/Kb 

Sna 

Adenosine Guanosine Uridine Cytidine Adenosine Guanosine Uridine Cytidine 

w1=0.001 c w2=0.001 c 

298.15 9.24 10.47 11.30 12.37 13.40 14.28 11.49 12.47 

303.15 9.16 9.70 10.44 10.92 11.61 12.32 10.27 10.97 

308.15 9.35 10.24 11.10 11.91 12.70 13.01 10.80 11.81 

 w1=0.0025 c w2=0.0025 c 

298.15 10.33 10.55 11.48 12.28 13.53 14.47 12.28 12.76 

303.15 9.54 10.17 10.59 10.98 11.84 12.21 11.05 11.38 

308.15 9.69 9.03 11.24 11.78 12.66 12.97 11.30 11.93 

 w1=0.004 c w2=0.004 c 

298.15 11.74 12.63 13.27 13.99 14.24 14.68 13.07 13.36 

303.15 10.85 12.18 12.49 12.87 12.57 13.30 11.68 11.97 

308.15 11.55 12.58 12.76 12.94 13.24 13.86 12.39 12.95 

a Mean error in solvation number = ±0.02. 
b Standard uncertainties in temperature u are: u(T) = ±.01 K. 
 c w1 and w2 are the molarity of α and β-CD in aqueous mixture respectively. 
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Table 12. Experimental values of refractive index (nD) and ultrasonic speed (u) of 

RNA nucleosides in different molarity of aqueous α and β-cyclodextrin mixtures 

at 298.15 Ka 

 Adenosine Guanosine Uridine Cytidine 

Conc. (m) u/m·s-1 nD u/m·s-1 nD u/m·s-1 nD u/m·s-1 nD 

w1=0.001b 

0.0010 1502.2 1.3001 1505.3 1.3001 1500.1 1.3360 1504.0 1.3480 

0.0025 1508.1 1.3120 1511.2 1.3010 1511.1 1.3385 1522.2 1.3493 

0.0040 1515.0 1.3250 1519.0 1.3125 1518.0 1.3402 1535.2 1.3502 

0.0055 1524.2 1.3355 1527.2 1.3410 1535.1 1.3420 1549.1 1.3512 

0.0070 1533.1 1.3460 1536.3 1.3550 1541.3 1.3430 1567.3 1.3521 

0.0085 1542.1 1.3550 1545.1 1.3590 1559.3 1.3440 1580.2 1.3530 

w1=0.0025 b 

0.0010 1510.2 1.3075 1513.0 1.3075 1499.1 1.3420 1502.0 1.3552 

0.0025 1512.2 1.3213 1515.0 1.3110 1510.1 1.3433 1518.1 1.3554 

0.0040 1520.3 1.3350 1528.1 1.3300 1522.1 1.3443 1531.1 1.3555 

0.0055 1528.3 1.3550 1533.1 1.3620 1565.3 1.3452 1559.2 1.3557 

0.0070 1537.3 1.3600 1537.2 1.3700 1570.2 1.3460 1571.2 1.3558 

0.0085 1548.2 1.3690 1540.1 1.3790 1582.0 1.3470 1585.3 1.3560 

w1=0.004 b 

0.0010 1509.2 1.3171 1520.2 1.3171 1507.0 1.3485 1510.2 1.3640 

0.0025 1518.2 1.3257 1521.3 1.3172 1518.0 1.3487 1532.2 1.3642 

0.0040 1528.1 1.3390 1525.1 1.3300 1529.1 1.3489 1548.1 1.3644 

0.0055 1537.1 1.3700 1531.1 1.3700 1576.1 1.3491 1559.1 1.3646 

0.0070 1545.3 1.3780 1535.2 1.3855 1585.2 1.3493 1573.3 1.3648 

0.0085 1555.0 1.3782 1541.3 1.3885 1594.3 1.3495 1598.2 1.3650 

w2=0.001 b 

0.0010 1520.0 1.3513 1523.2 1.3531 1510.2 1.3278 1512.1 1.3323 

0.0025 1530.0 1.3513 1532.3 1.3531 1520.1 1.3279 1519.3 1.3325 

0.0040 1541.2 1.3514 1544.1 1.3532 1526.2 1.3280 1521.1 1.3327 

0.0055 1552.3 1.3515 1557.4 1.3532 1530.1 1.3281 1524.0 1.3329 

0.0070 1563.1 1.3516 1568.2 1.3533 1535.0 1.3282 1527.2 1.3331 

0.0085 1575.1 1.3517 1582.0 1.3534 1540.0 1.3283 1530.1 1.3333 

w2=0.0025 b 

0.0010 1524.2 1.3582 1526.1 1.3600 1523.0 1.3330 1525.2 1.3405 

0.0025 1531.1 1.3590 1536.2 1.3602 1525.2 1.3334 1534.1 1.3407 

0.0040 1543.1 1.3596 1547.2 1.3603 1524.1 1.3338 1535.2 1.3409 

0.0055 1555.0 1.3600 1559.2 1.3605 1530.3 1.3341 1537.0 1.3411 

0.0070 1566.0 1.3604 1572.3 1.3606 1532.2 1.3345 1538.0 1.3413 

0.0085 1577.3 1.3608 1586.1 1.3608 1533.2 1.3348 1540.1 1.3415 

w2=0.004 b 
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a Standard uncertainties in temperature (T) = 0.01 K. b w1 and w2 are the molarity of α 

and β-CD in aqueous mixture respectively. 

Table 13. Limiting molar refraction (RM0) and limiting molar adiabatic 

compressibility (ϕK0) of RNA nucleosides in different molarity of aqueous α and β-

cyclodextrin mixtures at 298.15 Ka 

aq. solvent 

mixture 

RMo ×106/m3 mol-1 ϕKo ×1010/ m3 mol−1 Pa−1 

Adenosine Guanosine Uridine Cytidine Adenosine Guanosine Uridine Cytidine 

w1=0.001b 45.38 45.79 50.22 51.84 1.02 1.08 1.18 1.23 

w1=0.0025 b 45.87 46.14 51.22 53.10 1.05 1.09 1.21 1.26 

w1=0.004 b 46.31 46.79 52.36 54.24 1.08 1.10 1.23 1.27 

w2=0.001 b 57.83 61.58 49.62 49.99 1.26 1.31 1.16 1.20 

w2=0.0025 b 58.66 62.60 50.20 51.09 1.308 1.34 1.18 1.22 

w2=0.004 b 59.26 63.48 50.69 51.44 1.328 1.38 1.19 1.24 

a Standard uncertainties in temperature (T) = 0.01 K. b w1 and w2 are the molarity of α and β-CD in aqueous 

mixture respectively. 

Table 14. Change in chemical shifts of the protons at the aromatic residue of the 

nucleosides when mixed with α and β-cyclodextrins in 1:1 molar ratio in D2O at 

298.15Ka 

Δδ 

/ppm 

α-cyclodextrin 

adenosine guanosine uridine cytidine 

H2 H8 H8 H5 H6 H5 H6 

0.004 0.002 0.001 0.152 0.105 0.098 0.136 

β-cyclodextrin 

adenosine guanosine uridine cytidine 

H2 H8 H8 H5 H6 H5 H6 

0.128 0.122 0.161 0.138 0.121 0.080 0.108 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

0.0010 1528.2 1.3630 1530.2 1.3670 1527.1 1.3360 1532.2 1.3430 

0.0025 1537.3 1.3640 1540.2 1.3679 1534.2 1.3361 1524.3 1.3431 

0.0040 1548.3 1.3648 1551.3 1.3686 1536.1 1.3362 1535.2 1.3432 

0.0055 1559.2 1.3655 1563.3 1.3691 1542.3 1.3363 1545.3 1.3433 

0.0070 1570.3 1.3660 1576.2 1.3695 1545.3 1.3364 1556.2 1.3434 

0.0085 1583.2 1.3665 1591.1 1.3700 1550.2 1.3365 1548.2 1.3435 
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Table 15. Data for the Benesi-Hildebrand double reciprocal plot constructed by 

UV-Vis spectroscopy for aqueous uridine-α-CD system 

Temp 

/Ka 

[U] 

/µm 

[α-CD] 

/µm 
Ao A ΔA 

1/[ α-CD] 

/m-1 
1/ΔA Intercept Slope 

Ka 

/m-1 

298.15 

50 30 

0.398 

0.431 0.033 33333 30.3 

1.221939 0.000875 1396.98 

50 40 0.441 0.043 25000 23.3 

50 50 0.452 0.054 20000 18.5 

50 60 0.460 0.062 16667 16.1 

50 70 0.472 0.074 14286 13.5 

303.15 

50 30 

0.398 

0.430 0.032 33333 31.3 

1.114534 0.000917 1215.68 

50 40 0.438 0.040 25000 25.0 

50 50 0.451 0.053 20000 18.9 

50 60 0.458 0.060 16667 16.7 

50 70 0.470 0.072 14286 13.9 

308.15 

50 30 

0.398 

0.429 0.031 33333 32.3 

1.000263 0.000952 1050.81 

50 40 0.437 0.039 25000 25.6 

50 50 0.448 0.050 20000 20.0 

50 60 0.457 0.059 16667 16.9 

50 70 0.469 0.071 14286 14.2 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka = ±0.0210-3 M-1. 

 

Table 16. Data for the Benesi-Hildebrand double reciprocal plot constructed by 

UV-Vis spectroscopy for aqueous cytidine-α-CD system 

Temp 
/Ka 

[C] 
/µm 

[α-CD] 

/µm 
Ao A ΔA 

1/[ α-CD] 
/m-1 

1/ΔA Intercept Slope 
Ka 

/m-1 

298.15 

50 30 

0.372 

0.399 0.027 33333 37.0 

1.586949 0.001068 1486.60 

50 40 0.407 0.035 25000 28.6 

50 50 0.416 0.044 20000 22.7 

50 60 0.423 0.051 16667 19.6 

50 70 0.432 0.060 14286 16.7 

303.15 

50 30 

0.372 

0.398 0.026 33333 38.5 

1.471382 0.001125 1307.43 

50 40 0.405 0.033 25000 30.3 

50 50 0.413 0.041 20000 24.4 

50 60 0.421 0.049 16667 20.3 

50 70 0.431 0.059 14286 16.9 

308.15 

50 30 

0.372 

0.397 0.025 33333 40.0 

1.320772 0.001190 1109.89 

50 40 0.403 0.031 25000 32.3 

50 50 0.410 0.038 20000 26.3 

50 60 0.420 0.048 16667 20.8 

50 70 0.430 0.058 14286 17.2 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka = ±0.0210-3 M-1. 
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Table 17. Data for the Benesi-Hildebrand double reciprocal plot constructed by 

UV-Vis spectroscopy for aqueous adenosine-β-CD system 

Temp 
/Ka 

[Ad] 
/µm 

[β-CD] 

/µm 
Ao A ΔA 

1/[ β-CD] 
/m-1 

1/ΔA Intercept Slope 
Ka 

/m-1 

298.15 

50 30 

0.397 

0.426 0.029 33333 34.5 

1.568811 0.000995 1577.33 

50 40 0.435 0.038 25000 26.3 

50 50 0.441 0.044 20000 22.7 

50 60 0.454 0.057 16667 17.5 

50 70 0.462 0.065 14286 16.7 

303.15 

50 30 

0.397 

0.424 0.027 33333 37.0 

1.536412 0.001077 1427.23 

50 40 0.432 0.035 25000 28.6 

50 50 0.438 0.041 20000 24.4 

50 60 0.450 0.053 16667 18.8 

50 70 0.458 0.061 14286 16.5 

308.15 

50 30 

0.397 

0.422 0.025 33333 40.0 

1.413185 0.001176 1202.20 

50 40 0.429 0.032 25000 31.3 

50 50 0.435 0.038 20000 26.3 

50 60 0.446 0.049 16667 20.4 

50 70 0.454 0.057 14286 17.6 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka = ±0.0210-3 M-1. 

 

Table 18. Data for the Benesi-Hildebrand double reciprocal plot constructed by 

UV-Vis spectroscopy for aqueous guanosine-β-CD system 

Temp 
/Ka 

[G] 
/µm 

[β-CD] 

/µm 
Ao A ΔA 

1/[ β-CD] 
/m-1 

1/ΔA Intercept Slope 
Ka 

/m-1 

298.15 

50 30 

0.432 

0.451 0.019 33333 52.6 

2.557830 0.001506 1697.98 

50 40 0.457 0.025 25000 40.0 

50 50 0.462 0.030 20000 33.3 

50 60 0.467 0.035 16667 28.2 

50 70 0.475 0.043 14286 23.3 

303.15 

50 30 

0.432 

0.449 0.017 33333 60.6 

2.600207 0.001765 1473.12 

50 40 0.453 0.021 25000 47.6 

50 50 0.458 0.026 20000 38.5 

50 60 0.462 0.030 16667 33.3 

50 70 0.471 0.039 14286 25.9 

308.15 

50 30 

0.432 

0.446 0.014 33333 69.9 

2.664740 0.002058 1295.07 

50 40 0.450 0.018 25000 55.6 

50 50 0.454 0.022 20000 45.5 

50 60 0.459 0.027 16667 37.1 

50 70 0.465 0.033 14286 30.2 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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b Mean errors in Ka = ±0.0210-3 M-1. 

 

Table 19. Data for the Benesi-Hildebrand double reciprocal plot constructed by 

UV-Vis spectroscopy for aqueous uridine-β-CD system 

Temp 
/Ka 

[U] 
/µm 

[β-CD] 

/µm 
Ao A ΔA 

1/[ β-CD] 
/m-1 

1/ΔA Intercept Slope 
Ka 

/m-1 

298.15 

50 30 

0.398 

0.421 0.023 33333 42.6 

1.294486 0.001248 1037.50 

50 40 0.428 0.030 25000 33.1 

50 50 0.436 0.038 20000 26.1 

50 60 0.443 0.045 16667 22.2 

50 70 0.451 0.053 14286 18.8 

303.15 

50 30 

0.398 

0.419 0.021 33333 47.6 

1.258348 0.001375 915.49 

50 40 0.427 0.029 25000 34.2 

50 50 0.432 0.034 20000 29.4 

50 60 0.439 0.041 16667 24.4 

50 70 0.446 0.048 14286 20.8 

308.15 

50 30 

0.398 

0.417 0.019 33333 52.6 

1.218668 0.001544 789.09 

50 40 0.423 0.025 25000 40.0 

50 50 0.429 0.031 20000 32.0 

50 60 0.435 0.037 16667 27.0 

50 70 0.441 0.043 14286 23.2 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka = ±0.0210-3 M-1. 

 

Table 20. Data for the Benesi-Hildebrand double reciprocal plot constructed by 

UV-Vis spectroscopy for aqueous cytidine-β-CD system 

Temp 
/Ka 

[C] 
/µm 

[β-CD] 

/µm 
Ao A ΔA 

1/[ β-CD] 
/m-1 

1/ΔA Intercept Slope 
Ka 

/m-1 

298.15 

50 30 

0.372 

0.389 0.017 33333 60.6 

1.939517 0.001755 1104.95 

50 40 0.394 0.022 25000 45.5 

50 50 0.399 0.027 20000 37.2 

50 60 0.404 0.032 16667 31.3 

50 70 0.409 0.037 14286 27.0 

303.15 

50 30 

0.372 

0.386 0.014 33333 71.5 

2.056677 0.002067 994.91 

50 40 0.391 0.019 25000 52.6 

50 50 0.395 0.023 20000 43.5 

50 60 0.399 0.027 16667 37.2 

50 70 0.404 0.032 14286 31.4 

308.15 

50 30 

0.372 

0.384 0.012 33333 83.3 

2.061330 0.002426 849.61 

50 40 0.388 0.016 25000 62.5 

50 50 0.392 0.020 20000 50.0 

50 60 0.396 0.024 16667 41.7 

50 70 0.398 0.026 14286 38.0 
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a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka = ±0.0210-3 M-1. 

 

Table 21. Data of the van’t Hoff equation for the calculation of thermodynamic 

parameters ΔHo, ΔSo and ΔGo of different nucleoside-cyclodextrin inclusion 

complexes 

 
Temp 

/Ka 

Ka 

/M-1 
1/T lnKa Intercept Slope 

ΔHo 

/kJ mol-1 

ΔSo 

/J mol-1K-1 

ΔGo 

/kJ mol-1 

U + α-CD 

298.15 1396.98 0.00335 3.14519 

-0.664 1,135.94 -9.44 -5.52 -7.80 303.15 1215.68 0.00330 3.08482 

308.15 1050.81 0.00325 3.02152 

C + α-CD 

298.15 1486.60 0.00335 3.17220 

-0.7328 1,165.10 -9.69 -6.09 -7.87 303.15 1307.43 0.00330 3.11642 

308.15 1109.89 0.00325 3.04528 

A + β-CD 

298.15 1577.33 0.00335 3.197922 

-0.4256 1,081.96 -9.00 -3.54 -7.94 303.15 1427.23 0.00330 3.154494 

308.15 1202.20 0.00325 3.079976 

G + β-CD 

298.15 1697.98 0.00335 3.229931 

-0.3963 1,081.00 -8.99 -3.30 -8.01 303.15 1473.12 0.00330 3.168239 

308.15 1295.07 0.00325 3.112294 

U + β-CD 

298.15 1037.50 0.00335 3.015987 

-0.6427 1,091.4 -9.07 -5.34 -7.48 303.15 915.49 0.00330 2.961656 

308.15 789.09 0.00325 2.897126 

C + β-CD 

298.15 1104.95 0.00335 3.043342 

-0.465 1,047.2 -8.71 -3.87 -7.55 303.15 994.91 0.00330 2.997784 

308.15 849.61 0.00325 2.929221 
a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Ka = ±0.0210-3 M-1; ΔHo = ±0.01 kJ mol-1; ΔSo= ±0.01 J mol-1K-1; ΔGo =±0.01 kJ mol-1. 

 

 

 

 

 

 

 

 

 

 

 

 



294 | C h a p t e r - X  
 

 
Published in RSC Advances, 2016, 6, 8881 – 8891 

Figures 

 

Figure 1. Plot of surface tension with increasing concentration of nucleosides in different 

molarity of α-cyclodextrin (w1) and β-cyclodextrin (w2) respectively at 298.15 K. 
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Figure 2. Job plot of various nucleoside-cyclodextrin systems at λmax (nm) = 261  for 

uridine, 270 for cytidine, 259 nm for adenosine, 253 for guanosine at 298.15 K. R  =  

[nucleoside]/([nucleoside] + [CD]),  ΔA  =  absorbance  difference  of  the  nucleoside  

without  and  with  cyclodextrin. 
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Figure 3. Plot of pH with increasing concentration of nucleosides. (a) molarity (w1) of α-

cyclodextrine = 0.001, (b) molarity (w2) of β-cyclodextrine = 0.001, (c) molarity (w1) of α-

cyclodextrine = 0.0025, (d) molarity (w2) of β-cyclodextrine = 0.0025, (e) molarity (w1) of α-

cyclodextrine = 0.004 and (f) molarity (w2) of β-cyclodextrine = 0.004 at 298.15 K. 
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Figure 4. Limiting apparent molar volume (

aqueous α-CD at various temperatures (T).

Figure 5. Limiting apparent molar volume (

aqueous β-CD at various temperatures (T).

Figure 6. Viscosity B-coefficient of 

various temperatures (T). 
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Figure 7. Viscosity B-coefficient of 

various temperatures (T). 

Figure 8. Limiting partial molar adiabatic compressibility

molarity of α and β-cyclodextrin at 298.15 K.

Figure 9. Limiting molar refraction (

cyclodextrin at 298.15 K. 
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Figure 10. 1H NMR spectra of 

in D2O at 298.15K. 

Figure 11. 1H NMR spectra of 

in D2O at 298.15K. 
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Figure 12. 1H NMR spectra of α

at 298.15K. 

Figure 13. 1H NMR spectra of 

D2O at 298.15K. 
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Figure 14. 1H NMR spectra of 

in D2O at 298.15K. 

Figure 15. 1H NMR spectra of 

in D2O at 298.15K. 
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Figure 16. 1H NMR spectra of β

at 298.15K. 

Figure 17. 1H NMR spectra of 

D2O at 298.15K. 

β-CD, uridine and 1:1 molar ratio of β-CD & uridine in D

H NMR spectra of β-CD, cytidine and 1:1 molar ratio of β-CD & cytidine in 

 

 

ridine in D2O 

 

CD & cytidine in 



303 | C h a p t e r - X  
 

 
Published in RSC Advances, 2016, 6, 8881 – 8891 

 
 

Figure 18. Benesi-Hildebrand double reciprocal plot for the effect of α-CD on the 

absorbance of uridine (261 nm) and cytidine (270 nm) at different temperatures. 
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Figure 19. Benesi-Hildebrand double reciprocal plot for the effect of β-CD on the 

absorbance of adenosine (259 nm), guanosine (253 nm), uridine (261 nm) and cytidine 

(270 nm) at different temperatures. 
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Figure 20. Plot of lnKa vs 1/T for the interaction of various nucleosides with 
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Schemes 

 

Scheme 1. (a) Molecular structure, (b) stereo-chemical configuration (n=6 for α-CD and 

n=7 for β-CD), (c) truncated conical structure of α and β-cyclodextrins, (d) molecular 

structure of RNA nucleosides indicating the aromatic protons. 
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Scheme 2. Schematic representation of formation of inclusion complexes of RNA 

nucleosides with α-cyclodextrin. 
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Scheme 3. Schematic representation of formation of inclusion complexes of RNA 

nucleosides with β-cyclodextrin. 

 

Scheme 4. Order of efficiency of inclusion among different nucleoside-cyclodextrin 

systems. 
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CHAPTER XI 

surface tension and conductivity studies to determine the 

inclusion mechanism: thermodynamics of host-guest inclusion 

complexes of natural amino acids in aqueous cyclodextrins

Assembly of two natural amino acids (namely, L-Arginine and L-Histidine) as guests with 

cyclodextrins as hosts to form inclusion complexes in aqueous medium has been 

demonstrated which are highly suitable for diverse applications in modern bio

H NMR study establishes the formation of inclusion complexes, 

studies confirm that the inclusion complexes have been formed 

1:1 stoichiometry. Nature of the complexes has been established by thermodynamic 

, based on density, viscosity, and refractive index measurements. Contributions 

of different groups of the guest molecules towards the limiting apparent molar volume 

coefficient are determined and solvation numbers are calculated. All the 

formation of the inclusion complexes, which are 

bonds, electrostatic forces and structural effects.
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bound by α-(1–4) linkages forming a truncated conical structure having the hydrophobic 

interior and hydrophilic rims containing primary and secondary –OH groups (scheme 1).  

Hence, because of having exceptional structure, they can build up stable host-guest 

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

into its hydrophobic cavity and stabilizing the polar part of the guest molecule by the polar 

rims.[3,4] This explains about the modern-day interest for cyclodextrins in controlled 

release of bio-active molecules (e.g., drugs, vitamins, amino acids etc.), food flavours, 

deodorisers, paint ingredients etc. as well as removal of toxic materials, waste products 

and pollutants without any chemical modification.[5] 

In the present work two natural amino acids (namely, L-Arginine and L-Histidine) 

(scheme 1) have been studied with α and β-cyclodextrins to observe whether they form 

host-guest inclusion complex by the study of 1H NMR, surface tension and conductivity. 

Nature of the inclusion complexes are established by density, viscosity and refractive 

index measurements by calculating the contributions towards the limiting apparent molar 

volume and viscosity-B coefficient of different groups of the guest molecules, solvation 

number and limiting molar refraction by taking 0.001, 0.003, 0.005 mass fractions of α and 

β-cyclodextrins in aqueous medium. 

XI.2. Experimental Section 

XI.2.1. Source and Purity of Samples 

The selected amino acids and cyclodextrins of puriss grade were bought from 

Sigma-Aldrich, Germany and used as purchased. The mass fraction purity of L-Arg, L-His, 

α-cyclodextrin and β-cyclodextrin were ≥ 0.98, 0.99, 0.98 and 0.98 respectively. 

XI.2.2. Apparatus and Procedure 

The solubility of the selected cyclodextrins and that of the selected amino acids in 

aqueous cyclodextrins have been precisely checked in triply distilled, deionized and 

degassed water and observed that these were freely soluble in all proportion of aqueous 

cyclodextrins. All the stock solutions of the amino acids were prepared by mass (measured 
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using Mettler Toledo AG-285 with uncertainty 0.0001 g), and the working solutions were 

obtained by mass dilution at 298.15 K. The conversions of molarity to molality have been 

done using density values.[6] Adequate precautions were taken to reduce evaporation 

losses during mixing. 

NMR spectra were recorded in D2O unless otherwise stated. 1H NMR spectra were 

recorded at 400 MHz and 500 MHz using Bruker Avance 400 MHz and Bruker Avance 500 

MHz instruments respectively at 298.15K. Signals are quoted as δ values in ppm using 

residual protonated solvent signals as internal standard (D2O : δ 4.79 ppm). Data are 

reported as chemical shift. 

The surface tension experiments were done by platinum ring detachment method 

using a Tensiometer (K9, KRŰSS; Germany) at the experimental temperature. The 

accuracy of the measurement was within ±0.1 mN m−1. Temperature of the system has 

been maintained by circulating auto-thermostated water through a double-wall glass 

vessel containing the solution. 

Specific conductance values of the experimental solutions were measured by 

Mettler Toledo Seven Multi conductivity meter with uncertainty 1.0 µS m-1. The 

measurements were made in a thermostated water bath maintaining the temperature at 

298.15 K and using the HPLC grade water with specific conductance of 6.0 µS m-1.  The cell 

was calibrated using a 0.01M aqueous KCl solution. The uncertainty in temperature was 

0.01 K. 

pH values of the experimental solutions were measured by Mettler Toledo Seven 

Multi pH meter with uncertainty 0.009. The measurements were made in a thermostated 

water bath maintaining the temperature at 298.15 K. The uncertainty in temperature was 

0.01 K. 

The densities (ρ) of the solvents were measured by means of vibrating U-tube 

Anton Paar digital density meter (DMA 4500M) with a precision of ±0.00005 g cm-3 

maintained at ±0.01K of the desired temperature. It was calibrated by passing triply 

distilled, degassed water and dry air. 
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The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable 

Rheometer with fitted spindle size-42. 

Refractive indexes were measured with the help of a Digital Refractometer Mettler 

Toledo. The light source was LED, λ=589.3nm. The refractometer has been calibrated 

twice using distilled water and calibration has been checked after every few 

measurements. The uncertainty of refractive index measurement was ±0.0002 units. 

XI.3. Result and Discussion 

XI.3.1. 1H NMR study confirms inclusion phenomenon 

Insertion of a guest molecule into the hydrophobic cavity of α and β-CD results in 

the chemical shift of the protons of the cyclodextrin molecule in the 1H NMR spectra, 

which is due to the interaction of the host cyclodextrin with the guest molecule.[7] In the 

structure of cyclodextrin the H3 and H5 hydrogens are located inside the conical cavity, 

particularly, the H3 are placed near the wider rim while H5 are placed near the narrower 

rim of cyclodextrin molecule. The other H1, H2 and H4 hydrogens are situated at the 

exterior of the cyclodextrin molecule (scheme 2).[8] 

Thus when a guest molecule enters into the cavity of cyclodextrin it interacts with 

the H3 and H5 protons, resulting in the upfield chemical shift of these protons. As the H3 is 

located near the wider rim of cyclodextrin, through which usually the guest enters, the 

shift is higher for it than that for the H5 proton which is situated near the narrower rim at 

the interior of cyclodextrin. The other H1, H2 and H4 hydrogens also show upfield 

chemical shift, but it is less compared to that of the interior protons.[9] 

In the present work the molecular interactions of L-Arg and L-His with α and β-

cyclodextrin have been studied by 1H NMR spectra by taking 1:1 molar ratio of the amino 

acid and α or β-cyclodextrin in D2O at 298.15K (table 1). It has been found that there are 

considerable upfield shifts (Δδ) of interior H3 and H5 protons, little shifts of exterior H1, 

H2 and H4 protons of cyclodextrin, as well as that of the interacting protons of the amino 

acids (figure 1-4). 
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This establishes that inclusion phenomenon has occurred between the chosen host 

and guest molecules. Upon inclusion the upfield chemical shift values (Δδ) of the H3 and 

H5 protons of α and β-cyclodextrin have been listed in table 2, which show that the 

interaction of the guest amino acids with H3 is more than that with H5, suggesting the 

inclusion has taken place through the wider rim of α and β-cyclodextrin. 

XI.3.2. Surface tension study explains the inclusion as well as stoichiometric ratio of 

the inclusion complexes 

Amino acid molecules being exist in zwitterionic structures show considerable 

increase in surface tension of their aqueous solution, while aqueous cyclodextrin solution 

does not show any remarkable change in surface tension compared to pure aqueous 

solvent.[10] Thus while amino acids make inclusion complexes with cyclodextrins 

remarkable change in surface tension should be observed, also getting single, double, etc. 

break in the surface tension curve indicate 1:1, 1:2, etc. stoichiometries of the host and 

guest in the formed inclusion complex (scheme 3).[11,12]  

In the present study the guest amino acid molecules exist as zwitterionic forms and 

also contain basic side groups, thereby having charge in their molecules, thus there might 

be some ionic interactions between the charged groups resulting an increase in surface 

tension of the aqueous solution, which would be distinctly affected in presence of α or β-

CD. Here a set of solutions have been prepared having 10 mmolL-1 concentration of L-Arg 

or L-His with increasing concentration of α or β-CD and the surface tension is measured at 

298.15K. The trend of the surface tension curve is found to be progressively falling with 

increased concentration of α and β-CD, which may be attributed due to the formation of 

the inclusion complex (figure 5). 

The curves for both the amino acids are similar, but the slope of L-Arg is higher 

than that of L-His, which may be due to greater number of L-Arg molecules are present in 

the charged structure than that of L-His, both of which are encapsulated in the 

cyclodextrin cavity as inclusion is occurred. Single discernible breaks at about 10 mmolL-1 

concentration of both α and β-CD are found for all the possible four cases indicating 1:1 

stoichiometric ratio for each of the inclusion complexes formed (table 3). 
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XI.3.3. Conductivity study illustrates inclusion process and their stoichiometric 

ratio 

Measurement of conductivity of a solution is an important tool to elucidate the 

inclusion phenomenon. Study of conductivity is not only a very common method to 

illuminate the host-guest inclusion event but also to identify the stoichiometry of the 

inclusion complex formed.[13-15] As the amino acid molecule enters into the hydrophobic 

cavity of α or β-CD the conductivity of the solution decreases gradually, i.e., the 

conductivity of the solution is markedly affected by the inclusion phenomenon. In this 

study the conductivities of a series of solutions having 10 mmolL-1 concentration of 

aqueous L-Arg or L-His with increasing concentration of either of the two cyclodextrins 

have been measured, the trend of the conductivity is found to be regularly declining which 

is obvious due to the formation of inclusion complex between cyclodextrin and amino acid 

(figure 6). 

A noticeable break is found in the conductivity curve at around 10 mmolL-1 

concentration for both α and β-CD, suggesting that the stoichiometry of the amino acid-

cyclodextrin inclusion complex is equimolar, i.e., 1:1 host-guest inclusion complex is 

formed (scheme 3). Complex or more number of breaks in the conductivity curve suggests 

different stoichiometry e.g., 1:2, 2:1, 2:2 etc. for the inclusion complex. In this study of all 

the four cases of L-Arg and L-His with α and β-CD similar results are found, but the 

conductivity near the break is found to be a little lower for β-CD than α-CD, which is might 

be due to the former is better host for the two studied guests than the later (table 3). 

XI.3.4. pH study confirms ionic states of the amino acids 

pH measurement is a handy tool for understanding the structures of the 

zwitterionic forms of amino acids in aqueous solution.[16] The values of pH for L-Arg and 

L-His in both the aqueous α and β-CD increase with increasing concentration of the 

respective amino acids (table 4, 6). The range of the pH values at 298.15K for the two 

selected amino acids in the aqueous α and β-CD solutions under experimental 

consideration are 7.38-7.56 and 9.80-10.73 for L-His and L-Arg respectively. These values 
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clearly show the variation in their zwitterionic forms, i.e., besides existing as –NH3+ and –

COO- of the amine and carboxylic acid groups, the side chain of the amino acids be present 

as cationic groups by acquiring a proton from the aqueous solution, thus by increasing the 

pH value of the solution. 

XI.3.5. Density study: group contributions and interactions between amino acids 

and cyclodextrins 

Apparent molar volume (ϕv) and limiting apparent molar volume (ϕvo) are 

considered as sensitive tools for understanding the interactions taking place in solutions. 

The apparent molar volume is the measure of the sum of the geometric volume of the 

central solute molecule and changes in the solvent volume due to its interaction with the 

solute around the co-sphere. Here ϕv has been determined from the measured density of 

the solutions at 298.15K (table 4, 6) and by using the suitable equation, the magnitude of 

which is found to be positive for all the systems under study, indicating strong solute–

solvent interactions.[10,17] ϕv varies linearly with the square root of molal concentration 

(table 8) and is fitted to Masson equation, from where the limiting apparent molar volume 

(ϕvo) has been determined (table 9).[18] The values of ϕvo increases with the increase of 

mass fractions of α and β-CD for both L-Arg and L-His indicating the ion–hydrophilic group 

interactions are stronger than ion–hydrophobic group interactions. In the present ternary 

system interactions are taking place between the zwitterionic groups and the side chain 

ionic group of the amino acids with the localized hydroxyl groups of cyclodextrins, which 

the electrostriction of water resulting in an increase in volume. The ϕvo values for both the 

amino acids and cyclodextrins at different mass fractions are represented in figure 7, 

which suggests that ϕvo of L-Arg is greater than that of L-His due to more electrostriction 

which is further due to presence of additional methylene groups (that lengthens the chain 

increasing the hydrophobic interaction) and the guanidine group (that interacts better 

than the imidazole group with the –OH groups of cyclodextrin) that provide an enforcing 

tendency in L-Arg resulting a net increase in volume.  

The consequences for the selected amino acids can be recognized on the basis of 

the limiting partial molar volume which is found to be higher for L-Arg than L-His. In this 
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study the values of ϕvo are measured for glycine, L-Arg and L-His at 298.15K for different 

mass fractions of α and β-CD (table 5, 7). If one H from the side chain of glycine is replaced 

by    and  side groups L-Arg and L-His are found 

respectively, so there should be a correlation among the structures of the amino acids as 

well as in the values of ϕvo, which greatly affect the inclusion complexes taking place in the 

solution systems.[10,15,17] The variations of ϕvo for different groups present in L-Arg and 

L-His with different mass fractions of α and β-CD have been estimated (table 10). It is 

observed that the contribution of zwitterionic group (NH3+,COO  ͞ ) is in the range of 23.24–

25.76  10-6 m3 mol -1 and 25.32–27.48  10-6 m3 mol -1 for α and β-CD respectively, which 

indicates that the interactions between the –OH groups of cyclodextrins and the polar 

head groups  (NH3+,COO ͞ ) of amino acids are strong, but it is stronger for β-CD than α-CD. 

The contributions of hydrophobic (CH), (CH2) groups decrease and that of the hydrophilic 

and groups increase with the increase of mass fractions of both the 

cyclodextrins, which suggest that the ion-dipolar interactions increase over the 

hydrophobic interactions for the two selected amino acids when the mass fractions of both 

the cyclodextrins are increased in the solution. It is observed that the contribution to ϕvo 

for  is more than that for ; but as the contributions of the hydrophobic 

alkyl groups are summed the overall ϕvo for L-Arg is found to be greater than that for L-His 

with both the aqueous cyclodextrin solutions. 

XI.3.6. Viscosity: group contribution and Solvation Number: degree of solvation by 

cyclodextrin molecule 

The viscosity of aqueous cyclodextrin solution increases with increasing mass 

fraction of α or β-CD (table 4) due to structure making contribution of cyclodextrins with 

water molecules. In the studied ternary systems viscosity is found to be increasing with 

increasing molality of amino acids (table 6). The viscosity B-coefficients (table 9), which 

are the indication of solute–solvent interactions, are found to be all positive (figure 8), and 
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increase with the increasing concentration of α and β-CD, which is considered to arise 

because of increasing amino acid–cyclodextrin interaction as well as increase in the 

salvation.[19,20] 

The contributions of different groups of the amino acids to the viscosity B-

coefficient have been derived (table 10).[10,15,17] The contributions of the zwitterionic 

group (NH3+,COO  ͞ ) and the polar groups  and  increase with increasing 

mass fractions of α and β-CD, suggesting the grater solvation of the ionic groups with the –

OH groups of cyclodextrin molecules, while that of the hydrophobic (CH), (CH2) groups are 

found as increasing demonstrating the increased solvation of the hydrophobic part of the 

amino acids inside the hydrophobic cavity of α and β-CD. 

In the present study solvation number is the measure of the interaction taking 

place between the primary or secondary hydroxyl groups of cyclodextrins and the 

zwitterionic or the polar side groups of amino acids, this is because as the mass fraction of 

the cyclodextrins increases in the ternary solution system the electrostriction of water 

diminishes resulting an increase in the solvation number (table 11), which is found to be 

higher for L-Arg than L-His, this may be explained as L-Arg contains longer alkyl chain and 

the more basic guanidine group than L-His, the encapsulation of the hydrophobic part 

inside the cavity of cyclodextrin is grater as well as the guanidine group interacts better 

with the –OH groups of cyclodextrin replacing the surrounded water molecules.[10,21]  

The solvation number in case of β-CD is observed higher than that of α-CD, this is 

probably the more number of –OH groups (primary and secondary) coordinate with the 

proper phase of interaction with the zwitterionic and polar side groups replacing the 

water molecules around the amino acid molecules. 

XI.3.7. Refractive Index demonstrates compactness of inclusion complexes 

The refractive index (nD) and molar refraction (RM) are considered as valuable tools 

for investigating the molecular interactions taking place in solution systems (table 4, 6, 8). 

As the interaction between the solute and solvent (here formation of inclusion complex 
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between amino acids and cyclodextrins) increases the medium becomes more compact, 

resulting the higher value of limiting molar refraction (ROM) (table 9).[10,22] Therefore, it 

is evident from figure 9 that the inclusion complexes of L-Arg with both the α and β-CD are 

more dense or closely packed than those of L-His, which may be explained as due to 

greater hydrophilic as well as hydrophobic interaction between L-Arg and both the 

cyclodextrins. These findings are in good agreement which have been found from density 

and viscosity measurements.  

XI.3.8. Structural Influence of Cyclodextrins 

Formation of host-guest inclusion complex depends on the size of the guest 

molecule as well as the cavity diameter of the host molecule, thus it is a dimensional 

suitability between these two species.[10] The uniqueness of cyclodextrin molecule is the 

hydrophobic cavity and hydrophilic rims, which provide an appropriate environment for 

the apolar part of a molecule to reside inside the cavity, while the polar part makes 

association with the polar rims, thereby stabilizing the whole inclusion complex.[1,23] 

Another driving force for the formation of the inclusion complex is the release of the water 

molecules from the hydrophobic cavity into the bulk, which is a entropy driven 

process.[15] The stoichiometry of the inclusion complex is found as 1:1 (scheme 3) from 

conductivity and surface tension measurements, which may be explained on the basis of 

the fact that after inclusion of one amino acid molecule it would be difficult for a second 

molecule to be inserted into the cavity because the zwitterionic part and the ionic side 

group make some kind of blockage at the wider rim of the host molecule.[10] The 

insertion of the guest amino acid molecule is expected from the wider rim of the 

cyclodextrin molecule, so as to make maximum contact of the alkyl groups with the 

cyclodextrin cavity (scheme 4), which is also supported by NMR data. 

The charged terminal groups are projected toward the aqueous environment and 

can make H-bonds with the –OH groups at the both rims of the cyclodextrin molecule 

(scheme 5). Thus the stabilizing factors for the formation of the inclusion complexes are 

firstly, the displacement of polar water molecules from the apolar cavity of cyclodextrin 

and return to the bulk of the water, making large number of H-bonds; secondly, decrease 
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of the repulsive forces between the hydrophobic alkyl groups of amino acids in the 

aqueous environment and increase in the hydrophobic interactions as the inclusion takes 

place in the apolar cavity of cyclodextrin; and finally, the inclusion complex is stabilized by 

the formation of H-bonds between the polar groups of amino acids and the primary as well 

as the secondary –OH groups at both the rims of α and β-CD (scheme 5). 

XI.4. Conclusion 

The present study concludes that the two essential amino acids, namely, L-Arg and 

L-His form host-guest inclusion complexes with α and β-CD. NMR study confirms the 

inclusion phenomenon while surface tension and conductivity studies reveal that 1:1 

inclusion complexes have been formed. Density, viscosity and refractive index 

measurements are used to characterize the formed inclusion complexes by determining 

the group contributions of the limiting apparent molar volume and viscosity-B coefficient, 

as well as solvation number and limiting molar refraction. All the findings support the 

formation of the inclusion complexes and thus the current work describes its 

appropriateness towards miscellaneous applications as controlled delivery system in the 

field of modern bio-medical sciences. 

 

Tables 

Table 1. 1H NMR data of α-CD, β-CD, L-Arg, L-His and inclusion complexes at 298 K 

α-Cyclodextrin (500 MHz, Solv: D2O) 

δ /ppm 

3.48-3.51 (6H, t, J = 9.00 Hz), 3.53-3.56 (6H, dd, J = 10.00, 3.00 Hz), 3.74-3.83 (18H, m), 

3.87-3.91 (6H, t, J = 9 Hz), 4.97-4.96 (6H, d, J = 3 Hz) 

β-Cyclodextrin (400 MHz, Solv: D2O) 

δ /ppm 

3.49-3.54 (7H, t, J = 9.2 Hz), 3.57-3.60 (7H, dd, J = 9.6, 3.2 Hz), 3.79-3.84 (21H, m), 3.87-

3.92 (7H, t, J = 9.2 Hz), 5.00-5.01 (7H, d, J = 3.6 Hz) 

L-Arginine (500 MHz, Solv: D2O) 

δ /ppm 

1.48-1.53 (4H, m), 3.07-3.08 (2H, m), 3.13-3.14 (1H, m) 

L-Histidine (500 MHz, Solv: D2O) 
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δ /ppm 

3.01-3.16 (2H, m), 3.85-3.86 (1H, m), 6.97 (1H, s), 7.67 (1H, s) 

α-CD+L-Arg (500 MHz, Solv: D2O) 

δ /ppm 

1.39-1.43 (4H, m), 2.97-2.98 (2H, t, J = 6.5 Hz), 3.03-3.04 (1H, t, J = 5.5 Hz), 3.43-3.46 (6H, t, 

J = 9.00 Hz), 3.49-3.52 (6H, dd, J = 10.00, 3.00 Hz), 3.59-3.63 (6H, t, J = 9 Hz), 3.66-3.75 

(18H, m), 4.97-4.96 (6H, d, J = 3 Hz) 

α-CD+L-His (400 MHz, Solv: D2O) 

δ /ppm 

3.00-3.16 (2H, m), 3.84-3.85 (1H, m), 6.89 (1H, s), 7.59 (1H, s), 3.46-3.49 (6H, t, J = 9.00 

Hz), 3.51-3.54 (6H, dd, J = 10.00, 3.00 Hz), 3.66-3.70 (6H, t, J = 9 Hz), 3.69-3.78 (18H, m), 

4.97-4.96 (6H, d, J = 3 Hz) 

β-CD+L-Arg (400 MHz, Solv: D2O) 

δ /ppm 

1.38-1.42 (4H, m), 2.96-2.97 (2H, t, J = 6.5 Hz), 3.02-3.03 (1H, t, J = 5.5 Hz), 3.44-3.49 (7H, t, 

J = 9.2 Hz), 3.53-3.56 (7H, dd, J = 9.6, 3.2 Hz), 3.59-3.64 (7H, t, J = 9.2 Hz), 3.69-3.74 (21H, 

m), 5.00-5.01 (7H, d, J = 3.6 Hz) 

β-CD+L-His (400 MHz, Solv: D2O) 

δ /ppm 

2.97-3.13 (2H, m), 3.84-3.85 (1H, m), 6.88 (1H, s), 7.58 (1H, s), 3.45-3.50 (7H, t, J = 9.2 Hz), 

3.54-3.57 (7H, dd, J = 9.6, 3.2 Hz), 3.62-3.67 (7H, t, J = 9.2 Hz), 3.73-3.78 (21H, m), 5.00-

5.01 (7H, d, J = 3.6 Hz) 

Table 2. Change in chemical shifts of the H3 and H5 protons of cyclodextrin host 

molecules when complexed with amino acid guest molecules in D2O at 298.15Ka 

 
Δδ 

/ppm 

 L-Arginine L-Histidine 

 H3 H5 H3 H5 

α-cyclodextrin 0.278 0.088 0.208 0.052 

β-cyclodextrin 0.283 0.099 0.252 0.062 

a Standard uncertainties in temperature u are: u(T) = 0.01 K. 
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Table 3. Values of surface tension (γ) and conductivity (κ) at the break point with 

corresponding concentration of aqueous α and β-cyclodextrin at 298.15 K a 

 L-Arginine L-Histidine 

 Surface tension 

 Conc 

/mM 

γ 

/mN·m-1 

Conc 

/mM 

γ 

/mN·m-1 

α-cyclodextrin 9.9 76.5 9.8 74.5 

β-cyclodextrin 9.9 76.0 9.8 74.0 

 
Conductivity 

 Conc 

/mM 

κ 

/µS·m-1 

Conc 

/mM 

κ 

/µS·m-1 

α-cyclodextrin 10.1 176 10.5 65 

β-cyclodextrin 10.0 170 11.0 64 

a Standard uncertainties in temperature u are: u(T) = 0.01 K. 

Table 4. Experimental values of density (ρ), viscosity (η), refractive index (nD) and 

pH of different mass fractions of aqueous α and β-cyclodextrin mixtures at 298.15 

Ka 

 

Aq. solvent mixture 
ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD pH 

aq. α-CD 

w1 = 0.001 0.99737 1.29 1.3329 6.65 

w1 = 0.003 0.99800 1.30 1.3332 6.60 

w1 = 0.005 0.99865 1.31 1.3335 6.56 

aq. β-CD 

w2 = 0.001 0.99752 1.30 1.3330 6.58 

w2 = 0.003 0.99817 1.31 1.3333 6.53 

w2 = 0.005 0.99893 1.32 1.3336 6.50 

a Standard uncertainties u are: u(ρ) = 5×10-5 g∙cm-3, u(η) = 0.003 

mP∙s, u(nD) =0.0002, u(pH) =0.01, and u(T) =0.01K. 
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Table 5. Experimental values of density (ρ) and viscosity (η) of glycine in different mass 

fractions of aqueous α and β-cyclodextrin mixtures at 298.15 Ka 

molality ρ×10-3 η molality ρ×10-3 η 

/mol∙kg-1 /kg∙m-3 /mP∙s /mol∙kg-1 /kg∙m-3 /mP∙s 

Glycine 

w1 = 0.001b w2 = 0.001b 

0.0100 0.99767 1.31 0.0100 0.99779 1.31 

0.0251 0.99820 1.31 0.0251 0.99835 1.32 

0.0402 0.99874 1.32 0.0402 0.99891 1.33 

0.0553 0.99930 1.32 0.0553 0.99946 1.33 

0.0704 0.99983 1.33 0.0704 1.00002 1.34 

0.0855 1.00041 1.33 0.0855 1.00060 1.35 

w1 = 0.003b w2 = 0.003b 

0.0100 0.99825 1.32 0.0100 0.99851 1.33 

0.0251 0.99880 1.33 0.0251 0.99904 1.34 

0.0401 0.99932 1.34 0.0401 0.99955 1.35 

0.0552 0.99988 1.34 0.0552 1.00012 1.35 

0.0703 1.00045 1.35 0.0703 1.00070 1.36 

0.0855 1.00107 1.35 0.0854 1.00133 1.37 

w1 = 0.005b w2 = 0.005b 

0.0100 0.99892 1.33 0.0100 0.99924 1.34 

0.0251 0.99948 1.34 0.0251 0.99979 1.35 

0.0401 1.00005 1.35 0.0401 1.00036 1.36 

0.0552 1.00062 1.36 0.0552 1.00090 1.37 

0.0703 1.00121 1.37 0.0703 1.00153 1.38 

0.0854 1.00181 1.38 0.0854 1.00213 1.39 

a Standard uncertainties u are: u(ρ) = 5×10-5 kg∙m-3, u(η) =0.003 mP∙s and u(T) =0.01K. 
b w1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

Table 6. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of 

selected amino acids in different mass fractions of aqueous α and β-cyclodextrin mixtures 

at 298.15 Ka 

molality ρ×10-3 η 
nD pH 

molality ρ×10-3 η 
nD pH 

/mol∙kg-1 /kg∙m-3 /mP∙s /mol∙kg-1 /kg∙m-3 /mP∙s 
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L-Arginine 

w1 = 0.001b w2 = 0.001b 

0.010038 0.99792 1.31 1.3330 10.32 0.010038 0.99800 1.33 1.3332 10.25 

0.025140 0.99878 1.33 1.3332 10.44 0.025141 0.99875 1.34 1.3334 10.35 

0.040295 0.99965 1.34 1.3333 10.54 0.040300 0.99953 1.36 1.3335 10.43 

0.055503 1.00052 1.36 1.3335 10.63 0.055514 1.00033 1.39 1.3337 10.54 

0.070763 1.00141 1.37 1.3336 10.69 0.070782 1.00114 1.40 1.3339 10.61 

0.086075 1.00232 1.39 1.3339 10.73 0.086105 1.00197 1.42 1.3341 10.69 

w1 = 0.003b w2 = 0.003b 

0.010032 0.99851 1.32 1.3334 10.30 0.010031 0.99862 1.34 1.3335 10.12 

0.025127 0.99932 1.34 1.3335 10.42 0.025126 0.99934 1.36 1.3336 10.25 

0.040275 1.00013 1.36 1.3336 10.55 0.040277 1.00010 1.38 1.3337 10.36 

0.055478 1.00097 1.37 1.3338 10.62 0.055485 1.00084 1.40 1.3339 10.44 

0.070735 1.00181 1.39 1.3340 10.66 0.070747 1.00164 1.42 1.3341 10.55 

0.086043 1.00268 1.40 1.3342 10.70 0.086063 1.00245 1.44 1.3343 10.64 

w1 = 0.005b w2 = 0.005b 

0.010026 0.99911 1.34 1.3337 9.99 0.010024 0.99935 1.35 1.3338 9.80 

0.025113 0.99985 1.35 1.3338 10.12 0.025108 1.00004 1.37 1.3340 9.95 

0.040256 1.00062 1.37 1.3339 10.27 0.040249 1.00077 1.40 1.3341 10.17 

0.055453 1.00141 1.39 1.3341 10.40 0.055448 1.00150 1.42 1.3342 10.32 

0.070708 1.00218 1.41 1.3342 10.52 0.070702 1.00226 1.43 1.3344 10.46 

0.086017 1.00298 1.42 1.3344 10.61 0.086013 1.00303 1.45 1.3346 10.60 

L-Histidine 

w1 = 0.001b w2 = 0.001b 

0.010037 0.99791 1.30 1.3330 7.45 0.010036 0.99801 1.320 1.3331 7.44 

0.025128 0.99878 1.32 1.3331 7.48 0.025126 0.99885 1.330 1.3332 7.46 

0.040262 0.99969 1.33 1.3333 7.51 0.040259 0.99977 1.340 1.3334 7.48 

0.055437 1.00065 1.34 1.3334 7.53 0.055431 1.00075 1.360 1.3336 7.50 

0.070655 1.00159 1.35 1.3335 7.55 0.070644 1.00175 1.370 1.3338 7.51 

0.085911 1.00258 1.36 1.3336 7.56 0.085893 1.00279 1.400 1.3339 7.52 

w1 = 0.003b w2 = 0.003b 

0.010031 0.99850 1.32 1.3333 7.44 0.010029 0.99863 1.34 1.3334 7.45 

0.025114 0.99932 1.33 1.3334 7.47 0.025112 0.99943 1.35 1.3335 7.46 
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0.040242 1.00020 1.35 1.3335 7.49 0.040237 1.00032 1.36 1.3337 7.47 

0.055412 1.00109 1.37 1.3337 7.51 0.055402 1.00127 1.39 1.3338 7.48 

0.070629 1.00196 1.38 1.3338 7.53 0.070609 1.00223 1.40 1.3340 7.50 

0.085882 1.00292 1.39 1.3339 7.55 0.085854 1.00324 1.44 1.3341 7.52 

w1 = 0.005b w2 = 0.005b 

0.010024 0.99911 1.33 1.3336 7.40 0.010022 0.99936 1.35 1.3337 7.38 

0.025100 0.99989 1.35 1.3338 7.45 0.025094 1.00012 1.37 1.3338 7.40 

0.040221 1.00072 1.36 1.3339 7.47 0.040210 1.00098 1.39 1.3339 7.42 

0.055386 1.00156 1.39 1.3341 7.49 0.055368 1.00189 1.41 1.3341 7.44 

0.070597 1.00240 1.39 1.3342 7.51 0.070566 1.00284 1.43 1.3342 7.47 

0.085852 1.00326 1.41 1.3343 7.53 0.085806 1.00379 1.45 1.3343 7.49 

a Standard uncertainties u are: u(ρ) = 5×10-5 kg∙m-3, u(η) =0.003 mP∙s, u(nD) =0.0002, u(pH) =0.01 

and u(T) =0.01K. 
b w1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

Table 7. Apparent molar volume (ϕV) and (ηr-1)/√m of glycine in different mass fractions of 

aqueous α and β-cyclodextrin mixtures at 298.15 Ka 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

Glycine 

w1 = 0.001b w2 = 0.001b 

0.0100 41.20 0.070 0.0100 41.19 0.082 

0.0251 40.39 0.079 0.0251 40.35 0.093 

0.0402 39.95 0.083 0.0402 39.65 0.100 

0.0553 39.55 0.087 0.0553 39.38 0.105 

0.0704 39.19 0.094 0.0704 38.90 0.106 

0.0855 38.95 0.096 0.0855 38.61 0.108 

w1 = 0.003b w2 = 0.003b 

0.0100 41.17 0.091 0.0100 41.17 0.115 

0.0251 40.36 0.102 0.0251 40.36 0.119 

0.0401 39.67 0.106 0.0401 39.63 0.130 

0.0552 39.17 0.113 0.0552 38.95 0.132 
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0.0703 38.73 0.116 0.0703 38.45 0.136 

0.0855 38.36 0.119 0.0854 37.94 0.143 

w1 = 0.005b w2 = 0.005b 

0.0100 41.15 0.123 0.0100 41.14 0.129 

0.0251 39.95 0.130 0.0251 39.93 0.137 

0.0401 39.10 0.134 0.0401 39.10 0.145 

0.0552 38.59 0.137 0.0552 38.36 0.150 

0.0703 38.00 0.144 0.0703 37.67 0.153 

0.0854 37.52 0.150 0.0854 37.13 0.159 

a Standard uncertainties u are: u(T) =0.01K. 
b w1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

Table 8. Apparent molar volume (ϕV), (ηr-1)/√m and molar refraction (RM) of 

selected amino acids in different mass fractions of aqueous α and β-cyclodextrin 

mixtures at 298.15 Ka 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2

RM ×106 

/m3 mol-1 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2

RM ×106 

/m3 mol-1 

L-Arginine 

w1 = 0.001b w2 = 0.001b 

0.010038 119.51 0.155 35.9068 0.010038 126.51 0.230 35.9235 

0.025140 118.11 0.196 35.8955 0.025141 125.31 0.194 35.9161 

0.040295 117.51 0.193 35.8740 0.040300 124.26 0.230 35.8979 

0.055503 117.24 0.230 35.8623 0.055514 123.42 0.294 35.8887 

0.070763 116.79 0.233 35.8402 0.070782 122.79 0.289 35.8791 

0.086075 116.27 0.264 35.8369 0.086105 122.15 0.315 35.8689 

w1 = 0.003b w2 = 0.003b 

0.010032 123.45 0.154 35.9247 0.010031 129.44 0.229 35.9306 

0.025127 121.64 0.194 35.9054 0.025126 127.63 0.241 35.9144 

0.040275 121.19 0.230 35.8861 0.040277 126.18 0.266 35.8969 

0.055478 120.44 0.229 35.8755 0.055485 125.88 0.292 35.8899 

0.070735 120.01 0.246 35.8649 0.070747 124.86 0.316 35.8807 

0.086043 119.38 0.262 35.8532 0.086063 124.07 0.338 35.8712 

w1 = 0.005b w2 = 0.005b 
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0.010026 128.37 0.191 35.9325 0.010024 132.34 0.227 35.9336 

0.025113 126.37 0.193 35.9157 0.025108 129.94 0.239 35.9284 

0.040256 125.12 0.228 35.8978 0.040249 128.34 0.302 35.9119 

0.055453 124.19 0.259 35.8889 0.055448 127.61 0.322 35.8955 

0.070708 123.94 0.287 35.8711 0.070702 126.76 0.313 35.8877 

0.086017 123.43 0.286 35.8620 0.086013 126.10 0.336 35.8796 

L-Histidine 

w1 = 0.001b w2 = 0.001b 

0.010037 101.42 0.077 31.9805 0.010036 106.41 0.154 31.9860 

0.025128 99.01 0.147 31.9613 0.025126 102.20 0.146 31.9678 

0.040262 97.41 0.155 31.9497 0.040259 99.15 0.153 31.9558 

0.055437 95.77 0.165 31.9277 0.055431 96.66 0.196 31.9419 

0.070655 95.11 0.175 31.9064 0.070644 94.96 0.203 31.9274 

0.085911 94.10 0.185 31.8836 0.085893 93.38 0.262 31.9029 

w1 = 0.003b w2 = 0.003b 

0.010031 105.36 0.154 31.9877 0.010029 109.35 0.229 31.9923 

0.025114 102.56 0.146 31.9702 0.025112 104.94 0.193 31.9754 

0.040242 100.35 0.192 31.9508 0.040237 101.59 0.190 31.9643 

0.055412 99.17 0.229 31.9397 0.055402 98.97 0.259 31.9427 

0.070629 98.78 0.232 31.9207 0.070609 97.33 0.259 31.9294 

0.085882 97.46 0.236 31.8988 0.085854 95.68 0.339 31.9059 

w1 = 0.005b w2 = 0.005b 

0.010024 109.30 0.152 31.9943 0.010022 112.27 0.227 31.9950 

0.025100 105.69 0.193 31.9867 0.025094 107.67 0.239 31.9794 

0.040221 103.54 0.190 31.9689 0.040210 104.01 0.264 31.9606 

0.055386 102.38 0.259 31.9595 0.055368 101.44 0.290 31.9489 

0.070597 101.72 0.230 31.9413 0.070566 99.40 0.314 31.9273 

0.085852 101.05 0.261 31.9226 0.085806 98.08 0.336 31.9058 

a Standard uncertainties u are: u(T) =0.01K. 
b w1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 
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Table 9. Limiting apparent molar volume (ϕV0), experimental slope (SV*), viscosity A 

& B-coefficient and limiting molar refraction (RM0) of amino acids in different mass 

fractions of aqueous α and β-cyclodextrin mixtures at 298.15 Ka 

Aq. solvent 

mixture 

ϕ0V ×106 

/ m3 mol-1 

S*V ×106 

/ m3mol- 3/2kg1/2 

B 

/ kg mol-1 

A 

/ kg1/2 mol-1/2 

RMO ×106 

/ m3 mol-1 

Glycine 

w1 = 0.001b 41.22 -9.33 0.152 0.0028 ̶ 

w1 = 0.003b 41.64 -10.85 0.156 0.0030 ̶ 

w1 = 0.005b 42.08 -12.06 0.160 0.0032 ̶ 

L-Arginine 

w1 = 0.001b 120.86 -15.71 0.522 0.102 35.95 

w1 = 0.003b 125.18 -19.90 0.538 0.106 35.96 

w1 = 0.005b 130.58 -25.55 0.586 0.118 35.97 

L-Histidine 

w1 = 0.001b 105.08 -38.05 0.502 0.045 32.01 

w1 = 0.003b 108.98 -40.06 0.528 0.087 32.02 

w1 = 0.005b 112.80 -42.37 0.548 0.099 32.03 

Glycine 

w2 = 0.001b 41.88 -10.25 0.152 0.0030 ̶ 

w2 = 0.003b 42.12 -12.08 0.158 0.0033 ̶ 

w2 = 0.005b 42.36 -14.50 0.164 0.0035 ̶ 

L-Arginine 

w2 = 0.001b 128.84 -22.80 0.546 0.144 35.97 

w2 = 0.003b 131.98 -26.97 0.584 0.157 35.98 

w2 = 0.005b 135.18 -31.90 0.602 0.164 35.99 

L-Histidine 

w2 = 0.001b 113.02 -68.10 0.528 0.075 32.03 

w2 = 0.003b 116.28 -71.60 0.546 0.130 32.04 

w2 = 0.005b 119.50 -75.14 0.584 0.156 32.05 

a Standard uncertainties u are: u(T) =0.01K. 
b w1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 
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Table 10. Contributions of zwitterionic group (NH3+, COO ͞ ), (CH), (CH2) groups and 

end group to the limiting apparent molar volume (ϕV0) and viscosity B-coefficient 

for amino acids in different mass fraction of aqueous α and β-cyclodextrin 

respectively at 298.15 K a 

Groups 

ϕ0
V ×106 

/ m3 mol-1 

B 

/ kg  mol-1 

w1=0.001b w1=0.003b w1=0.005b w1=0.001b w1=0.003b w1=0.005b 

(NH3
+), (COO  ͞ ) 23.24 24.88 25.76 0.096 0.098 0.100 

(CH) 8.99 8.38 8.16 0.028 0.029 0.030 

(CH2) 17.98 16.76 16.32 0.056 0.058 0.060 

(CH2)3 53.94 50.28 48.96 0.168 0.174 0.180 

 

34.69 41.64 47.70 0.230 0.237 0.276 

 

54.87 58.96 62.56 0.322 0.343 0.358 

 w2=0.001b w2=0.003b w2=0.005b w2=0.001b w2=0.003b w2=0.005b 

(NH3+), (COO  ͞ ) 25.32 26.82 27.48 0.100 0.104 0.108 

(CH) 8.28 7.65 7.44 0.026 0.027 0.028 

(CH2) 16.56 15.30 14.88 0.052 0.054 0.056 

(CH2)3 49.68 45.90 44.64 0.156 0.162 0.168 

 

45.56 51.61 55.62 0.264 0.291 0.298 

 

62.86 66.51 69.70 0.350 0.361 0.392 

a Standard uncertainties u are: u(T) = 0.01 K. b w1 and w2 are mass fractions of α and β-cyclodextrin 

in aqueous mixture respectively. 
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Table 11.  Solvation number (

aqueous α and β-cyclodextrin respectively at 298.15 K

 

 

L-Arginine 

L-Histidine 

 

L-Arginine 
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a Standard uncertainties 
b w1 and w2 are mass fractions of 

respectively. 

Figures

Figure 1. 1H NMR spectra of (a) 

D2O at 298.15K. 
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Table 11.  Solvation number (Sn) of the amino acids at different mass fractions of 

cyclodextrin respectively at 298.15 Ka 

Sn 

w1=0.001 b w1=0.003 b w1=0.005

4.59 4.62 4.66

4.50 4.53 4.58

w2=0.001 b w2=0.003 b w2=0.005

4.65 4.68 4.72

4.56 4.60 4.65

Standard uncertainties u are: u(T) = 0.01 K. 

are mass fractions of α and β-cyclodextrin in aqueous mixture 

H NMR spectra of (a) α-CD, (b) arginine and (c) 1:1 molar ratio of α
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) of the amino acids at different mass fractions of 

=0.005 b 

4.66 

4.58 

=0.005 b 

4.72 

4.65 

in aqueous mixture 

 

α-CD & arginine in 



330 | C h a p t e r - X I  

 

Published in

Figure 2. 1H NMR spectra of (a) 

D2O at 298.15K. 

Figure 3. 1H NMR spectra of (a) 

D2O at 298.15K. 
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H NMR spectra of (a) α-CD, (b) histidine and (c) 1:1 molar ratio of α

H NMR spectra of (a) β-CD, (b) arginine and (c) 1:1 molar ratio of β

 
 

 

α-CD & histidine in 

 

β-CD & arginine in 
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Figure 4. 1H NMR spectra of (a) 

D2O at 298.15K. 

 

Figure 5. Variation of surface tension of L

solution (10.0 mmol L-1) with increasing concentration of (a) 

respectively at 298.15 K. 
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H NMR spectra of (a) β-CD, (b) histidine and (c) 1:1 molar ratio of β

  

Variation of surface tension of L-arginine solution (10.0 mmol L-

) with increasing concentration of (a) α-cyclodextrin and (b) 
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Figure 6. Variation of conductivity of aqueous (a) L

histidine solution (10.0 mmol L

cyclodextrin at 298.15 K. 

Figure 7. Plot of limiting molar volume (

aqueous β-CD for L-arginine (orange & blue) and L

K. 
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Figure 8. Plot of viscosity B-coefficient against mass fraction (

CD for L-arginine (orange & blue) and L

Figure 9. Plot of limiting molar refraction (R
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coefficient against mass fraction (w) of aqueous α-CD and 

blue) and L-histidine (green & pink) respectively at 298.15 K.

Plot of limiting molar refraction (RM0) for L-arginine and L-histidine in different mass 

CD and aqueous β-CD respectively at 298.15 K. 
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Scheme 2. (a) Stereo-chemical configuration and (b) truncated conical structure of α and β-

cyclodextrins. 

 

Scheme 3. Various possibilities of host-guest ratio for inclusion complex. 

 

 

Scheme 4. Feasible and restricted inclusion of the guest into the host molecule. 
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Scheme 5. Schematic representation of mechanism for the formation of 1 : 1 inclusion complex of 

the α-amino acids with both α and β-cyclodextrin molecule. 
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CHAPTER XII 

 

Concluding Remarks 

In this thesis I investigated the formation of host-guest inclusion complexes of 

various bio-molecules with α and β-cyclodextrins exploring particularly towards their 

formation, stabilization, carrying and controlled release without chemical modification by 

different dependable methods like 1H NMR spectroscopy, 2D ROESY, FTIR spectroscopy, 

UV-visible spectroscopy, high resolution mass spectrometry, isothermal titration 

calorimetry, surface tension study, conductivity study, pH study, solution density, viscosity, 

refractive index, ultrasonic speed study, which primarily focus on the encapsulation of the 

bio-molecules into the cavity of cyclodextrins. The stoichiometry, association constants and 

thermodynamic parameters for the inclusion complexes have been determined to 

communicate a quantitative data regarding the encapsulation of the bio-molecules inside 

into α and β-cyclodextrins. 

This thesis also includes the specific interactions between few very important ionic 

liquids with the macrocyclic polyethers leading to complexation in acetonitrile. The 

transport properties support the association, while the mathematical programme reveals 

quantitative data of the complexation process. The specific interactions in molecular level 

have been illuminated with the help of FT-IR and 1H NMR spectroscopic studies. These 

studies offer excellent ideas for fabrication of crown ether based host-guest materials. 

The findings are discussed chapter wise as follows: 

Chapter IV explains that nicotinic acid and ascorbic acid form ICs with β-CD in 

aqueous medium, which can be used as regulatory releaser of the above two vitamins. 2D 

ROESY NMR study confirms the inclusion phenomenon and its mechanism. Surface tension 

and conductivity studies also show that the ICs have been formed, the stoichiometry of 

which were confirmed as 1:1 by Job plots. The association constants and thermodynamic 

parameters have been estimated for both the ICs by reliable spectroscopic and calorimetric 
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techniques with high accuracy, which inform that ascorbic acid-β-CD has higher order of 

association than that of nicotinic acid-β-CD. Thus, this work communicates both qualitative 

and quantitative idea about the formation of ICs of β-CD with above two vitamins 

suggesting their potential applications in pharmaceutical industries and medical sciences. 

In chapter V molecular recognition of the three important NTs by β-CD has been 

shown, which may find its use as potential drug delivery system in pharmacological 

science. The molecular assemblies, i.e., formation of ICs have been explained qualitatively 

as well as quantitatively so as to make it dependable in its field of application. β-CD has 

long been used as a carrier for its unique structural features, which is further explored in 

the present work, confirming that β-CD forms 1:1 ICs with DH, TH and EH, established by 

reliable physicochemical techniques. The association constants are found highest for EH, 

then DH and then TH for the ICs with β-CD. Hence, this exclusive study describes that the 

ICs in aqueous medium can be used as controlled delivery systems in the field of modern 

biomedical sciences. 

Chapter VI illustrates that host-guest inclusion phenomenon is accomplished 

through molecular recognition of the guest by the host molecule. There also must be 

dimensional suitability between the two species. One of the driving forces for the formation 

of IC was the release of the water molecules from the hydrophobic cavity of CD to the bulk 

of water thereby increasing the entropy of the system. The ICs were stabilized by both 

hydrophobic and H-bonding interactions. Here, formations of 1:1 ICs were established and 

the ICs were characterized by various techniques in aqueous medium as well as in solid 

state. The ICs stabilize SS from chemical modification, photo sensitization and act as 

regulatory releaser at the targeted site for a specified period of time reducing the overdose. 

Thus, the present study conveys a new approach over the already known versatile use of SS 

by applying α and β-CD in bio-medical sciences and pharmaceutical industries. 

Chapter VII highlights toward the specific interactions between three very 

important ionic liquids with the macrocyclic polyether leading to complexation in 

acetonitrile in a range of temperature. The conductivity study support the association of 

the ILs with CE in 1:1 stoichiometric ratio, while the mathematical programme elucidates 
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quantitative data of the complexation process. Thermodynamic properties of the processes 

have also been evaluated for improved understanding about complexation. The specific 

interactions in molecular level have been illuminated with the help of FT-IR and 1H NMR 

spectroscopic studies, which describe the H-bond type interactions as the main operating 

force in imidazolium and pyridinium complex, while the weak ion-dipolar attraction exists 

in pyrrolidinium complex. The association among the species lowers the entropy of the 

system, but the spontaneity of the process is attributable to higher stabilization effect of 

change in enthalpy. This study provides significant information about supramolecular 

complexation of 18-C-6 with ILs, as well as offers excellent comparison among similarly 

substituted imidazolium, pyridinium and pyrrolidinium ions for fabrication of crown ether 

based host-guest materials. 

Chapter VIII explains the formation of inclusion complexes of three α-amino acids in 

the apolar cavity of both α and β-cyclodextrins. Surface tension study confirms that 1 : 1 

inclusion complex was formed. All the derived parameters obtained from the 

supplementary data of density, viscosity and refractive index strongly support the 

formation of the inclusion complex as well as solute–solvent interaction taking place in the 

studied solution systems. The order of interaction for selected α-amino acid inside into α 

and β-CD is as follows: L-Glu < L-Lys < L-Phe. Hence, the findings discussed and explained 

in this paper illustrate the advancement of the work and demonstrate the suitability for 

diverse applications. 

Chapter IX emphasizes to the definite interactions between cetylpyridinium 

chloride and three similar macrocyclic polyethers toward complexation in acetonitrile in a 

range of temperature. Here, conductivity measurement helps to ascertain the association of 

CPCl with the three CEs in 1:1 stoichiometry, whereas the programmed mathematical 

treatment reveals quantitative data for complexation processes. Thermodynamic 

parameters have also been estimated for better perceptive about the complexations. The 

detailed interactions in molecular level have been elucidated by FT-IR and 1H NMR 

spectroscopy that explains dipolar attractions due to H-bonding is the major operating 

force in the three complexes. During complexation the entropy of the system is decreased, 
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but lowering of enthalpy has greater effect that makes the complexation spontaneous. This 

study not only presents remarkable information about supramolecular complexation of 

CPCl with the three analogous CEs, but also suggests admirable comparison among the 

studied CEs for construction of various types of CE-IL host-guest materials. 

Chapter X gives details of a unique behavior of aqueous cyclodextrin-nucleoside 

system. It establishes the possibility of formation of host-guest inclusion complex between 

cyclodextrin and RNA nucleosides by physicochemical as well as spectroscopic methods. 

Surface tension measurement and pH study support that α-cyclodextrin forms inclusion 

complex with only pyrimidine based nucleosides, whereas β-cyclodextrin forms with both 

purine and pyrimidine based nucleosides, as well as the ratio of host : guest is found to be 

1:1 by Job’s method. The measured parameters, e.g., density, viscosity, acoustic data, 

refractive index data support the order of interaction among different nucleosides and 

cyclodextrin systems, while NMR data confirms the inclusion phenomenon. The 

determination of association constants and various thermodynamic parameters 

quantitatively explain the significance of the work. Hence, this exclusive study has diverse 

applications in the broad field of biology and chemistry. 

Chapter XI elucidates that the two essential amino acids, namely, L-Arg and L-His 

form host-guest inclusion complexes with α and β-CD. NMR study confirms the inclusion 

phenomenon while surface tension and conductivity studies reveal that 1:1 inclusion 

complexes have been formed. Density, viscosity and refractive index measurements are 

used to characterize the formed inclusion complexes by determining the group 

contributions of the limiting apparent molar volume and viscosity-B coefficient, as well as 

solvation number and limiting molar refraction. All the findings support the formation of 

the inclusion complexes and thus the current work describes its appropriateness towards 

miscellaneous applications as controlled delivery system in the field of modern bio-medical 

sciences. 

These elaborate studies explain the formation of host-guest inclusion complexes, 

which may be applied to construct various complex systems. In recent years macrocyclic 

host molecules are of immense importance in inclusion complexes as the cyclized and 
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constrained conformation offer the benefit of molecular selectivity. The cyclodextrins are 

exclusively interesting in this regard, due to their amphiphilic nature. The interest in 

amphiphiles comes up from their self-assembly in aqueous systems to form well defined 

structures, such as micelles, nanotubes, nanorods, nanosheets and vesicles, which can be 

applied in several grounds ranging from nano-devices, drug delivery and cell imaging. 

Various sophisticated probes have been designed for this purpose for their applications in 

the manufacture of molecular switches, molecular machines, supramolecular polymers, 

chemosensors, transmembrane channels, molecule-based logic gates and other interesting 

host−guest systems. 

In near future I plan to study intricate host-guest systems for advanced applications 

in delivery systems. 
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Study to explore the mechanism 
to form inclusion complexes 
of β-cyclodextrin with vitamin 
molecules
Subhadeep Saha, Aditi Roy, Kanak Roy & Mahendra Nath Roy

Host–guest inclusion complexes of β-cyclodextrin with two vitamins viz., nicotinic acid and ascorbic 
acid in aqueous medium have been explored by reliable spectroscopic, physicochemical and calorimetric 
methods as stabilizer, carrier and regulatory releaser of the guest molecules. Job’s plots have been 
drawn by UV-visible spectroscopy to confirm the 1:1 stoichiometry of the host-guest assembly. Stereo-
chemical nature of the inclusion complexes has been explained by 2D NMR spectroscopy. Surface 
tension and conductivity studies further support the inclusion process. Association constants for 
the vitamin-β-CD inclusion complexes have been calculated by UV-visible spectroscopy using both 
Benesi–Hildebrand method and non-linear programme, while the thermodynamic parameters have 
been estimated with the help of van’t Hoff equation. Isothermal titration calorimetric studies have been 
performed to determine the stoichiometry, association constant and thermodynamic parameters with 
high accuracy. The outcomes reveal that there is a drop in ΔSo, which is overcome by higher negative 
value of ΔHo, making the overall inclusion process thermodynamically favorable. The association 
constant is found to be higher for ascorbic acid than that for nicotinic acid, which has been explained on 
the basis of their molecular structures.

Cyclodextrins (CDs) are the cyclic oligosaccharides containing six (α-CD), seven (β-CD) and eight (γ-CD) glu-
copyranose units, bound by α-(1–4) linkages forming a truncated conical structure1,2. Thus because of their 
unique structure, i.e., fairly rigid and well-defined hydrophobic cavities and hydrophilic rims having primary 
and secondary –OH groups (Fig. 1) they are of particular interest in the modern science3,4. CDs are used for 
controlled delivery of organic, inorganic, biological and pharmaceutical molecules due to their ability to form 
inclusion complexes with diverse guest molecules by encapsulating the non-polar part of the guest into its hydro-
phobic cavity and stabilizing the polar part by the polar rims5,6. The use of CDs already has a long history in 
pharmaceuticals, pesticides, foodstuffs etc. for the solubility, bioavailability, safety, stability and as a carrier of the 
guest molecules7,8.

CDs have been widely employed as not only excellent receptors for molecular recognition but also excellent 
building blocks to construct functional materials, where they could be applied to construct stimuli-responsive 
supramolecular materials9. Series of external stimuli, e.g., enzyme activation, light, temperature, changes in pH 
or redox and competitive binding may be employed to operate the release of guest molecules from the inclu-
sion composites10,11. Recently cyclodextrin modified nanoparticles are of great interest as these supramolecular 
macrocycles significantly combines and enhances the characteristics of the entities, such as the electronic, con-
ductance, thermal, fluorescence and catalytic properties expanding their potential applications as nanosensors, 
drug delivery vehicles and recycling extraction agents12. Different sophisticated probes based on semiconductor 
nanocrystals and other nanoparticles have been designed for this purpose, because of their potential applications 
in the fabrication of molecular switches, molecular machines, supramolecular polymers, chemosensors, trans-
membrane channels, molecule-based logic gates and other interesting host− guest systems13–15.

In this article the studied two vitamins, e.g., nicotinic acid and ascorbic acid (Fig. 1) are the essential human 
nutrients with many important functions in biological systems. Nicotinic acid is used to treat hypercholes-
terolemia and pellagra while its deficiency causes nausea, skin and mouth lesions, anemia, headaches, and 
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tiredness16,17. On the other hand scurvy, fatigue, depression, and connective tissue defects are the common syn-
dromes caused by deficiency of ascorbic acid18,19. Thus to protect these important bio-molecules from external 
effects (e.g., oxidation, structural modification etc.) and for their regulatory release, it is crucial to investigate 
whether these molecules can be encapsulated into the CD molecule and to explore the thermodynamic aspect 
of the process. Guorong et al., Okazaki et al. and Delicado et al. showed different interactions of ascorbic acid 
with CD, while Manzanares et al., Silva et al., Pardave et al. and Hu et al. indicated the formation of inclusion 
complexes between ascorbic acid with β-CD by different electro and physicochemical methods20–26. On the other 
hand Terekhova et al. demonstrated nicotinic acid-CD interactions by volumetric and heat capacity studies27. 
In this present work the formation of host-guest inclusion complexes of these two vitamins with β-CD (the 
cavity dimension of which is more appropriate than other CDs to encapsulate a great variety of molecules) have 
been explored particularly towards their formation, stabilization, carrying and controlled release without chem-
ical modification by different dependable methods like 2D ROESY NMR, UV-Vis spectroscopy, surface tension, 
conductivity and isothermal titration calorimetric studies, which primarily focuses on the encapsulation of the 
bio-molecules into the cavity of β-CD. The stoichiometry, association constants and thermodynamic parameters 
for the inclusion complexes have been determined to communicate a quantitative data regarding the encapsula-
tion of the vitamins by β-CD.

Result and Discussion
Job’s plot reveals the stoichiometry of the host-guest inclusion complex. One of the best meth-
ods used to recognize the stoichiometry of the host-guest inclusion complexes is the Job’s method, known as the 
continuous variation method, which has been applied here by using UV-visible spectroscopy28. A set of solutions 
for each vitamin and β -CD was prepared varying the mole fraction of the guest in the range 0–1 (Tables S1–S2, 
supplementary data). Job’s plots were generated by plotting Δ A ×  R against R, where Δ A is the difference in 
absorbance of the vitamins without and with β-CD and R =  [Vit]/([Vit] +  [β -CD])29,30. Absorbance values were 
measured at respective λ max for each solution at 298.15 K. The value of R at the maximum deviation gives the stoi-
chiometry of the inclusion complex (IC), i.e., ratio of guest and host is 1:2 if R =  0.33; 1:1 if R =  0.5; 2:1 if R =  0.66 
etc. In the present work maxima for each plot was found at R =  0.5, which suggest 1:1 stoichiometry of the host-
guest inclusion complexes (Fig. 2).

2D NMR spectra analysis. Two-dimensional (2D) NMR spectroscopy gives most powerful evidence 
about the spatial proximity between the host and the guest atoms by observations of the intermolecular dipo-
lar cross-correlations31,32. Any two protons that are located within 0.4 nm in space can produce a Nuclear 
Overhauser Effect (NOE) cross-correlation in NOE spectroscopy (NOESY) or rotating-frame NOE spectroscopy 
(ROESY)33,34. In the structure of β -CD the H3 and H5 protons are situated inside the conical cavity, particularly, 
the H3 are placed near the wider rim while H5 are placed near the narrower rim, the other H1, H2 and H4 pro-
tons are located at the exterior of the β -CD molecule (Fig. 3)35,36. Thus the inclusion phenomenon within the 

Figure 1. Molecular structure of nicotinic acid, ascorbic acid and β-cyclodextrin. 
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cyclodextrin cavity may be confirmed by the appearance of NOE cross-peaks between the H3 or H5 protons of 
the host and the protons of the guest identifying their spatial contacts37,38. For this purpose, 2D ROESY have been 
obtained of the 1:1 molar mixture of nicotinic acid or ascorbic acid with β -CD. The ROESY spectra of nicotinic 
acid-β -CD mixture in D2O shows appreciable correlation of aromatic protons of nicotinic acid with the H-3 and 
H-5 protons of β -CD, indicating the aromatic ring was incorporated inside the β -CD cavity (Figs 4, S1 and S2). 
The ROESY spectra of ascorbic acid-β -CD mixture in D2O also shows significant correlations between the H-3, 
H-5 protons of β -CD and the CH2, CHOD, CH protons of ascorbic acid (Figs 5, S3 and S4). This result confirms 
the encapsulation of the ascorbic acid molecule within the cavity of β -CD. Here in addition the H6 protons of 

Figure 2. Job’s plot of different vitamin-β-CD systems at 298.15 K. (a) nicotinic acid at λ max =  260 nm and (b) 
ascorbic acid at λ max =  261 to 265 nm. R =  [Vit]/([Vit] +  [β-CD]), Δ A =  absorbance difference of the vitamins 
without and with β-CD.

Figure 3. (a) Stereo-chemical configuration of β-cyclodextrin, (b) truncated conical structure of  
β-cyclodextrin with interior and exterior protons.
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Figure 4. 2D ROESY spectra of 1:1 molar ratio of β-CD and nicotinic acid in D2O (correlation signals are 
marked by red circles). 

Figure 5. 2D ROESY spectra of 1:1 molar ratio of β-CD and ascorbic acid in D2O (correlation signals are 
marked by blue circles). 
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β -CD were not affected by the inclusion process, which tell that the guest vitamin molecules were included into 
the β -CD cavity via the wider rim (Fig. 6)39.

pH study confirms the ionic states of the vitamins. Measurement of pH of the studied solutions pro-
vides important clue about the states of the vitamin molecules in aqueous solution40,41. It was found that pH of 
nicotinic acid and ascorbic acid in presence of β-CD solution was in the range of 3.35 to 3.46 and 2.92 to 3.16 
respectively under experimental condition (Tables S3 and S4). These pH values clearly indicate that both the 
vitamin molecules release H+ ion and exist in the anionic form in aqueous solutions.

Surface tension study elucidates the inclusion as well as stoichiometric ratio of the host and 
guest. Surface tension (γ ) study gives important clue about the formation and the stoichiometry of the 
host-guest IC40–42. The pH data of aqueous nicotinic acid and ascorbic acid indicate that both the vitamin mole-
cules exist in anionic form, thus, because of ionic interactions there were significant increase in γ  of their aqueous 
solutions. β -CD, in contrast, because of having hydrophobic outer surface and hydrophilic rims, hardly show any 
change in γ  while dissolved in aqueous medium for a wide range of concentration42. In the present study γ  of 
aqueous vitamins has been measured with increasing concentration of β -CD at 298.15 K (Tables S3 and S4). Both 
the vitamins showed progressively falling trend of γ  with increasing concentration of β -CD, may be due to encap-
sulation of the vitamin molecules from the surface of the solution into the hydrophobic cavity of β -CD forming 
host-guest inclusion complexes (Fig. 7)43. Both the plots also show that there are single discernible breaks in each 
curve, which not only point out the formation of IC but also indicate the 1:1 stoichiometric ratio for each of the 

Figure 6. Feasible and restricted inclusion of the guest into the host molecule. 

Figure 7. Formation of inclusion complexes of (a) nicotinic acid and (b) ascorbic acid with β-CD.
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ICs formed (Fig. 8)44,45. The values of γ  and corresponding concentrations of vitamins and β -CD at each break 
have been listed in Table 1, which also indicate that at each break point the concentration ratio of host and guest 
is about 1:1, establishing the formation of 1:1 ICs between the studied vitamins and β -CD46,47.

Conductivity study demonstrates inclusion process and their stoichiometric ratio. Conductivity 
(κ ) measurement is an important tool to elucidate the inclusion phenomenon in solution phase40,42. It indicates 
the formation as well as the stoichiometry of the IC formed48,49. In this study the conductivity of the solution 
decreases gradually as the charged vitamin molecules are encapsulated into the cavity of β -CD, i.e., the conduc-
tivity of the solution is markedly affected by the inclusion phenomenon (Tables S3 and S4). At a certain concen-
tration of β -CD and each vitamin a single break was found in each conductivity curve respectively signifying the 
formation of 1:1 IC (Fig. 9)40. The values of κ  and corresponding concentrations of the vitamins and β -CD at each 

Figure 8. Variation of surface tension of aqueous (a) nicotinic acid solution and (b) ascorbic acid solution 
respectively with increasing concentration of β-cyclodextrin at 298.15 K.

Conc of 
β-CD/mM

Conc of 
Vit/mM γa/mN·m−1

Nicotinic acid 4.81 5.19 73.13

Ascorbic acid 4.94 5.06 72.98

Table 1.  Values of surface tension (γ) at the break point with corresponding concentrations of β-CD and 
vitamins at 298.15 Ka. aStandard uncertainties (u): temperature: u(T) =  ± 0.01 K, surface tension: u(γ) =   
±0.1 mN∙m−1.

Figure 9. Variation of conductivity of aqueous (a) nicotinic acid solution and (b) ascorbic acid solution 
respectively with increasing concentration of β-cyclodextrin at 298.15 K.
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break have been listed in Table 2, which reveal that the ratio of the concentrations of each vitamin and β -CD at 
the break point is approximately 1:1, suggesting that vitamin-cyclodextrin inclusion complex is equimolar, i.e., 
the host-guest ratio is 1:1 (Fig. 7).

Ultraviolet spectroscopy: association constants and thermodynamic parameters. Association 
constants (Ka) have been calculated for both the vitamin-β -CD ICs by UV-visible spectroscopy. As the vita-
min molecules go from the polar aqueous environment to the apolar cavity of β -CD making the IC, there is a 
change in molar extinction coefficient (∆ ε ) of the chromophore of the vitamins50. The changes in absorbance (∆ 
A) of nicotinic acid (260 nm) and ascorbic acid (261 to 265 nm) were studied against the concentration of β -CD 
at different temperatures to determine the association constants (Ka) (Tables S5 and S6). On the basis of relia-
ble Benesi–Hildebrand method for 1:1 host-guest complex the double reciprocal plots have been drawn using 
Equation 1 (Fig. S5)30,51.

∆
=
∆ε

×
β

+
∆ε‑

1
A

1
[V]K

1
[ CD]

1
[V] (1)a

The values of Ka for both the systems were evaluated by dividing the intercept by the slope of the straight line 
of the double reciprocal plot (Table 3)52,53.

The thermodynamic parameters can easily be derived basing upon the association constants found at various 
temperatures by the above method with the help of van’t Hoff equation (Equation 2).

= −
∆

+
∆lnK H

RT
S

R (2)a

o o

There is a linear relationship between lnKa and 1/T in the above equation (Fig. S6), on the basis of which the 
thermodynamic parameters Δ Ho and Δ So for the formation of ICs may be obtained (Table S7)42,48,54.

Association constants (Ka
ψ) have also been calculated for the vitamin-β -CD ICs by UV-visible spectroscopy 

with the help of non-linear programme basing upon the changes in absorbance as a result of encapsulation of the 
vitamin molecule inside into the apolar cavity of β -CD55. The following equilibrium is supposed to exist between 
the host and the guest for 1:1 IC1.

+
ψ



V CD K IC
(3)f f a

The association constant (Ka
ψ) for the formation of IC may be expressed as

=ψK [IC]
[V] [CD] (4)f f

a

Conc of 
β-CD/mM

Conc of 
Vit/mM κa/mS·m−1

Nicotinic acid 4.80 5.20 5.42

Ascorbic acid 4.93 5.07 10.65

Table 2.  Values of conductivity (κ) at the break point with corresponding concentrations of β-CD and 
vitamins at 298.15 Ka. aStandard uncertainties (u): temperature: u(T) =  ± 0.01 K, conductivity: u(κ) =   
± 0.001 mS·m−1.

Temp/Ka Ka × 10−3/M−1b ΔHo/kJ mol−1b ΔSo/J mol−1K−1b

Nicotinic acid

288.15 1.62

− 20.59 − 9.96

293.15 1.39

298.15 1.25

303.15 1.07

308.15 0.92

313.15 0.82

Ascorbic acid

288.15 4.19

− 21.67 − 5.87

293.15 3.58

298.15 3.10

303.15 2.68

308.15 2.33

313.15 2.03

Table 3.  Association constant (Ka) and thermodynamic parameters ΔHo and ΔSo of different vitamin-β-
cyclodextrin inclusion complexes. aStandard uncertainties in temperature u are: u(T) =  ± 0.01 K. bMean errors 
in Ka =  ± 0.02 ×  10−3 M−1; Δ Ho =  ± 0.01 kJ mol−1; Δ So =  ± 0.01 J mol−1K−1.
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Here, [IC], [V]f and [CD]f represent the equilibrium concentration of IC, free vitamin molecule and free CD 
respectively. According to the binding isotherm, the association constant (Ka

ψ) for the formation of IC may be 
expressed as56

= =
−

−
ψ A A

A A
K [IC]

[V] [CD]
( )

( )[CD] (5)f f

obs o

obs f
a

Where,

= −
−

−

A A
A A

[CD] [CD]
[V] ( )

( ) (6)f ad
ad obs o

o

Here, Ao, Aobs and A are the absorbance of vitamin molecules at initial state, during addition of CD and final 
state respectively. [V]ad and [CD]ad are the concentration of vitamin molecule and the added CD respectively. 
Thus, the values of Ka

ψ for both the systems were evaluated from the binding isotherm by applying non-linear 
programme (Table 4)7,57. The corresponding thermodynamic parameters have been derived basing upon the 
association constants found from various isotherms by the above method with the help of van’t Hoff equation 
(Equation 2) (Fig. S7, Tables 4 and S8)48,54.

The values of Δ Ho and Δ So for the formation of ICs were found negative suggesting that the inclusion process 
is exothermic and entropy controlled but not entropy driven (Table 3)48. These results may be explained on the 
basis of molecular association that was taking place while the ICs were being formed between β-CD and each 
vitamin. Because of these there is a drop of entropy, which is unfavorable for the spontaneity of the IC formation. 
This effect is conquered by higher negative value of Δ Ho, making the overall inclusion process thermodynami-
cally favourable.

Isothermal titration calorimetry: characterization of the complexation. Isothermal titration cal-
orimetry (ITC) is the most sensitive and accurate analytical technique for determination of binding constant and 
various thermodynamic parameters in host–guest complexation with precise accuracy58. It has become an effi-
cient method for direct determination of the thermodynamic parameters rather than using the earlier van’t Hoff 
equation technique59. Top of Fig. 10 shows the data obtained from the ITC titration of NA with β -CD in water at 
298 K, which describes production of exothermic heat after each injection and the magnitude of the released heat 
decreases progressively with each injection until complete complexation is achieved. Bottom of Fig. 10 shows the 
experimental data and the calculated best fit binding curve of NA with β -CD, that provides the stoichiometry 
(NC), association constant (Ka

C), standard enthalpy (Δ HoC) and standard entropy (Δ SoC) (Table 5). The compl-
exation of AA with β -CD in water at 298 K was similarly studied by ITC as described above for NA-β -CD system 
and shown in Fig. 11 and the results are listed in Table 5. The outcomes of calorimetric study are consistent with 
those obtained from the analysis of the UV-visible spectroscopic data, however, these values are little different 
than those obtained by the earlier spectroscopic method studied at a range of temperature, which may be partly 
illustrated by the fact that the association constants of CD complexes decrease with increasing temperature, on 
the basis of which the thermodynamic parameters ∆ Ho and ∆ So were calculated using van’t Hoff method. But, 
in calorimetric study these parameters were determined only at 298 K, thus, the variation of the values of asso-
ciation constants is not considered here. The other fact is that in spectroscopic determination, thermodynamic 
parameters were estimated from association constants, which again were found out on the basis of Δ ε  of the 
vitamins, that was due to the changes in the environment around the chromophore, when these go from the 
polar aqueous environment to the apolar cavity of β-CD, hence, the changes in enthalpy and entropy described 
there were exclusively for the formation of IC, not for the other solvent interactions taking place in the medium. 

Temp/Ka Ka
ψ × 10−3/M−1b ΔHoψ/kJ mol−1b ΔSoψ/J mol−1K−1b

Nicotinic acid

288.15 1.66

− 21.28 − 12.23

293.15 1.43

298.15 1.23

303.15 1.06

308.15 0.93

313.15 0.82

Ascorbic acid

288.15 4.21

− 21.83 − 6.40

293.15 3.61

298.15 3.06

303.15 2.64

308.15 2.35

313.15 2.03

Table 4.  Association constants (Ka
ψ) obtained from non-linear programme and the corresponding 

thermodynamic parameters ΔHoψ and ΔSoψ of different vitamin-β-cyclodextrin inclusion complexes. 
aStandard uncertainties in temperature u are: u(T) =  ± 0.01 K. bMean errors in Ka

ψ =  ± 0.01 ×  10−3 M−1;  
Δ Hoψ =  ± 0.01 kJ mol−1; Δ Soψ =  ± 0.01 J mol−1K−1.
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But, in calorimetric determination various types of non-covalent forces, like, electrostatic, hydrophobic, van der 
Waals, and H-bonding are involved in the host–guest interaction, thus, thermodynamic parameters represents an 
overall heat changes resulting from the above interactions10,60. Several mechanisms have been proposed for the 
complexation, where the most important forces involved are van der Waals and hydrophobic interactions61. The 
bindings of NA or AA with β -CD are enthalpy driven as the entropy values of the interactions are not favorable. 
This indicates electrostatic and hydrophobic interactions play major role in the complexation in these cases.

The stoichiometries (N) of the association further suggest that only 1:1 complexation have occurred in the 
formation of complexes of NA and AA with β -CD which is in agreement with the 1:1 complexation revealed from 
the Job’s method.

Formation of the host-guest IC is the dimensional suitability between the two species, which is favored by the 
unique cyclodextrin molecule that provides an appropriate condition by encapsulating the apolar part of the guest 
molecule inside the cavity, as well as stabilizing the polar part by the polar rims47. The other driving force for the 
formation of IC is the release of the water molecules from the hydrophobic cavity into the bulk thereby increasing 
the entropy of the system1,62. The inclusion of the guest molecule is likely from the wider rim of the β-CD mole-
cule to make maximum contact with the cavity (Fig. 6), which is also supported by ROESY spectrum. The polar 
–OH and –COOH groups of the vitamins can make H-bonds with the –OH groups at both the rims of the β-CD 
molecule. The data shown in Table 3 indicate that Ka is greater for ascorbic acid than for nicotinic acid, which is 
on account of the difference in their structures, i.e., ascorbic acid, because of having more number of –OH groups, 
makes stronger association at both rims, while nicotinic acid makes H-bonds at the wider rim only (Fig. 7).

Experimental
Materials. Nicotinic acid, ascorbic acid and β-cyclodextrin of puriss grade were bought from Sigma-Aldrich, 
Germany and used as purchased. The mass fraction purity of nicotinic acid, ascorbic acid and β-cyclodextrin 
were ≥  0.99, ≥  0.99 and ≥ 0.98 respectively.

Figure 10. ITC isotherms for the interaction of nicotinic acid with β-cyclodextrin at 298 K. For each 
titration, β-cyclodextrin concentration in sample cell was taken as 50 μ M and nicotinic acid concentration in 
syringe was 500 μ M. The top panel represents the raw heats of binding obtained upon titration of nicotinic acid 
to β-cyclodextrin. The lower panel is the binding isotherm fitted to the raw data using one site model.

NC/Sites Ka
C × 10−3/M−1 ΔHoC/kJ mol−1 ΔSoC/J mol−1K−1

Nicotinic acid 1.06 ±  0.0466 1.498 ±  0.155 − 20.58 ±  1.53 − 8.96

Ascorbic acid 0.99 ±  0.0111 3.655 ±  0.335 − 22.28 ±  1.06 − 5.21

Table 5.  Stoichiometry (NC), association constant (Ka
C), standard enthalpy (ΔHoC) and standard entropy 

(ΔSoC) of different vitamin-β-cyclodextrin inclusion complexes obtained from isothermal titration 
calorimetric study at 298.15 K.
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Apparatus and procedure. Prior to the start of the experimental work solubility of β-cyclodextrin and 
chosen vitamins have been precisely checked in triply distilled and degassed water (with a specific conduct-
ance of 1 ×  10−6 S cm−1) and observed that the selected vitamins were freely soluble in all proportion of aqueous 
β-cyclodextrin. All the stock solutions of the vitamins were prepared by mass (weighed by Mettler Toledo AG-285 
with uncertainty 0.0003 g), and then the working solutions were obtained by mass dilution at 298.15 K. Adequate 
precautions were made to reduce evaporation loss during mixing.

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer, with an uncertainty of wave-
length resolution of ± 2 nm. The measuring temperature was held constant by an automated digital thermostat.

2D ROESY spectra were recorded in D2O at 300 MHz using Bruker Avance 300 MHz instrument at 298 K. The 
details of the experiment have been shown in Figs S1 and S3.

pH values of the experimental solutions were measured by Mettler Toledo Seven Multi pH meter with uncer-
tainty ± 0.001. The measurements were made in a thermostated water bath maintaining the temperature at 
298.15 K. The uncertainty in temperature was ± 0.01 K.

The surface tension experiments were done by platinum ring detachment method using a Tensiometer (K9, 
KRŰSS; Germany) at the experimental temperature. The accuracy of the measurement was within ± 0.1 mN m−1. 
Temperature of the system has been maintained by circulating auto-thermostat water through a double-wall glass 
vessel containing the solution.

Specific conductance values of the experimental solutions were measured by Mettler Toledo Seven Multi con-
ductivity meter with uncertainty ± 1.0 μS m−1. The measurements were made in an auto-thermostated water bath 
maintaining the temperature at 298.15 K and using the HPLC grade water with specific conductance of 6.0 μS m−1.  
The cell was calibrated using a 0.01 M aqueous KCl solution. The uncertainty in temperature was ± 0.01 K.

Isothermal titration calorimetry was used to obtain association constant at 298 K using a MicroCal VP-ITC 
(MicroCal, Inc., Northampton, MA, USA). The thermal equilibration step at 298 K was followed by an initial 
120 s delay step and the subsequent twenty five injections of each vitamin to β -CD (injection duration of 10 s 
and spacing of 180 s). Each injection generated a heat-burst curve between micro cal s− 1 versus time (min).  
The saturation curve between kcal/mol of injectant vs. molar ratio was determined by integration, using Origin 
7.0 software (Microcal, Inc.) to give the measure of the heat associated with the injection. The binding affinity 
and thermodynamic parameters of the binding process were obtained by fitting the integrated heats of binding 
the isotherm to the one site binding model to give the association constant (Ka

C), stoichiometry (NC), binding 
enthalpy (Δ H°C) and the entropy (Δ S°C).

Figure 11. ITC isotherms for the interaction of ascorbic acid with β-cyclodextrin at 298 K. For each 
titration, β-cyclodextrin concentration in sample cell was taken as 50 μ M and ascorbic acid concentration in 
syringe was 500 μ M. The top panel represents the raw heats of binding obtained upon titration of ascorbic acid 
to β-cyclodextrin. The lower panel is the binding isotherm fitted to the raw data using one site model.
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Conclusion
The present study explains that nicotinic acid and ascorbic acid form ICs with β-CD in aqueous medium, which 
can be used as regulatory releaser of the above two vitamins. 2D ROESY NMR study confirms the inclusion phe-
nomenon and its mechanism. Surface tension and conductivity studies also show that the ICs have been formed, 
the stoichiometry of which were confirmed as 1:1 by Job’s plots. The association constants and thermodynamic 
parameters have been estimated for both the ICs by reliable spectroscopic and calorimetric techniques with high 
accuracy, which inform that ascorbic acid-β-CD has higher order of association than that of nicotinic acid-β-CD. 
Thus, this work communicates both qualitative and quantitative idea about the formation of ICs of β-CD with 
above two vitamins suggesting their potential applications in pharmaceutical industries and medical sciences.
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Molecular assemblies of b-cyclodextrin with few of the most important neurotransmitters, viz., dopamine
hydrochloride, tyramine hydrochloride and (±)-epinephrine hydrochloride in aqueous medium have been
explored by reliable spectroscopic and physicochemical techniques as potential drug delivery systems.
Job plots confirm the 1:1 host–guest inclusion complexes, while surface tension and conductivity studies
illustrate the inclusion process. The inclusion complexes were characterized by 1H NMR spectroscopy and
association constants have been calculated by using Benesi–Hildebrand method. Thermodynamic param-
eters for the formation of inclusion complexes have been derived by van’t Hoff equation, which demon-
strate that the overall inclusion processes are thermodynamically favorable.
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1. Introduction

Molecular recognition is of profound importance in biology and
therapeutics, the physical chemistry of this phenomenon acknowl-
edges that binding is often associated with loss in configurational
entropy, but the overall thermodynamics is yet to be well under-
stood [1,2]. The cyclodextrins (CDs) are of particular interest in this
regard. Among various approaches CDs have contributed a lot to
this aspect of drug delivery, because of having fairly rigid and
well-defined hydrophobic cavities and hydrophilic outer surfaces,
they can act as molecular receptors (hosts) for a wide variety of
organic and inorganic, as well as biological and pharmaceutical
guest molecules, forming host–guest complexes or supramolecular
assemblies [3,4]. The cavity size of b-cyclodextrin (b-CD) is more
appropriate than other CDs to encapsulate a great variety of mole-
cules [5,6]. The drugs, to be pharmacologically active, must possess
some degree of aqueous solubility, as well as they should be lipo-
philic to permeate the biological membranes via passive diffusion
[7,8]. If a drug is hydrophilic, the dissolved drug molecule will not
penetrate from the aqueous exterior into a lipophilic bio-
membrane. The use of b-CD on drug solubility, bioavailability,
safety, stability and as a carrier in drug formulation may be
achieved by formation of inclusion complexes with drug mole-
cules; in fact, the use of b-CD already has a long history in phar-
macy [9–11].

Dopamine is an important neurotransmitter (NT) in the mam-
malian central nervous system and is a member of catecholamines
[12,13]. It is involved in neuropsychiatric disorders such as Perkin-
son’s disease, which is the second most common central nervous
system disorder [14,15]. Tyramine is also a NT and acts as a cate-
cholamine releasing agent, having nonpsychoactive peripheral
sympathomimetic effects [16]. Epinephrine is a hormone and a
NT, serves as chemical mediators for conveying the nerve impulses
to effectors organs [17]. Epinephrine remains a useful medicine for
several emergency indications and is used as a drug to treat cardiac
arrest and other cardiac dysrhythmias [18,19].

Few previous workers demonstrated interactions between sim-
ilar guest molecules and CD [20,21]. Pardave et al. demonstrated
electrochemical and spectrophotometric studies of interaction
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between dopamine and b-CD, whereas, Rajendiran et al. showed
interaction between epinephrine and CD [22–24]. In the present
article formation of inclusion complexes of three NTs, e.g., dopa-
mine hydrochloride (DH), tyramine hydrochloride (TH) and (±)-
epinephrine hydrochloride (EH) with b-CD (Scheme 1) have been
explored by UV–Vis spectroscopy, surface tension, conductivity
and 1H NMR study. Associated thermodynamic parameters have
also been evaluated to communicate a quantitative idea about
encapsulation of the above NTs while complexed with b-CD.

2. Result and discussion

2.1. Job plot demonstrates the stoichiometry of the host–guest
assembly

Job’s method of continuous variation was applied to recognize
the stoichiometry of the host–guest assembly by using UV–visible
spectroscopy [25]. Job plots were generated by plotting DA � R vs
R, where DA is the difference in absorbance of NTs with and
without b-CD and R = [NT]/([NT] + [CD]), through varying the mole
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Fig. 1. Job plot of different neurotransmitter-b-CD systems at 298.15 K. (a) Dopamine h
(±)-epinephrine hydrochloride at kmax = 278 nm. R = [NT]/([NT] + [b-CD]), DA = absorban

Scheme 1. Molecular structure of the three
fraction of the NTs in the range 0–1 (Tables S1–S3, supporting
information) [26,27]. Absorbance values were measured at respec-
tive kmax for a series of solutions at 298.15 K. The value of R at the
maximum deviation provides the stoichiometry of the inclusion
complex (IC) (e.g., R = 0.5 for 1:1 complexes; R = 0.33 for 1:2 com-
plexes; R = 0.66 for 2:1 complexes, etc.). Here, for each of the three
plots maxima were found at R = 0.5, which clearly indicate 1:1 sto-
ichiometry between the host and the guest (Fig. 1).

2.2. Surface tension study explains the inclusion as well as
stoichiometric ratio of the inclusion complexes

Surface tension (c) measurement provides significant indication
about formation of IC as well as stoichiometry of the host–guest
assembly [28–30]. b-CD, because of having lipophilic outer surface
and hydrophilic rims, does not show any change in c while
dissolved in aqueous medium in a considerable range of
concentration [31,32]. In the present work all the three guest NTs
have a common feature in their structures, i.e., they have a
hydrophobic –CH2–CH2–Ph [–CH2–CH(OH)–Ph for EH] group and
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a terminal –NH3
+ [–NH2

+– for EH] group (Scheme 1), which make
them surfactant like activities, thus c of aqueous solutions of each
of the NTs are found to be lower than that of pure water. Here c of
aqueous NTs has been measured with increasing concentration of
b-CD at 298.15 K (Tables S4–S6). DH, TH and EH showed increasing
trend of c with increasing concentration of b-CD (Fig. 2) may be
because of removal of the NT molecules (surface active) from the
surface of the solution into the hydrophobic cavity of b-CD forming
host–guest inclusion complexes (Scheme 2).

Each plot also indicates that there is a break point at certain
concentrations after which the slops become less. Finding of break
point in surface tension curve not only indicates formation of IC
but also provides information about its stoichiometry, i.e., appear-
ance of single, double and so on break point in the plot indicates
1:1, 1:2 and so on stoichiometry of host:guest ICs (Scheme 3) [33].

The values of c and corresponding concentrations of b-CD at
each break have been listed in Table 1 and the overall variation
have been listed in Tables S4–S6, which clearly point out that the
breaks have been found at certain concentrations of NTs and b-
CD where their concentration ratio in the solution was almost
1:1. Hence this study proves formation of 1:1 ICs between NTs
and b-CD.
Scheme 2. Formation of inclusion complexes of (a) dopamine hydrochloride, (b)
tyramine hydrochloride and (c) (±)-epinephrine hydrochloride with b-CD.
2.3. Conductivity study illustrates inclusion process and their
stoichiometric ratio

Conductivity (j) of aqueous solutions of the NTs has been mea-
sured to get clue whether ICs have been formed while b-CD being
added to it [34,35]. The studied NTs show considerable j because
of having their charged structures. As b-CD was added to the aque-
ous solution of a NT (Tables S7–S9), the j was observed to show
decreasing trend probably because of encapsulation of the NT
molecules inside into the cavity of b-CD (Scheme 2). After a certain
concentration of b-CD a break was found in each of the conductiv-
ity curves (Fig. 3), indicating the formation of ICs. The values of j
and corresponding concentrations of b-CD at each break have been
shown in Table 1, which reveal that the ratio of the concentrations
of a NT and b-CD at the break point was found to be approximately
1:1, suggesting the host–guest ratio to be 1:1.

The break point is found at certain concentration where maxi-
mum inclusion takes place ever before, i.e., though there is a
dynamic equilibrium between the host and the guest, most of
the guest molecules are encapsulated at the break point (1:1 M
ratio of host & guest), beyond this point concentration of b-CD is
higher than that of NT, thus shifting the equilibrium more toward
the IC.
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Fig. 2. Variation of surface tension of aqueous (a) dopamine hydrochloride solution, (b
respectively with increasing concentration of b-cyclodextrin at 298.15 K.
2.4. 1H NMR study confirms inclusion phenomenon

Insertion of any guest molecule into the hydrophobic cavity of
b-CD consequences in the chemical shift of the guest and b-CD in
the NMR spectra, which is because of the interaction of the b-CD
with the guest molecule [27].

In case of aromatic guest molecules the spectral changes that
can be observed upon inclusion is the diamagnetic shielding of
the aromatic moiety with the interacting atoms of b-CD [33]. In
the structure of b-CD the H3 and H5 hydrogens are situated inside
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Scheme 3. Different possibilities of host–guest ratio for inclusion complex.
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the conical cavity, particularly, the H3 are placed near the wider
rim while H5 are placed near the narrower rim, the other H1, H2
and H4 hydrogens are located at the exterior of the b-CD molecule
(Scheme 4) [36,37]. In the present article the molecular interac-
tions have been studied with the help of 1H NMR spectra. The sig-
nals of interior H3 and H5 of b-CD as well as that of the interacting
aromatic protons of the NTs showed considerable upfield shift in
1H NMR spectra of 1:1 mixture of b-CD and each NT, confirming
the ICs were formed (Figs. 4–6). As found from the chemical shifts,
interaction of the H3 with the aromatic guest was much higher
than that of the H5, proving the guest entered through the wider
rim of b-CD (Scheme 5).

2.5. Association constants and thermodynamic parameters

Association constants (Ka) have been calculated for various NT-
b-CD ICs by UV–visible spectroscopy as a result of changes in molar
extinction coefficient ðDeÞ of the NTs when complexed with b-CD
molecule, which is owing to the changes in the polarity of the
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Fig. 3. Variation of conductivity of aqueous (a) dopamine hydrochloride solution, (b)
respectively with increasing concentration of b-cyclodextrin at 298.15 K.

Table 1
Values of surface tension (c) and conductivity (j) at the break point with corresponding c

Dopamine hydrochloride Tyramine hydrochloride

Surface tension
Conc (mM) c (mNm�1) Conc (mM)
4.83 71.37 4.89

Conductivity
Conc (mM) j (mS m�1) Conc (mM)
4.90 0.426 4.85

a Standard uncertainties (u): temperature: u(T) = ± 0.01 K, surface tension: u(c) = ±0.1
environment of the chromophore of the NTs when it goes from
the polar aqueous environment to the apolar cavity of b-CD [38].
Changes in absorption intensity ðDAÞ of DH (278 nm), TH
(275 nm) and EH (278 nm) were studied as a function of concen-
tration of b-CD to determine the value of Ka (Tables S11 and
S12). The double reciprocal plots have been drawn on the basis
of reliable Benesi–Hildebrand method for 1:1 host–guest ICs
(Fig. S1, Eq. (1)) [27,39].

1
DA

¼ 1
De½NT�Ka

� 1
½bCD� þ

1
De½NT� ð1Þ

The values of Ka for each of the ICs were evaluated by dividing
the intercept by the slope of the straight line of the double recipro-
cal plot (Table 2) [40].

Various thermodynamic parameters for the formation of ICs can
easily be derived basing upon the values of Ka found by the above
method with the help of van’t Hoff equation (Eq. (2)).

ln Ka ¼ �DHo

RT
þ DSo

R
ð2Þ

There is a linear relationship between lnKa and 1/T in the above
equation (Fig. S2), on the basis of which the thermodynamic
parameters DHo, DSo and DGo for the formation of ICs may be
obtained (Table S13) [41].

However, the above study has been performed in a short range
of temperature in which DHo and DSo are considered to be non
variable. Non-linear methods may be used for studies in wide
range of temperatures. The magnitude ofDHo depends on the equi-
librium constant of the inclusion complex at different tempera-
tures and thus may have limitation compared to direct
calorimetric methods [42]. On the other hand, in this study ther-
modynamic parameters have been calculated from Ka values,
which in turn were determined from De of the NTs, which is owing
to the changes in the environment of the chromophore of the NTs
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when it goes from the polar aqueous environment to the apolar
cavity of b-CD. Hence, the DHo and DSo values presented here are
exclusively for the formation of inclusion complex, not for the
other solvent interactions taking place in the medium.

The values of DGo for the formation of ICs were found negative
suggesting that the inclusion process proceeds spontaneously,
whereas negative values of DHo and DSo indicate that the inclusion
process is exothermic and entropy controlled, but not entropy dri-
ven (Table 2). These consequences may be explained on the basis of
molecular association that was taking place while IC was being
formed between b-CD and each NT, resulting in a drop of entropy,
which is unfavorable for the spontaneity of the inclusion complex
formation, but this effect is overcome by higher negative value of
DHo, making the overall inclusion process thermodynamically
favorable.

The data shown in Table 2 indicate that order of Ka for ICs with
b-CD and the order of�DGo is EH > DH > TH. This may be explained
on account of the difference in the structures of three NTs, which
have almost similar hydrophobic moiety, but EH can form
H-bonds at both rims of b-CD because of having two phenolic
and one alcoholic –OH groups, thus, it forms strongest IC among
the three. Similarly, the results for DH and TH may be explained
because of having two and one –OH groups in their structures
respectively.



Fig. 5. 1H NMR spectra of (a) b-CD, (b) tyramine hydrochloride and (c) 1:1 M ratio of b-CD & tyramine hydrochloride in D2O at 298.15 K.
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3. Conclusion

Molecular recognition of the three important NTs by b-CD has
been shown,whichmayfind its use as potential drug delivery system
in pharmacological science. Themolecular assemblies, i.e., formation
of ICs havebeenexplainedqualitatively aswell as quantitatively soas
to make it dependable in its field of application. b-CD has long been
used as a carrier for its unique structural features, which is further
explored in the present work, confirming that b-CD forms 1:1 ICs
with DH, TH and EH, established by reliable physicochemical tech-
niques. The association constants are found highest for EH, then DH
and then TH for the ICs with b-CD. Hence, this exclusive study
describes that the ICs in aqueous medium can be used as controlled
delivery systems in the field of modern biomedical sciences.

4. Experimental section

4.1. Source and purity of samples

Dopamine hydrochloride, Tyramine hydrochloride, (±)-
Epinephrine hydrochloride and b-cyclodextrin of puriss grade were
purchased from Sigma–Aldrich, Germany and used as it was. The
mass fraction purity of Dopamine hydrochloride, Tyramine
hydrochloride, (±)-Epinephrine hydrochloride and b-cyclodextrin
were �1.00, P0.98, �1.00 and P0.98 respectively.

4.2. Apparatus and procedure

Solubility of b-cyclodextrin and chosen neurotransmitters have
been precisely checked in triply distilled and degassed water
(with a specific conductance of 1 � 10�6 S cm�1) and observed
that the selected neurotransmitters were freely soluble in all pro-
portion of aqueous b-cyclodextrin. All the stock solutions of the
neurotransmitters were prepared by mass (weighed by Mettler
Toledo AG-285 with uncertainty 0.0003g), and then the working
solutions were obtained by mass dilution at 298.15 K. Sufficient
precautions were made to decrease evaporation losses during
mixing.

UV–visible spectra were recorded by JASCO V-530 UV/VIS Spec-
trophotometer, with an uncertainty of wavelength resolution of
±2 nm. The measuring temperature was held constant by an auto-
mated digital thermostat.

Surface tensions of the solutions were determined by platinum

ring detachment technique using a Tensiometer (K9, KR}USS;
Germany) at 298.15 K. Accuracy of the study was ±0.1 mNm�1.
Temperature of the system was maintained by circulating ther-
mostated water through a double-wall glass vessel holding the
solution.

Conductivities of the solutions were studied by Mettler Toledo
Seven Multi conductivity meter having uncertainty 1.0 lS m�1.
The study was carried out in a thermostated water bath at
298.15 K with uncertainty ±0.01 K. HPLC grade water was used
with specific conductance 6.0 lS m�1. The conductivity cell was
calibrated using 0.01 M aqueous KCl solution.

NMR spectra were recorded in D2O unless otherwise stated. 1H
NMR spectra were recorded at 400 MHz and 500 MHz using Bruker
ADVANCE 400 MHz and Bruker ADVANCE 500 MHz instruments
respectively. Signals are quoted as d values in ppm using residual
protonated solvent signals as internal standard (D2O: d
4.79 ppm). Data are reported as chemical shift.



Fig. 6. 1H NMR spectra of (a) b-CD, (b) (±)-epinephrine hydrochloride and (c) 1:1 M ratio of b-CD & (±)-epinephrine hydrochloride in D2O at 298.15 K.
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Scheme 5. Feasible and restricted inclusion of the guest into the host molecule.

Table 2
Association constant (Ka) and thermodynamic parameters DHo, DSo and DGo of different n

Temp (K)a Ka � 10�3 (M�1)b

Dopamine hydrochloride + b-CD 293.15 1.48
298.15 1.31
303.15 1.13

Tyramine hydrochloride + b-CD 293.15 1.24
298.15 1.11
303.15 0.97

(±)-Epinephrine hydrochloride + b-CD 293.15 1.59
298.15 1.40
303.15 1.21

a Standard uncertainties in temperature u are: u(T) = ±0.01 K.
b Mean errors in Ka = ±0.02 � 10�3 M�1; DHo = ± 0.01 kJ mol�1; DSo = ±0.01 J mol�1 K�1
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4.3. 1H NMR data

b-Cyclodextrin: 1H NMR (400 MHz, D2O): d = 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).

Dopamine hydrochloride: 1H NMR (400 MHz, D2O): d = 2.15
(–NH2), 2.78–2.81 (2H, t, J = 7.2 Hz), 3.13–3.16 (2H, t, J = 7.2 Hz),
6.66–6.69 (1H, dd, J = 8.0, 1.6 Hz), 6.76–6.77 (1H, d, J = 2 Hz),
6.81–6.83 (1H, d, J = 8.4 Hz).

Tyramine hydrochloride: 1H NMR (400 MHz, D2O): d = 2.14
(–NH2), 2.82–2.86 (2H, t, J = 7.2 Hz), 3.14–3.17 (2H, t, J = 7.2 Hz),
6.81–6.83 (2H, dd, J = 6.8, 2.0 Hz), 7.12–7.14 (2H, d, J = 8.8 Hz).
eurotransmitter-b-cyclodextrin inclusion complexes.

DHo (kJ mol�1)b DSo (J mol�1 K�1b DGo (298.15 K) (kJ mol�1)b

�19.80 �6.83 �17.77

�18.37 �3.38 �17.36

�20.30 �7.94 �17.93

; DGo = ± 0.01 kJ mol�1.
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(±)-Epinephrine hydrochloride: 1H NMR (400 MHz, D2O): d = 2.14
(NH), 2.68 (3H, s), 3.18–3.20 (2H, d, J = 6.4 Hz), 4.81–4.84 (1H, t,
J = 6.4 Hz), 6.77–6.79 (1H, d, J = 8.4 Hz), 6.85–6.87 (2H, m).

b-CD + DH: 1H NMR (500 MHz, D2O): d = 2.77–2.80 (2H, t,
J = 7.2 Hz), 3.01 (–NH2), 3.12–3.15 (2H, t, J = 7.2 Hz), 3.45–3.50
(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), 3.69–3.77 (18H, m), 4.96–4.97 (6H, d,
J = 3.6 Hz), 6.48–6.51 (1H, dd, J = 8.0, 1.6 Hz), 6.56–6.57 (1H, d,
J = 2 Hz), 6.64–6.66 (1H, d, J = 8.4 Hz).

b-CD + TH: 1H NMR (400 MHz, D2O): d = 2.72 (–NH2), 2.81–2.85
(2H, t, J = 7.2 Hz), 3.13–3.16 (2H, t, J = 7.2 Hz), 3.46–3.51 (6H, t,
J = 9.2 Hz), 3.54–3.57 (6H, dd, J = 9.6, 3.2 Hz), 3.62–3.68 (6H, t,
J = 9.2 Hz), 3.71–3.79 (18H, m), 4.96–4.97 (6H, d, J = 3.6 Hz),
6.80–6.82 (2H, dd, J = 6.8, 2.0 Hz), 7.07–7.09 (2H, d, J = 8.8 Hz).

b-CD + EH: 1H NMR (500 MHz, D2O): d = 2.68 (3H, s), 2.92 (NH),
3.17–3.19 (2H, d, J = 6.4 Hz), 3.44–3.49 (6H, t, J = 9.2 Hz), 3.52–3.56
(6H, dd, J = 9.6, 3.2 Hz), 3.57–3.63 (6H, t, J = 9.2 Hz), 3.68–3.76
(18H, m), 4.81–4.83 (1H, t, J = 6.4 Hz), 4.97–4.98 (6H, d,
J = 3.6 Hz), 6.64–6.66 (1H, d, J = 8.4 Hz), 6.73–6.75 (2H, m).
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ABSTRACT: Molecular encapsulation is extremely important in pharmaceutical and drug delivery science. In this article, one of
the most important sulfa drugs, namely, sulfacetamide sodium, has been probed in the solution and solid phases for encapsulation
within the cavities of α- and β-cyclodextrins. Various physicochemical techniques were employed to establish the outcome of the
work. The isothermal titration calorimetric method was used to evaluate the stoichiometry, association constant, and
thermodynamic parameters with high accuracy. The solid inclusion complexes were analyzed by spectroscopic techniques to
ascertain the encapsulation of the investigated drug within the cavities of α- and β-cyclodextrins. This phenomenon of drug
inclusion is exceedingly significant for its stabilization against external hazards, such as oxidation, sensitization, and photolytic
cleavage, for the proficient and accurate regulatory release of an essential amount of drug at the targeted site for a period of time
and for the prevention of overdose when applied as an ophthalmic solution and ointment.

1. INTRODUCTION

Molecular encapsulation and release have become exceptionally
significant in pharmacology and drug delivery science in recent
years.1,2 For this purpose, various host molecules, such as
calixarenes, pillararenes, cucurbiturils, and cyclodextrins, have
been widely used as excellent receptors for drug recognition.3−6

The host−guest complexes can be applied to construct stimuli-
responsive supramolecular materials, where series of external
stimuli, such as enzyme activation, photosensing, temperature
dependence, changes in pH/redox conditions, and competitive
binding, can be employed to operate the release of guest
molecules from the inclusion complexes (ICs).7−10 In the past
decade, attention has been focused on molecular sensing,
anticancer drug release, and gene transfection, among others,
with the help of mechanized nanoparticles capable of trapping
and regulating the release of cargo molecules by a range of
external stimuli.11−14 Macrocyclic host molecules are of
immense importance in ICs, as their cyclized and constrained
conformations offer the benefit of molecular selectivity.15 The
cyclodextrins (CDs) are particularly interesting in this regard
because of their amphiphilic nature.15,16 The interest in
amphiphiles arises from their self-assembly in aqueous systems
to form well-defined structures, such as micelles, nanotubes,

nanorods, nanosheets, and vesicles, that can be applied in
several fields ranging from nanodevices to drug delivery and cell
imaging.17−19 In recent times, cyclodextrin-modified nano-
particles have been the focus of great attention because they
appreciably improve the characteristics of the resulting
assemblies, such as the electronic, conductance, thermal,
fluorescence, and catalytic properties, improving the potential
applications of these assemblies as nanosensors and drug
delivery vehicles.20,21 Various sophisticated probes have been
designed for this purpose for applications in the manufacture of
molecular switches, molecular machines, supramolecular
polymers, chemosensors, transmembrane channels, molecule-
based logic gates, and other interesting host−guest sys-
tems.22−25 CDs are cyclic oligosaccharides having six (α-CD),
seven (β-CD), and eight (γ-CD) glucopyranose units that are
bound together by α-(1−4) linkages, making a truncated
conical structure (Scheme 1), which allows CDs to form host−
guest ICs with different-sized guest molecules.26−28 The
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structures and properties of the ICs formed by CDs are
determined by their architectures, that is, by the interplay
between the hydrophilic−hydrophobic balance and geometric
packing constraints.27−29 Experimental conditions, such as
concentration, temperature, and pH, also play crucial roles in
tailoring potential applications in gene and drug delivery.30−32

Because of the above-mentioned advantages, ICs are being
widely investigated in materials and biomedical sciences; in
particular, applications in biologically and pharmaceutically
relevant fields have sparked tremendous interest from
researchers in recent years.33−37 The exterior of the CD cavity
is highly polar because of the presence of hydroxyl groups,
whereas the interior is nonpolar, making CDs suitable and
fascinating hosts for supramolecular chemistry.38,39 The
chemical stability of the guest molecule also increases as a
result of encapsulation inside the cavity.40,41

The stabilization and regulatory release of sulfa drugs are of
great concern in pharmacology.42−45 Thus, to protect these
drugs from external effects and to regulate their release, it is
crucial to investigate whether they can be encapsulated within
CD molecules.46,47 Sulfonamides are bacteriostatic materials,
and the ranges of activity are analogous for all sulfona-
mides.48,49 Sulfonamides restrain bacterial synthesis of dihy-
drofolic acid by inhibiting the condensation of the pteridine
with aminobenzoic acid through competitive inhibition of the
enzyme dihydropteroate synthetase.50,51 Topically applied
sulfonamides act against vulnerable strains of various bacterial
eye pathogens, for example, Escherichia coli, Staphylococcus
aureus, Streptococcus pneumoniae, Streptococcus, Haemophilus
inf luenzae, Klebsiella species, and Enterobacter species.52,53

Sulfacetamide sodium (SS) (Scheme 1) 10% topical lotion is
approved for the treatment of acne, seborrheic dermatitis,
conjunctivitis, and various external visual infections due to
microorganisms.50,52 SS has been considered in the treatment
of pityriasis versicolor and rosacea.54 It also has antiinflamma-
tory properties when used to treat conjunctivitis.53 It was found
that SS can be used in the treatment of mild forms of
hidradenitis suppurativa.54 There are a number of topical
products containing SS, including foams, shampoos, and
creams.50,54 Sulfacetamide is a competitive inhibitor of bacterial
paraaminobenzoic acid, which is necessary for the bacterial
synthesis of folic acid, a vital constituent for bacterial
growth.50,54 The multiplication of bacteria is thus inhibited by
the action of sulfacetamide.51,54 SS can also be used orally to
treat urinary tract infections, and the oral absorption of SS was
found to be 100%.50,55 Sulfacetamide causes slight irritation in
the presence of UVA light, as it becomes sensitized and
degraded, leading to toxicity when used continuously.53 Thus,

encapsulation of the drug is very important for stabilization
from external hazards, such as oxidation, sensitization, and
photolytic cleavage, for the proficient and accurate regulatory
delivery of the required amount of SS at the targeted site for a
period of time and for the prevention of overdosing.56,57

In this work, we have attempted the inclusion of SS within
the cavities of α- and β-CD in both solution and the solid phase
for use as an ophthalmic solution and ointment. Mono-
molecular encapsulation has been explained by Job’s method,
and several tools have been used for the confirmation of
inclusion. Association parameters and the thermodynamics of
the processes have also been explained on the basis of reliable
ultraviolet−visible spectroscopy and isothermal titration
calorimetric studies, and the solid ICs have been characterized
by 1H nuclear magnetic resonance (NMR) spectroscopy and
two-dimensional (2D) NMR rotational nuclear Overhauser
effect spectroscopy (ROESY), high-resolution mass spectrom-
etry (HRMS), and Fourier transform infrared (FTIR) spec-
troscopy.
Hence, this novel work approaches the stabilization and

regulatory delivery of sulfacetamide sodium. Here, single
molecular encapsulation of the drug provides the drug loading
ability of α- and β-cyclodextrins. The association and
thermodynamic parameters were evaluated by highly sophisti-
cated methods, which aids the implementation of the proposed
utilization of the encapsulated drug in the fields of applied
chemistry and chemical engineering.

2. EXPERIMENTAL SECTION
2.1. Materials. Sulfacetamide sodium salt monohydrate, α-

cyclodextrin, and β-cyclodextrin of high-purity grade were
purchased from Sigma-Aldrich and used as received. The
purities of sulfacetamide sodium salt monohydrate, α-cyclo-
dextrin, and β-cyclodextrin were ≥98.0%.

2.2. Apparatus. UV−visible spectra were recorded on a
JASCO V-530 UV−vis spectrophotometer with a wavelength
accuracy of ±0.5 nm. The temperature of the cell was kept
constant with a digital thermostat.
Surface tension studies were accomplished by the platinum

ring detachment technique using a K9 digital tensiometer
(Krüss GmbH, Hamburg, Germany) at the experimental
temperature. The accuracy of the measurements was ±0.1
mN m−1. The temperature was maintained at 298.15 K by
circulating autothermostat water through a double-walled glass
vessel holding the solution.
The specific conductivities of the studied solutions were

measured with a Mettler-Toledo Seven Multi conductivity
meter with an uncertainty of ±1.0 μS m−1. The experiments
were carried out in an autothermostated water bath held at
298.15 K using HPLC-grade water with a specific conductance
of 6.0 μS m−1. Calibration of the cell was achieved using a 0.01
M aqueous KCl solution.
Isothermal titration calorimetry was employed to determine

the association constants at 298 K using a MicroCal VP-ITC
isothermal titration calorimeter (MicroCal, Inc., Northampton,
MA). First, thermal equilibration was allowed at 298 K, which
was followed by an initial 120-s delay and 25 subsequent
injections of SS into each CD solution. (The duration of each
injection was 10 s with a spacing of 180 s.) A heat-burst curve
was generated for each injection in microcalories per second
versus time in minutes. The saturation curve in terms of
kilocalories per mole of the injectant versus molar ratio was
calculated by integration using Origin 7.0 software to provide

Scheme 1. Molecular Structures of (a) Sulfacetamide Sodium
Salt and (b) Cyclodextrin Molecule with Interior and
Exterior Protonsa

an = 6 and 7 for α-CD and β-CD, respectively.
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the heat associated with the injection. The association affinity
and thermodynamic properties of the binding phenomenon
were determined by fitting the integrated heats of binding to
the one-site binding model to give the association constant
(Ka

C), stoichiometry (NC), binding enthalpy (ΔH°C), and
entropy (ΔS°C).
2D ROESY and 1H NMR spectra were recorded in D2O at

300 MHz in Bruker Avance 300 MHz instrument at 298 K. The
detailed specifications of the 2D ROESY experiments are
shown in Figure 3, below. Signals are cited as δ values in parts
per million using the residual protonated solvent signal as the
internal standard (HDO, δ 4.79 ppm). Data are presented as
chemical shifts.
HRMS analyses were performed on a quadrupole time-of-

flight (Q-TOF) high-resolution instrument with positive-mode
electrospray ionization taking the methanol solution of the solid
ICs.
FTIR spectra were recorded on a Perkin-Elmer FTIR

spectrometer according to the KBr disk method. KBr disks
were made in 1:100 ratios of sample and KBr. FTIR studies

were carried out in the scanning range of 4000−400 cm−1 at
room temperature.

2.3. Procedure. The solubilities of the two CDs and
sulfacetamide sodium salt monohydrate were checked in triply
distilled, deionized, and degassed water. All of the solutions of
α-CD, β-CD, and SS were prepared by mass using a Mettler-
Toledo AG-285 analytical balance with an uncertainty of ±0.1
mg at 298.15 K. Sufficient precautions were taken to minimize
the evaporation loss during mixing and working with these
solutions.
The two solid ICs (SS + α-CD and SS + β-CD) were

prepared in 1:1 molar ratios of SS and CD. For each complex,
1.0 mmol of SS and 1.0 mmol of CD were separately dissolved
in 20 mL of water each and stirred for 4 h. Then, the aqueous
solution of SS was added dropwise to the aqueous solution of
CD. The mixture was then stirred for 48 h at 50−55 °C and
filtered at this temperature. The mixture was then cooled to 5
°C and held at this temperature for 12 h. The resulting
suspension was filtered to obtain a white polycrystalline
powder, which was washed with ethanol and dried in air. The

Figure 1. (a,b) Job plots of the (a) SS-α-CD and (b) SS-β-CD systems at λmax = 256 nm at 298.15 K. R = [SS]/([SS] + [CD]), ΔA = absorbance
difference of SS without and with CD. (c,d) Variations in the surface tension of aqueous SS with increasing concentration of (c) α-CD and (d) β-CD
at 298.15 K. (e,f) Variations in the conductivity of aqueous SS with increasing concentration of (e) α-CD and (f) β-CD at 298.15 K.
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yields of the solid inclusion complexes were 88% and 92% for
SS + α-CD and SS + β-CD, respectively.

3. RESULT AND DISCUSSION
3.1. Job Plot: Stoichiometry of the Host−Guest

Inclusion Complex. An efficient and successful method for
identify the stoichiometry of host−guest inclusion complexes is
Job’s method, popularly known as the continuous variation
method.58 This technique was applied here using UV−visible
spectroscopy by measuring the absorbance of a set of solutions
of SS with α- and β-CD with mole fractions in the range of 0−1
(Tables S1 and S2 and Figure S1, Supporting Information).59

Job plots were generated by plotting ΔA × R against R, where
ΔA is the difference in absorbance of SS without and with CD
and R = [SS]/([SS] + [CD]). Absorbances were determined at
a wavelength of λmax = 256 nm for all of the solutions at 298.15
K. The value of R at the maximum on the curve provides the
stoichiometry of the IC; thus, the ratio of guest and host is 1:2
for R ≈ 0.33, 1:1 for R ≈ 0.5, 2:1 for R ≈ 0.66, and so on.60 In
the present work, the maximum of each of the plots was found
at R ≈ 0.5, indicating a 1:1 stoichiometry of the host−guest
inclusion complexes (Figure 1a,b).61

3.2. Surface Tension Study: Inclusion and Its
Stoichiometric Ratio. A study of the surface tension (γ)
provides significant evidence regarding the formation and
stoichiometry of a host−guest IC.62−64 The structure of SS
shows that there is a charged end and also a hydrophobic
portion; as a consequence, SS behaves as a surfactant molecule,
which is reflected in the lower γ value of its aqueous solution
compared to a pure aqueous medium.65,66 In contrast, because
of their hydrophobic outer surfaces and hydrophilic rims, CDs
hardly show any change in γ when dissolved in aqueous
medium for a wide range of concentrations.67,68 In the present
study, the γ values of aqueous SS were measured with
increasing concentrations of α- and β-CD at 298.15 K (Tables
S3 and S4). In both cases, there was a progressively rising trend
of γ with increasing concentration of α- and β-CD (Figure
1c,d), possibly as a result of the encapsulation of the SS
molecule from the surface of the solution into the hydrophobic
cavity of the CDs, forming host−guest ICs (Scheme S1).59 In
each case, there is also a single noticeable break in the curve
(Figure 1c,d), which not only reveals the formation of an IC
but also specifies the 1:1 stoichiometric ratio of each of the ICs
formed.62,63 The values of γ and the corresponding
concentrations of SS and CD at each break are listed in
Table 1; these values also point out that, at each break point,
the concentration ratio of host and guest is about 1:1,
establishing the formation of 1:1 ICs between SS and the
CDs.59,66

3.3. Conductivity Study: Inclusion Process and
Stoichiometry. The study of conductivity (κ) is an essential
tool for elucidating inclusion phenomenon in the solution
phase.69,70 Specifically, conductivity identifies the formation and
the stoichiometry of ICs.65,67 In the present study, the
conductivity of an aqueous solution of SS was measured
upon the continuous addition of α- and β-CD (Tables S3 and
S4). The results are shown in Figure 1e,f, which demonstrate a
gradually decreasing trend of κ, possibly because of the
decreased mobility of the charged SS molecules due to
encapsulation into the cavity of CDs.71,72 Thus, the
conductivities of the solutions are noticeably affected by the
inclusion phenomenon (Scheme S1).67,70 At certain concen-
trations of α- and β-CD, single breaks were found in the

conductivity curves signifying the formation of 1:1 ICs (Figure
1e,f).59,65 The values of κ and the corresponding concentrations
of SS and the CDs at each break are listed in Table 1, which
indicates that the ratio of the concentrations of SS and each CD
at the break point is roughly 1:1, suggesting that SS−CD IC is
equimolar, that is, ththe host−guest ratio is 1:1 (Scheme
S1).66,70

3.4. Ultraviolet Spectroscopy: Association Constants
and Thermodynamic Parameters. Association constants
(Ka) for the inclusion complexes were determined for the SS-
CD ICs by means of UV−visible spectroscopy.59 There should
be a change in the molar extinction coefficient (Δε) of the
chromophore of SS when the SS molecules go from the polar
aqueous environment to the apolar cavity of α- or β-CD
making the ICs.67,73 The changes in absorbance (ΔA) of SS (at
λmax = 256 nm) were employed against the concentration of α-
and β-CD at a range of temperatures to determine the
association constants (Ka) (Tables S5 and S6).65 On the basis
of the Benesi−Hildebrand method for 1:1 host−guest
complexes, double-reciprocal plots were drawn using the
equation (Figure S2)61,74

ε εΔ
=

Δ
+

ΔA K
1 1

[SS]
1

[CD]
1
[SS]a (1)

The values of Ka for the ICs have been evaluated by dividing
the intercept by the slope of the straight line of the double-
reciprocal plot (Table 2).59,65

Association constants (Ka
ϕ) were also calculated for the SS-

CD ICs by UV−visible spectroscopy with the help of a
nonlinear program based on the changes in absorbance as a
result of encapsulation of the SS molecule inside the apolar
cavities of α- and β-CDs.59,75 The following equilibrium is
assumed to exist between the host and the guest for a 1:1
IC27,28

+
ϕ

H IooSS CD IC
K

f f
a

(2)

The association constant (Ka
ϕ) for the formation of IC may

be expressed as

=ϕK
[IC]

[SS] [CD]a
f f (3)

Here, [IC], [SS]f, and [CD]f represent the equilibrium
concentrations of the IC, free SS molecule, and free CD,
respectively. According to the binding isotherm, the association
constant (Ka

ϕ) for the formation of the IC can be expressed
as59,76,77

Table 1. Values of Surface Tension (γ) and Conductivity (κ)
at the Break Point with Corresponding Concentrations of SS
and CD at 298.15 Ka

concentration of SS
(mM)

concentration of CD
(mM)

γa

(mN m−1)

α-CD 4.94 5.06 70.6
β-CD 4.85 5.15 70.9

concentration of SS
(mM)

concentration of CD
(mM)

κa

(mS m−1)

α-CD 4.74 5.26 0.495
β-CD 4.79 5.21 0.494
aStandard uncertainties (u): temperature: u(T) = ±0.01 K, surface
tension: u(γ) = ±0.1 mN m−1, conductivity: u(κ) = ±0.001 mS m−1.
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= −
−

−
A A

A A
[CD] [CD]

[SS] ( )
( )f ad
ad obs 0
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Here, A0, Aobs, and A are the absorbances of the SS molecule in
the initial state, during the addition of CD, and in the final state,
respectively. [SS]ad and [CD]ad are the concentrations of SS
and the added CD, respectively. Thus, the values of Ka

ϕ for the
ICs were estimated from the binding isotherm by applying the
nonlinear program (Table 2).75,78

The thermodynamic parameters can be derived from the
association constants determined from various isotherms by the
above linear and nonlinear methods with the help of the van’t
Hoff equation (eqs 6a, 6b) (Tables S7 and S8, Figures S3 and
S4).59,65,67

= − Δ ° + Δ °
K

H
RT

S
R

ln a (6a)

= − Δ ° + Δ °ϕ
ϕ ϕ

K
H
RT

S
R

ln a (6b)

The changes in enthalpy and entropy for the inclusion
phenomenon were found to be negative, indicating that the
inclusion process is exothermic and entropy-restricted rather
than entropy-driven (Table 2).59,65 The results can be
described based on the molecular association that was occurring
as the ICs were being formed between α- or β-CD and SS.
Because of this phenomenon, there should be a decrease in
entropy, which is adverse for the spontaneous formation of the
IC. This effect was reversed by a greater negative value of the
change in enthalpy, which makes the overall inclusion process
thermodynamically favorable.

3.5. Isothermal Titration Calorimetry: Characteriza-
tion of Complexation. Isothermal titration calorimetry
(ITC) is a highly sensitive and accurate analytical technique
for evaluating the association constant and various thermody-
namic properties in host−guest complexation chemistry.79 It is
a competent technique for direct measurement of the
thermodynamic parameters than using the van’t Hoff equation
method.59 Upper part of Figure 2a shows the data acquired
from the ITC titration of SS with α-CD in water at 298 K,
which illustrates generation of exothermic heat after each
injection and the amount of the released heat decreases
gradually until complete complexation was achieved. Lower
part of Figure 2a shows the experimental data and the analyzed
best fit binding curve of SS with α-CD, that gives the
stoichiometry (NC), association constant (Ka

C), standard
enthalpy (ΔH°C) and standard entropy (ΔS°C). The complex-
ation of SS with β-CD in water at 298 K was likewise estimated
by ITC as described above and shown in Figure 2b. The results
of calorimetric study are listed in Table 2, which are analogous
with those found from the investigation of UV−visible
spectroscopic data, however, these are slight different from
those obtained by the previous spectroscopic technique studied
in a range of temperature, which may be due to the fact that the
association constants of CD complexes decrease with increase
in temperature, on the basis of which the enthalpy and entropy
were calculated using van’t Hoff method.80 But, here in ITC
study, the thermodynamic parameters were estimated only atT
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298 K, where the changes of the values of association constants
are not reflected. One more fact is that in spectroscopic
determination, the thermodynamic parameters were evaluated
from association constants, which were determined basing
upon Δε of SS, that was owing to the alteration in the
environment around the chromophore, when the SS molecules
go from the polar aqueous surroundings to the hydrophobic
cavity of CD. Hence, the changes in enthalpy and entropy
illustrated there were completely for the formation of IC, not
due to the solvent interactions happening in the system. But, in
ITC various noncovalent forces, namely, van der Waals,
electrostatic, hydrophobic and H-bonding play major role in
the host−guest interactions, representing an overall heat
changes in the thermodynamic parameters.81 The binding of
SS with α-CD or β-CD are enthalpy favored as the entropy for
the interaction is not favorable, indicating major role of
electrostatic and hydrophobic interactions in the complexation
process.59

The stoichiometries (NC) of the binding additionally
recommend that 1:1 complexation have taken place in the
formation of complexes of SS with α-CD and β-CD, which is
consistent with the 1:1 complexation determined from the Job
plots.
3.6. 1H NMR and 2D ROESY NMR Spectral Analyses of

Solid Inclusion Complexes. Inclusion of a guest molecule
into the cavity of CD results in the chemical shift of the
interacting protons of both the guest and CD in 1H NMR
spectra, owing to their mutual shielding through space.82 The
spectral changes that can be observed in the case of
encapsulation of aromatic guest molecules are the diamagnetic
shielding of the interacting protons of CD by the aromatic

moiety of the guest.83 In the structure of CD, it can be observed
that the H3 and H5 hydrogens are located inside the conical
cavity; in particular, the H3 hydrogen is placed near the wider
rim, whereas the H5 hydrogen is placed near the narrower rim
and the other H1, H2, and H4 hydrogens are located at the
exterior of the CD molecule (Scheme 1).84 In the present work,
the molecular encapsulation was studied with the help of 1H
NMR spectrocopy. Figures S5−S7 show the 1H NMR spectra
of pure SS, α-CD, and β-CD, respectively, where the aromatic
signals and the signals of the H3 and H5 protons of the CDs
can be observed with corresponding chemical shift (δ) values
(Table S9). In the 1H NMR spectra of the ICs, it can be
noticed that the signals of the interior H3 and H5 atoms of the
α- and β-CD as well as that of the interacting aromatic protons
of SS showed substantial upfield shifts, confirming the
formation of ICs (Figures S8 and S9).85 It can also be
observed that the chemical shift (δ) of the H3 hydrogen due to
interaction with the aromatic guest was much higher than that
of the H5 hydrogen (Table S9), confirming that the guest
entered through the wider rim of α- and β-CD (Scheme S1).86

Two-dimensional (2D) NMR spectroscopy provides con-
clusive evidence about the spatial proximity of the interacting
atoms of the host and the guest by observing the intermolecular
dipolar cross-correlations.87,88 Two protons that are situated
within 0.4 nm in space can produce a nuclear Overhauser effect
(NOE) cross-correlation in NOE spectroscopy (NOESY) or
rotating-frame NOE spectroscopy (ROESY).89 As the struc-
tural features of α- and β-CD described earlier, the inclusion
into the CD cavity can be confirmed by the appearance of NOE
cross-peaks between the H3 or H5 protons of CD and the
interacting protons of the guest recognizing their spatial

Figure 2. ITC isotherms for the interactions of SS with (a) α-cyclodextrin and (b) β-cyclodextrin at 298 K. For each titration, the cyclodextrin
concentration in the sample cell was 50 μM, and the SS concentration in the syringe was 500 μM. The top panels represent the raw heats of
association obtained upon titration of SS to α- and β-cyclodextrin. The bottom panels are the association isotherms fitted to the raw data using the
one-site model.
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proximity.90,91 To establish this, 2D ROESY spectra were
obtained of the ICs of SS with α- and β-CD in D2O, which
showed significant correlation of the aromatic protons of SS

with the H3 and H5 protons of α- and β-CD, signifying that the
aromatic ring was included inside both the CD cavities (Figure
3).92 These outcomes confirmed the encapsulation of the SS

Figure 3. 2D ROESY spectra of the solid inclusion complexes of (a) SS and α-CD and (b) SS and β-CD in D2O. (Correlation signals are denoted by
red circles.)

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.7b02619
Ind. Eng. Chem. Res. 2017, 56, 11672−11683

11678

http://dx.doi.org/10.1021/acs.iecr.7b02619


molecule within the cavities of α- and β-CD. Furthermore, it
may be observed that the H6 protons of CDs were not
influenced by the inclusion processes, which suggests that the
guest SS molecule was incorporated into the CD cavity through
the wider rim, not through the narrower rim, as, otherwise
cross-peaks between the H6 proton and the guest would have
been observed in the ROESY spectra (Scheme S1).93

3.7. Electrospray Ionization (ESI) Mass Spectrometric
Analysis of Inclusion Complexes. The solid ICs of SS with
α- and β-CD were further analyzed by ESI-mass spectrometry
by dissolving the ICs in methanol. The spectra are shown in
Figure 4, and the observed peaks are listed into Table S10 with
possible ions. The peaks at m/z 1209.35 and 1231.33
correspond to [SS + α-CD + H]+ and [SS + α-CD + Na]+,
respectively, and the peaks at m/z 1371.40 and 1393.38
correspond to [SS + β-CD + H]+ and [SS + β-CD + Na]+,
respectively. The spectra confirm that the desired ICs, namely,
SS + α-CD and SS + β-CD, were formed in the solid state and
that the stoichiometric ratio of the host and guest is 1:1
(Scheme S1).94,95

3.8. FTIR Spectra of Solid Inclusion Complexes. The
inclusion phenomenon inside the CD molecule can be
satisfactorily illustrated by FTIR spectra.46,96 In this work, IR
spectra of SS, α-CD, β-CD, and the ICs were obtained in the
solid state by the KBr pellet method, which showed
characteristic changes in the IR signals of the host and guest,
confirming the formation of ICs.85,97 The spectra are shown in
Figure 5, and the typical signals are listed in Table S11, along
with the chemical bonds responsible for the corresponding

stretching frequencies. The binding modes of SS inside α- and
β-CD were described by NMR studies, which can again be
confirmed by the shifting of IR signals. The following changes
due to various interactions can be found for the SS + α-CD IC:
(i) The signal of OH of α-CD was at 3412.10 cm−1 and
that of NH of SS was at 3433.76 cm−1, whereas the IC
showed a signal at 3406.25 cm−1 possibly due to the formation
of a H-bond between SS and CD. (ii) The >CO stretching
signal was at 1626.42 cm−1 for SS, which was shifted to 1633.94
cm−1 in the case of the IC, possibly as a result of the formation
of H-bonding. (iii) SO exhibited signals at 1322.43 and
1132.63 cm−1 for the pure SS, which changed to 1330.58 and
1152.07 cm−1 for the IC, possibly owing to an interaction with
the CD cavity. (iv) The CH stretching and CH
bending modes of α-CD were at 2930.79 and 1406.76 cm−1,
respectively, and for SS out-of-plane CH bending, were at
836.89 and 690.32 cm−1, respectively, which shifted for the IC
to 2933.57, 1417.51, 846.98, and 685.55 cm−1, respectively,
possibly because of the close proximity of CH of α-CD
with the aromatic CH of SS as found in the 2D ROESY
spectra. Similarly, the following shifts in IR spectra were found
due to various interactions for the SS + β-CD IC: (i) The signal
of OH of β-CD was at 3349.84 cm−1 and that of NH
of SS was at 3433.76 cm−1, whereas the IC showed signal at
3417.91 cm−1 probably due to formation of H-bonding
between them. (ii) The >CO stretching signal was at
1626.42 cm−1 for SS, which was shifted at 1634.83 cm−1 in case
of IC possibly as a result of formation of H-bonding with 
OH of β-CD. (iii) SO showed signals at 1322.43 and

Figure 4. ESI mass spectra of the (a) SS-α-CD and (b) SS-β-CD inclusion complexes.
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1132.63 cm−1 for pure SS, which changed to 1329.43 and
1154.61 cm−1 for the IC possibly because of interaction with
the β-CD cavity. (iv) The CH stretching and CH
bending of β-CD were at 2921.52 and 1412.36 cm−1,
respectively, and for SS out-of-plane CH bending, they
were at 836.89 and 690.32 cm−1, respectively, which shifted for
the IC to 2932.95, 1416.52, 844.09, and 684.45 cm−1,
respectively, possibly because of the closeness of CH of
β-CD with the aromatic CH of SS, as found from 2D
ROESY spectra. In both the IR spectra of the ICs there was no
appearance of additional signal rejecting the possibility of any
chemical reaction.93,98 Hence, the FTIR study provides
significant indications of formation of ICs in the solid form,
supporting the outcomes of the other above studies.

4. CONCLUSIONS
The host−guest inclusion phenomenon is accomplished
through the molecular recognition of the guest by the host
molecule. There also must be dimensional suitability between
the two species. One of the driving forces for the formation of

the IC is the release of the water molecules from the
hydrophobic cavity of CD to the bulk of water, thereby
increasing the entropy of the system. The ICs were stabilized
by both hydrophobic and H-bonding interactions. Here,
formations of 1:1 ICs were established, and the ICs were
characterized by various techniques in aqueous medium as well
as in the solid state. The ICs stabilize SS from chemical
modification and photosensitization and act as a regulatory
releaser at the targeted site for a specified period of time,
reducing overdoses. Thus, the present study conveys a new
approach to the already known versatile use of SS by applying
α- and β-CD in the biomedical sciences and pharmaceutical
industries.
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Figure 5. FTIR spectra of (a) SS, (b) α-CD, (c) β-CD, (d) SS-α-CD IC, and (e) SS-β-CD IC.
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Data for the Job plots, surface tension and conductivity
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SS with α- and β-CD for the generation of Job plots.
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Supramolecular host-guest complexation with excellent comparison among three similarly substituted
ionic liquids, namely, 1-butyl-3-methylimidazolium chloride, 1-butyl-4-methylpyridinium chloride and
1-butyl-1-methylpyrrolidinium chloride have been investigated with 18-crown-6 in acetonitrile medium
by conductivity in a range of temperature to elucidate the stoichiometry of the complexes. The pro-
grammed mathematical study with the help of conductivity data provides association constants for
the complexes, by which the thermodynamic properties have been evaluated for improved understand-
ing about complexation. The molecular interactions have been explained and critically discussed with the
help of FT-IR and 1H NMR spectroscopic studies, which illustrate H-bond and ion-dipolar attractions pri-
marily exist in complexation.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Crown ethers (CEs) are cyclic polyether based macrocyclic
molecules having utmost interest in the field of supramolecular
chemistry [1,2]. CEs form diverse complexes with versatile species,
such as, metal ions, and cationic species by various non-covalent
interactions [3,4]. These macrocyclic polyethers have the unique
property of molecular recognition in solution phase, thus can act
as phase transfer catalyst, photo sensor, delivery vehicle, etc.
[5,6]. In modern days researches are also interested in making
supramolecular polymers, transmembrane channels, nanosensors,
molecule-based logic gates and other interesting supramolecular
systems improving the potential applications of CEs [7,8]. Thus,
fundamental studies involving the interactions of CEs with cationic
species are significant for their advanced applications [9,10]. The
assemblies of CEs with cationic species are already known, but
mechanistic study involving similarly substituted various ionic liq-
uids (ILs) with a CE provides multidimensional information in this
field of research [11–13]. In the present work 1-butyl-3-
methylimidazolium chloride [BMIm]Cl, 1-butyl-4-
methylpyridinium chloride [BMPy]Cl and 1-butyl-1-
methylpyrrolidinium chloride [BMP]Cl (scheme 1) have been
investigated with 18-crown-6 (18-C-6) (scheme 2) in CH3CN solu-
tion to elucidate their complexation process in molecular level
with specific atomic interactions. Imidazolium, pyridinium and
pyrrolidinium based ILs are biologically highly significant as they
play important roles in enzymatic reactions [14,15]. They are also
important in organometallic, organic and material chemistry for
their exceptional physical, chemical and electrical properties
[16–18]. Here, the complexation processes for the three ILs are dif-
ferent and require special considerations. Various non-covalent
type interactions are present in solution, but H-bond type attrac-
tion predominates over others in the complexations of [BMIm]Cl
and [BMPy]Cl with 18-C-6, while ion-dipolar attraction prevails
in complexation of [BMP]Cl with the CE in CH3CN medium
[19,20]. The point of interaction in 18-C-6 is the electron rich ethe-
ric oxygen atoms, which interact with the electron deficient moiety
of ILs. Conductivity study and programmed mathematical treat-
ment provide quantitative data, while FT-IR and 1H NMR spectro-
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Scheme 1. (a) 1-Butyl-3-methylimidazolium chloride [BMIm]Cl, (b) 1-butyl-4-methylpyridinium chloride [BMPy]Cl and (c) 1-butyl-1-methylpyrrolidinium chloride [BMP]
Cl.

Scheme 2. 18-Crown-6.
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Fig. 1a. Variation of conductance of 18-Crown-6/[BMIm]Cl mole ratio at different
temperatures ( 293 K, 298 K, 303 K, 308 K, 313 K).
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scopic studies furnish specific information about the complexation
processes for potential applications in supramolecular host-guest
chemistry [21].
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Fig. 1b. Variation of conductance of 18-Crown-6/[BMPy]Cl mole ratio at different
temperatures ( 293 K, 298 K, 303 K, 308 K, 313 K).
2. Results and discussion

2.1. Conductivity study

Conductivity measurement is highly beneficial for studying
complexation in solution as it provides data for very small changes
in concentration of the free and complexed ions [22,23]. The con-
ductivity of a solution having IL with added CE gives important
information about the formation and stability of CE-IL complex
in the solution system [24,25]. In the present work complexations
have been studied between 18-C-6 and three similarly substituted
imidazolium, pyridinium and pyrrolidinium cations in CH3CN solu-
tion. For these purpose, conductivity measurements of the IL solu-
tions having initial concentration 10.0 mM have been performed
with increasing concentration of 18-C-6 at five different tempera-
tures from 293 K to 313 K in 5 K intervals and shown in Tables S1–
S3 (supplementary information) with increasing CE/IL mole ratio.
The variations of conductance have been shown in Figs. 1a–1c
where the CE/IL mole ratio is plotted in abscissa and the conduc-
tance is plotted in ordinate. All the figures 1a–1c show there are
regular decreases in conductance with increasing CE/IL mole ratio
indicating arrest of the cations by 18-C-6 in CH3CN solution as the
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strong electrolytic behavior of the studied ILs in CH3CN don’t allow
the ions to get associated in ion pairing [26]. Thus, complexations
of the studied ILs with CE are described in Figs. 1a–1c by lowering
of conductance, which becomes almost plateau after the CE/IL
mole ratio passes the value of 1.0, clearly signifying the formation
of sufficiently stable:1 CE-IL complex.[25,27] In all the three fig-
ures 1a–1c there are five different curves at various temperatures,
all of which demonstrate similar variation in conductance. The
increased value of conductance may be explained due to improved
mobility of the ions present in solution, which in turn for the
reduced viscosity of the solvent at higher temperatures.[23]

2.2. Association constants and thermodynamic parameters

Quantitative data about the formation of the complexes may be
obtained by non-linear programmed mathematical treatment
based on the change in conductance according to 1:1 CE-IL com-
plexation at different temperatures [26,27].

The following equilibrium exists between the IL and CE

ILf þ CEf � KaCX ð1Þ
The association constant (Ka) for the formation of complex (CX)

may be expressed as

Ka ¼ ½CX�
½IL�f ½CE�f

ð2Þ

Here, [CX], [IL]f and [CE]f stand for the equilibrium concentra-
tion of CX, free IL and free CE respectively.

According to the programmed non-linear isotherm, in dilute
solution the association constant (Ka) for the formation of CX
may be expressed as [25,27]

Ka ¼ ½CX�
½IL�f ½CE�f

¼ ðjobs � joÞ
ðj� jobsÞ½CE�f

ð3Þ

where; ½CE�f ¼ ½CE�ad �
½IL�adðjobs � joÞ

ðj� joÞ ð4Þ

Here, jo, jobs and j are the conductivity of IL at initial state, dur-
ing addition of CE and final state respectively. [IL]ad and [CE]ad are
the concentrations of IL and the added CE respectively.

Thus, the values of Ka for complexation were evaluated from the
isotherms by applying non-linear programme and shown in
Table 1, which demonstrates a range of values for each of the three
complexes at five different temperatures from 293 K to 313 K in
5 K intervals. The agitation as well as mobility of the ions increases
with increasing temperature, which may be the reason for lower-
ing of the values of Ka with rise in temperature. From table 1 it is
also recognized that the efficiency of complexation that is the
binding of IL with CE is in the order of [BMIm]Cl > [BMPy]Cl >
[BMP]Cl with 18-C-6 in CH3CN solution.

The thermodynamic properties provide more clear representa-
tion of the complexation process occurring in solution [28]. The
changes in standard enthalpy, entropy and Gibbs energy are the
basic parameters for this purpose [29]. The change in standard
enthalpy is primarily due to cation-CE interactions, increased sol-
vation of the complex formed, lowering of repulsion among the
neighboring donor oxygen atoms, relaxed conformation of the CE
after complexation and formation of H-bonding between the imi-
dazolium or pyridinium ring hydrogen with oxygen atoms of CE
[28,29]. The change in standard entropy is mainly due lowering
of number of free species after complexation and conformational
restriction of CE associated with complexation [29,30]. Thus, for
better realization of the complexation process that is to evaluate
the thermodynamic parameters the following van’t Hoff equation
was used [29].

lnKa ¼ �DHo

RT
þ DSo

R
ð5Þ

A plot of lnKa vs 1/T has been drawn for each complexation pro-
cess and the values of DHo and DSo were obtained from the slope
and intercept of the curve respectively (Fig. S1). The corresponding
values of DGo were obtained by the following equation at 298 K.

DGo ¼ DHo � TDSo ð6Þ
The data aboutDHo, DSo and DGo at 298 K have been illustrated

in table 1, which shows negative values for all the three parame-
ters. The negative enthalpy change explains there is attractive force
or stabilization when complexation takes place, whereas the nega-
tive entropy change illustrates the association among the ILs and
CE molecules [30,31]. Here, enthalpy changes play the driving role
for the favorable Gibbs energy changes signifying the spontaneity
of all the three complexation processes [32].

2.3. Infrared spectroscopic study

Infrared spectroscopic study is a handy tool to detect complex-
ation in solution [33]. Here, the FT-IR spectra have been obtained in
CH3CN solution in the 4000–400 cm�1 region. Fig. 2a shows the FT-
IR spectra of 18-C-6, [BMIm]Cl and the complex, in which the
specific interactions between the IL and CE are observed. The fre-
quency of (CAO)str of free CE is 1110 cm�1, whereas in the com-
plexed state (CAO)str is 1095 cm�1 making a shift of 15 cm�1,
indicating the involvement of oxygen atoms in complexation with
[BMIm]Cl [33]. On the other hand the (Csp2AH)str of [BMIm]Cl has
free and complexed stretching frequency at 3164, 2942 and 3152,
2929 cm�1 respectively making shifts of 12, 13 cm�1 (table 2).
These data clearly indicate that the imidazolium ring hydrogen
atoms are involved in the interaction with the oxygen atoms of
CE making H-bond type association between them.[34,35]

The FT-IR spectra of 18-C-6, [BMPy]Cl and the complex are
shown in Fig. 2b, which also indicate the specific interactions
between the CE and IL. The frequency of (CAO)str in free CE is
1110 cm�1, whereas in the complexed state (CAO)str is
1099 cm�1 making a shift of 11 cm�1, indicating that the oxygen
atoms of polyether are involved in complexation with [BMPy]Cl
[33,34]. The (Csp2AH)str of pyridinium ring has free and complexed
stretching frequency at 2948 and 2937 cm�1 respectively making a
shift of 11 cm�1 (Table 2). This information is concurrent with the
imidazolium complex and here also point out that pyridinium ring



Table 1
Association constant, enthalpy, entropy and Gibbs energy change for various CE-IL complexes in CH3CN at different temperatures.

Ka/M�1b DHo /kJ mol�1b DSo/J mol�1 K�1b DGo/kJ mol�1b (at 298 K)

293 Ka 298 Ka 303 Ka 308 Ka 313 Ka

[BMIm]Cl 133 121 110 101 92 �14.00 �7.10 �11.88
[BMPy]Cl 114 106 96 89 81 �13.08 �5.20 �11.53
[BMP]Cl 102 93 86 80 74 �12.09 �2.84 �11.24

a Standard uncertainties in temperature u are: u(T) = ±0.01 K.
b Mean errors in Ka = ±1 M�1; DHo = ±0.01 kJ mol�1; DSo = ±0.01 J mol�1 K�1; DGo = ±0.01 kJ mol�1.
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Fig. 2a. FTIR spectra of 18-C-6 (top), [BMIm]Cl (middle) and complex (bottom).
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hydrogen atoms are involved in the specific interaction with the
oxygen atoms of CE making H-bond like alliance between them.
[35,36]
Table 2
Change in frequencies at FTIR spectra for various CE-IL complexes in CH3CN at room
temperature.

Group Free state/cm�1a Complexed state/cm�1a Shift/cm�1a

18-C-6 + [BMIm]Cl complex
(CAO)str of CE 1110 1095 15
(Csp2–H)str of IL 3164, 2942 3152, 2929 12, 13

18-C-6 + [BMPy]Cl complex
(CAO)str of CE 1110 1099 11
(Csp2AH)str of IL 2948 2937 11

18-C-6 + [BMP]Cl complex
(CAO)str of CE 1110 1104 6
(CANqrt)str of IL 1376 1370 6

a Spectral resolution = 0.5 cm�1.
The complexation of [BMP]Cl with 18-C-6 has also been exam-
ined by FT-IR spectra and has been presented in Fig. 2c. Here, the
complexed polyether (CAO)str frequency shows sharp absorption
at 1104 cm�1 making a shift of 6 cm�1 from the free CE, which indi-
cates weak interaction of the oxygen atoms with the IL [33,34]. The
free and complexed (CANqrt)str frequency of [BMP]Cl indicate
absorbance at 1376 and 1370 cm�1 respectively making a shift of
6 cm�1 (Table 2). The H-bond type interaction is not possible for
pyrrolidinium moiety with the polyether, so, this interaction may
be due to weak ion-dipole involvement between the quaternary
nitrogen of pyrrolidinium and oxygen atoms of the polyether
[35,36].

2.4. 1H NMR spectroscopic study

The complexation processes of the ILs, namely, [BMIm]Cl,
[BMPy]Cl and [BMP]Cl with 18-C-6 were investigated by 1H NMR
spectroscopy in CH3CN solution at 298 K. Figs. 3a–3c show 1H
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NMR spectra of imidazolium, pyridinium and pyrrolidinium com-
plexes with the CE respectively. Detail and marked spectra of 18-
C-6, [BMIm]Cl and the complex are depicted in Fig. 3a, which illus-
trate little downfield shift of the protons of CE (free CE
d = 3.55 ppm and complexed CE d = 3.59 ppm) and slightly broad-
ening with upfield shift of the protons directly attached to imida-
zolium ring (free IL d = 7.40, 7.45, 8.69 ppm and complexed IL
d = 7.30, 7.35, 8.58 ppm respectively) with practically unshifted
signal of the methyl and butyl groups attached to imidazolium
ring. This outcome clearly reveals that there is some sort of associ-
ation between the oxygen atoms of CE and the imidazolium ring
protons in CH3CN solution [30,37]. This association between elec-
tron deficient hydrogen atom and electron rich oxygen atom may
be of H-bond type, which is key factor for the formation of the
complex [38,39].

In Fig. 3b the marked 1H NMR spectra of 18-C-6, [BMPy]Cl and
the complex are shown, which also reveal broadening with little
upfield shift of the pyridinium ring protons (free IL d = 7.76–7.78,
8.53–8.55 ppm and complexed IL d = 7.72–7.74, 8.48–8.50 ppm
respectively) and slightly downfield shift of the protons of CE (free
CE d = 3.55 ppm and complexed CE d = 3.58 ppm). The signals of
methyl and butyl groups attached to pyridinium ring are found
almost unshifted. This spectral data also supports the association
between the electron deficient hydrogen atoms of pyridinium ring
and electron rich oxygen atoms of 18-C-6 for the complexation
process [37,38].

1H NMR spectra of 18-C-6, [BMP]Cl and the complex are
demonstrated in Fig. 3c, where there is practically no shift for
any protons of the IL, although the protons of methyl and methy-
lene groups attached to nitrogen atom, that is, N+ACAH show very
little upfield shift (free IL d = 3.02, 3.28–3.34, 3.48 ppm and com-
plexed IL d = 3.01, 3.27–3.33, 3.47 ppm respectively) may be due
to weak ion-dipole association with oxygen atoms of 18-C-6,
which show little downfield shift after complexation (free CE
d = 3.55 ppm and complexed CE d = 3.56 ppm) [38,39].

The CE-IL interactions in CH3CN solution is the consequence of
the presence of electron rich and electron deficient species in a
non-polar medium [40]. The dielectric constant of CH3CN being
very low, the ionic and dipolar species solvated in this medium
can come close enough to interact with each other making the
IL-CE complexes [40,41]. The imidazolium complex is formed
mainly through H-bond type interaction between the electron defi-
cient imidazolium ring protons and electron rich oxygen atoms of
18-C-6, thus lowering the enthalpy as well as entropy of the sys-
tem [30,31]. The mechanism of formation of complex between
[BMPy]Cl and 18-C-6 is similar to that of imidazolium complex,
but the electron deficiency per ring proton is less for [BMPy]Cl than
[BMIm]Cl, so the binding efficiency is less in pyridinium complex,
which is in agreement from the higher Ka value of imidazolium
complex than pyridinium complex at a particular temperature.
The attractive interaction between [BMP]Cl and 18-C-6 in CH3CN
to form the complex is purely weak ion-dipolar type as found from
the 1H NMR spectroscopy. Here, H-bond type interaction is not
possible and also the close approach of the cation towards CE is
sterically little difficult because of tetrahedral arrangement of the
alkyl groups surrounding the nitrogen atom, which is reflected in
lowest Ka value among the complexes formed by the three types
of similarly substituted ILs with 18-C-6 [42,43].
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Fig. 3b. 1H NMR spectra of 18-C-6, [BMPy]Cl and complex in CD3CN at 298.15 K.

Fig. 3c. 1H NMR spectra of 18-C-6, [BMP]Cl and complex in CD3CN at 298.15 K.
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The 1H NMR study indicates that there is upfield chemical shift
of the imidazolium and pyridinium ring protons. The FT-IR study
also shows changes in frequencies of the CAH vibration of imida-
zolium and pyridinium rings after complexation. These two spec-
troscopic results clearly demonstrate that there is some
association of the above protons with the oxygen atoms of crown
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ether which may be of H-bond type. Thus, the possibility of donor-
acceptor type interaction between the lone pair of electrons on
oxygen atoms and pi anti-bonding orbitals of imidazolium and
pyridinium rings may be neglected on the basis of the above spec-
troscopic results, which confirm the involvement of the ring pro-
tons in the complexation processes.
2.5. 1H NMR data

18-C-6: 1H NMR (300 MHz, CD3CN): d = 3.55 (24H, s, OCH2).
[BMIm]Cl: 1H NMR (300 MHz, CD3CN): d = 0.87–0.92 (3H, t,

J = 7.26 Hz), 1.26–1.33 (2H, m), 1.78–1.85 (2H, m), 3.87 (3H, s),
4.15–4.20 (2H, t, J = 7.11 Hz), 7.40 (1H, s), 7.45 (1H, s), 8.69 (1H, s).

[BMPy]Cl: 1H NMR (300 MHz, CD3CN): d = 0.82–0.87 (3H, t,
J = 6.6 Hz), 1.22–1.29 (2H, m), 1.85–1.90 (2H, m), 2.55 (3H, s),
4.41–4.46 (2H, t, J = = 6.9 Hz), 7.76–7.78 (2H, d, J = 5.7 Hz), 8.53–
8.55 (2H, d, J = 5.7 Hz).

[BMP]Cl: 1H NMR (300 MHz, CD3CN): d = 0.91–0.96 (3H, t,
J = 7.29 Hz), 1.34–1.41 (2H, m), 1.74–1.81(2H, m), 2.19 (4H, m),
3.02 (3H, s), 3.28–3.34 (2H, m), 3.48 (4H, m).

18-C-6 + [BMIm]Cl complex: 1H NMR (300 MHz, CD3CN):
d = 0.87–0.92 (3H, t, J = 7.26 Hz), 1.26–1.33(2H, m), 1.78–1.85
(2H, m), 3.59 (24H, s, OCH2), 3.85 (3H, s), 4.12–4.17 (2H, t,
J = 7.11 Hz), 7.30 (1H, s), 7.35 (1H, s), 8.58 (1H, s).

18-C-6 + [BMPy]Cl complex: 1H NMR (300 MHz, CD3CN):
d = 0.82–0.87 (3H, t, J = 6.6 Hz), 1.22–1.29 (2H, m), 1.85–1.90 (2H,
m), 2.54 (3H, s), 3.58 (24H, s, OCH2), 4.40–4.45 (2H, t, J = 6.9 Hz),
7.72–7.74 (2H, d, J = 5.7 Hz), 8.48–8.50 (2H, d, J = 5.7 Hz).

18-C-6 + [BMP]Cl complex: 1H NMR (300 MHz, CD3CN):
d = 0.91–0.96 (3H, t, J = 7.29 Hz), 1.34–1.41 (2H, m), 1.74–1.81
(2H, m), 2.19 (4H, m), 3.01 (3H, s), 3.27–3.33 (2H, m), 3.47 (4H,
m), 3.56 (24H, s, OCH2).
3. Conclusion

This study highlights toward the specific interactions between
three very important ionic liquids with the macrocyclic polyether
leading to complexation in acetonitrile in a range of temperature.
The conductivity study support the association of the ILs with CE
in 1:1 stoichiometric ratio, while the mathematical programme
elucidates quantitative data of the complexation process. Thermo-
dynamic properties of the processes have also been evaluated for
improved understanding about complexation. The specific interac-
tions in molecular level have been illuminated with the help of FT-
IR and 1H NMR spectroscopic studies, which describe the H-bond
type interactions as the main operating force in imidazolium and
pyridinium complex, while the weak ion-dipolar attraction exists
in pyrrolidinium complex. The association among the species low-
ers the entropy of the system, but the spontaneity of the process is
attributable to higher stabilization effect of change in enthalpy.
This study provides significant information about supramolecular
complexation of 18-C-6 with ILs, as well as offers excellent com-
parison among similarly substituted imidazolium, pyridinium
and pyrrolidinium ions for fabrication of crown ether based host-
guest materials.
4. Experimental section

4.1. Source and purity of samples

18-Crown-6, [BMIm]Cl, [BMPy]Cl and [BMP]Cl of puriss grade
were bought from Sigma-Aldrich, Germany and used as purchased.
Purity of 18-Crown-6, [BMIm]Cl, [BMPy]Cl and [BMP]Cl were
�99.0%, �98.0%, �97.0% and �99.0% respectively.
4.2. Apparatus and procedure

Specific conductivity values of the experimental solutions were
measured by Mettler Toledo Seven Multi conductivity meter with
uncertainty ±1.0 mS m�1. The measurements were carried out using
HPLC grade CH3CN in an auto-thermostat water bath maintaining
at ±0.1 K of the desired temperature. The cell was calibrated using
standard procedure.

Fourier transform infrared (FT-IR) spectra were recorded on a
Perkin Elmer FT-IR spectrometer in CH3CN solution with sample
concentration 10 mM. The FTIR measurements were performed
in the scanning range of 4000–400 cm�1 at room temperature.
The spectral resolution of the spectrometer is 0.5 cm�1.

1H NMR spectra were recorded in CD3CN with sample concen-
tration 10 mM at 300 MHz using Bruker Avance 300 MHz instru-
ment at 298 K. Signals are cited as d values in ppm using residual

protonated solvent signal as internal standard (CH3CN, d
1.96 ppm). Data are reported as chemical shift.

Solubilities of 18-crown-6, [BMIm]Cl, [BMPy]Cl and [BMP]Cl
have been verified in HPLC grade CH3CN. All the stock solutions
of crown ether and ionic liquids were prepared by mass using Met-
tler Toledo AG-285 with uncertainty ±0.1 mg. The uncertainty in
solution concentration is 0.1 mM. Sufficient precautions were
made to minimize the evaporation during mixing and working
with these solutions.
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sion complexes of a and
b-cyclodextrins with a-amino acids†

Mahendra Nath Roy,* Deepak Ekka, Subhadeep Saha and Milan Chandra Roy

Studies of molecular inclusions of a congener series of guest amino acid molecules into the host cavity of a

and b-cyclodextrins in aqueous solution have been focused onmodern research gaining far reaching effect.

With both the a and b-cyclodextrins, it is found that 1 : 1 hosts–guest inclusion complexes are formed with

all the guest molecules at both low and high pH. The variation of the thermodynamic parameters with guest

size and state are used to draw inferences about contributions to the overall binding from the driving forces,

viz., hydrophobic effect, van der Waals forces, H-bonds, electrostatic forces, structural effect and

configurational theory. The formation and comparative study of inclusion complexes have been analyzed

by available data supplemented with surface tension, pH, density, viscosity, and refractive index.
1. Introduction

There has been an increasing interest in the use of cyclodextrins as
a tool for controlled release of active compounds due to their
outstanding ability to form molecular inclusion complexes with
hydrophobic guest molecules. Cyclodextrins are formed from the
enzymatic degradation of starch by bacteria. They are cyclic
oligosaccharides consisting of six (a-CD), seven (b-CD) and eight
(g-CD) glucopyranose units, which are bound together by a-(1–4)
linkages forming a torus-shaped ring structure. Due to their
unique property, i.e., polar hydrophilic outer shell and relatively
hydrophobic inner cavity (Scheme 1), they can build up host–guest
complexes by inclusion1 of the suitable hydrophobic moiety of
guest molecules (e.g. a-amino acid). Formation of these complexes
are directed by the signicant applications in stabilization, carry
and controlled delivery, packing effect, solubility and the reactivity
of the guest molecules without any chemical modication.2

To the best of our knowledge, there has been no previous study
on these ternary solution systems. In the present study, we attempt
to ascertain the nature of the formation of inclusion complexes'
insight into the a- and b-cyclodextrins with three a-amino acids,
i.e., L-lysine, L-phenylalanine and L-glutamic acid in 0.001, 0.003,
0.005 mass fractions of a- and b-cyclodextrins in aqueous media.
2. Result and discussion
2.1 Surface tension

Surface tension (g) measurement can be used to obtain valuable
clues about the formation of the inclusion complex in
orth Bengal, Darjeeling-734013, India.

(ESI) available: The theory and tables
OI: 10.1039/c4ra07877b
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cyclodextrin. It is found that g for aqueous solutions of pure a-
and b-CD does not show any remarkable change with increasing
concentration,3 whereas the aqueous solution of L-Lys, L-Phe
and L-Glu shows considerable variations (Fig. 1). The pH data
(8.95–9.00) of aq. solution of L-Lys indicates the existence of an
–NH3

+ group in both the zwitterions and at the end of the
butylamine side chain. Due to this charged structure, the ionic
interaction might occur by NH3

+, COO� and the end –NH3
+

group of L-Lys, which reects an increase in g value with
increasing concentration. Similar variation has been observed
Scheme 1 The molecular structure of chosen a-amino acids and a-
and b-cyclodextrin (a- CD has 6 membered and b-CD has 7
membered sugar ring molecules).

RSC Adv., 2014, 4, 42383–42390 | 42383

http://crossmark.crossref.org/dialog/?doi=10.1039/c4ra07877b&domain=pdf&date_stamp=2014-09-09


Fig. 1 Plot of surface tension (g) against concentration of amino acid (m) in w1 ¼ 0.000 ( ), w1 ¼ 0.001 ( ), w1 ¼ 0.003 ( ), w1 ¼ 0.005 ( ) mass
fraction of a-CD, pure a-CD ( ) and in w2 ¼ 0.000 ( ) w2 ¼ 0.001 ( ), w2 ¼ 0.003 ( ), w2 ¼ 0.005 ( ) mass fraction of b–CD, pure b–CD ( )
respectively.

Scheme 2 The plausible stoichiometries inclusion ratio of the

RSC Advances Paper
in the surface tension of the aq. solution of L-Glu, i.e., g values
gradually increase with increasing concentration due to the
presence of a negatively charged deprotonated carboxylate
(–COO�) group at the side chain, as evident from pH ¼ 4.10–
4.25, which is responsible for interaction in solution. However,
the situation is different in case of L-Phe, as the variation of g in
aqueous solutions shows a considerable decrease with
increasing concentration (Fig. 1). This is because of the appre-
ciable hydrophobic nature of the benzyl (–CH2Ph) group at the
side chain, as well as hydrophilic zwitter ionic group present,
which can behave like a surfactant, resulting in a decrease in the
surface tension.

The surface tensions (g) with corresponding concentration
of amino acid in different mass fractions of aq. a- and b-CD
have been observed for three a-amino acids (Fig. 1). In each
case, the trends of the curves in surface tensions (g) against
concentration (molality) are similar to that of aq. amino acids,
but each curve clearly shows a break point in surface tension at
a certain concentration, i.e., the g values increase (L-Lys and L-
Glu) or decrease (L-Phe) with corresponding concentration,
reaching a certain point (break point), and then become
approximately steady, which obviously indicates the formation
of the inclusion complex. The formation of inclusion complexes
is responsible for the insertion of the hydrophobic (aliphatic or
aromatic) group of the chosen amino acid insight into the cavity
of a- and b-CD. There is a possibility that the inclusion complex
may have different stoichiometries, like 1 : 1, 1 : 2, 2 : 1, 2 : 2
42384 | RSC Adv., 2014, 4, 42383–42390
(Scheme 2) ratios of CD and amino acid respectively. Single
break, double break and so on in the curve of surface tension
are indications of 1 : 1, 1 : 2, and so on inclusion complexes by
cyclodextrin.4 In Fig. 1, each curve shows a single break point,
which further suggests that a 1 : 1 inclusion complex is formed.
Two intersecting straight lines have been drawn in g for deter-
mination of the value of g and the corresponding concentration
at the break point of the respective amino acid (Table 1). For
each amino acid, the change in g is suppressed with the
increasing mass fraction of aq. a- and b-CD compared to aq.
amino acid, i.e., the break point comes at the lower concen-
tration of the respective amino acids, and the g value comes
closer to that of aq. CDs, which suggests that inclusion becomes
feasible when increasing the amount of CD in solution. If we
compare aq. a-CD and b-CD, both the values of g and concen-
tration at the break point are lower in the case of aq. b-CD than
that of aq. a-CD for L-Lys and L-Glu; however, for L-Phe, g is
host : guest molecule.

This journal is © The Royal Society of Chemistry 2014



Table 1 Values of surface tension at the break point (g) with corresponding concentration of amino acids in differentmass fractions of aqueous a
and b-cyclodextrin respectively at 298.15 Ka

Mass fraction (w)

L-Lys L-Phe L-Glu

Conc. (m) g/m Nm�1 Conc. (m) g/m Nm�1 Conc. (m) g/m Nm�1

w1 ¼ 0.001b 0.0441 77.81 0.0389 62.37 0.0403 77.67
w1 ¼ 0.003b 0.0427 77.11 0.0385 65.06 0.0396 76.62
w1 ¼ 0.005b 0.0421 76.26 0.0378 65.66 0.0389 75.56
w2 ¼ 0.001b 0.0413 77.67 0.0364 62.83 0.0387 77.61
w2 ¼ 0.003b 0.0405 77.06 0.0356 65.24 0.0361 76.29
w2 ¼ 0.005b 0.0381 76.15 0.0341 66.22 0.0337 75.49

a Standard uncertainties u are: u(T) ¼ 0.01 K. b w1 and w2 are mass fractions of a- and b-cyclodextrin in aqueous mixture respectively.

Scheme 4 State of amino acids in their respective pH range.
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higher at the lower concentration in aq. b-CD than a-CD. This is
obviously due to the fact that b-CD provides a more viable feature
(cavity diameter and volume) for formation of a feasible inclusion
complex than a-CD. The studied amino acids, thus, form soluble
1 : 1 complexes with both the cyclodextrins, in which we visualize
the nonpolar tail group of the amino acid to be inserted via the
wider rim, so as to make maximum contact with the cyclodextrin
cavity (Scheme 3), while the charged polar head residue remains
in the wider rim of cyclodextrin or in bulk solution. This is also in
correlation with the data from density and viscosity measure-
ments, which undoubtedly establishes that b-CD ismore efficient
than a-CD in the formation of the inclusion complexes with the
above three selected a-amino acids.
2.2 pH

The pH values of the three amino acids, e.g., L-Lys, L-Phe and L-
Glu, clearly show the existence and variation in their zwitter-
ionic forms (Scheme 4). The pH of L-Lys in both aq. a- and b-CD
is 9.76–10.12, suggesting the existence of an –NH3

+ group in the
butylamine side chain. The value of pH increases with the
increasing concentration of L-Lys as well as with the increase in
concentration of a- and b-CD (Table S2†), indicating that aer
inclusion, the end –NH3

+ group interacts with the –OH group of
cyclodextrin by making an H-bond (Scheme 5). The existence of
a side chain carboxylate –COO� and zwitterionic group of L-Glu
is conrmed by shis from pH ¼ 4.10–4.25 in aq. solution to
3.16–3.40 in a- and b-CD. Note that the lower pH is due to
Scheme 3 The feasible and restricted inclusion of the host : guest
molecule.

This journal is © The Royal Society of Chemistry 2014
release of an H+ ion from carboxylic acid (–COOH) group in the
side chain. However, the case of L-Phe is different; the pH range
lies within 5.10–6.36 in both aq. a- and b-CD, which shows the
simple zwitterionic structure and the rest of the part are
hydrophobic groups. Thus, L-Phe acts as a surfactant and is very
suitable for the formation of the inclusion complex with the
apolar cavity of CDs.
2.3 Density

Volumetric properties, such as apparent molar volumes, fV, and
limiting apparent molar volumes f0

V, are regarded as sensitive
tools for understanding the interactions that take place in
solutions. The apparent molar volume can be considered to be
the sum of the geometric volume of the central solute molecule
and changes in the solvent volume due to its interaction with
the solute around the co-sphere. Thus, fV has been determined
from the solutions density using the suitable equation.5 The
magnitude of fV (Table S3†) is found to be large and positive for
all the studied systems, suggesting strong solute–solvent inter-
actions.6 The fV values decrease with increasing molarity (m) of
amino acid in both the aq. a- and b-CD, respectively, for all the
amino acids under study. fV varies linearly with m and could be
least-square tted to the Masson equation5 from where limiting
molar volume, f0

V (partial molar volume at innite dilution),
have been estimated. If the variation of fV with m showed
considerable scatter, f0

V can be determined either graphically or
taken as the average of the fV values when the slope tends to
zero, within the range of R2 ¼ 0.9989 to 0.9999 in linear
regression coefficients. The values have been represented in
RSC Adv., 2014, 4, 42383–42390 | 42385



Scheme 5 Schematic representation of convincing mechanism of 1 : 1 inclusion complexes' insight into a- and b-cyclodextrin with the titled a-
amino acids.
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Table S4.† The trend of variation of f0
V of selected amino acids

follows the order: Glu < Lys < Phe.
The increase of f0

V for amino acids with increasing mass
fraction and the increasing positive transfer volumes suggests
that the ion–ion and ion–hydrophilic group interactions are
stronger than ion–hydrophobic group interactions. In the
present ternary system (amino acid + aq. cyclodextrin), the
interactions of head groups (COO� and NH3

+) of amino acids
with the cyclodextrin is localized at the –OH groups. 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.

It should be noted (Fig. 2) that f0
V of L-Glu is less than that of

L-Lys owing to greater electrostriction. This is because the
additional methylene groups (with increasing chain length)
provide an increasing structure, enforcing tendency in L-Lys,
42386 | RSC Adv., 2014, 4, 42383–42390
and as a result, the water in the overlapping co-spheres is more
structured than in the bulk. When this water relaxes to the bulk,
there is a decrease in volume. However, in amino acids, the
interactions increase with the addition of –CH2 groups, and
consequently there is a net increase in volume.

The results on the chosen amino acids can be rationalized on
the basis that the partial molar volume is observed to increase
with the increasing molar mass and size of the amino acid
(Table S4†). The f0

V for glycine, L-alanine, L-valine was studied
earlier.6 When one H of L-Ala is replaced by –(CH2)4NH2 (L-Lys),
–CH2C6H5 (L-Phe), –(CH2)2COOH (L-Glu) groups, there is a huge
change in f0

V, this should increase by virtue of its increased
chain length as well as size. L-Glu has a hydrophobic –(CH2)2
and hydrophilic acid (–COOH) group, because the f0

V of which is
less compatible to L-Lys (containing a hydrophobic –(CH2)4 and
hydrophilic (–NH2) group), though they have almost same
This journal is © The Royal Society of Chemistry 2014



Fig. 2 Plot of limiting molar volume (f0
V) vs mass fraction for L-Lys

(brown), L-Phe (blue), L-Glu (yellow) in aq. a-CD and for L-Lys (red), L-
Phe (green), L-Glu (black) in aq. b-CD, respectively.
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molar mass. When a –CH2 group (L-Ala) is replaced by a hydro-
phobic –(CH2)2 group (L-Glu), f0

V increases because of the struc-
ture-enhancing behavior of the alkyl group. If –(CH2)2 group of (L-
Glu) is replaced by another hydrophobic –(CH2)2 group (L-Lys),
the increase in the partial molar volume should be greater,
relative to L-Glu owing to greater hydrophobicity of the side chain,
as it observed. On the other hand, L-Phe has the maximum value
of f0

V in the series of studied amino acids, which can be attributed
to its great effect of both the zwitterions and benzyl (–CH2C6H5)
group as well as its largest size and mass.

The entire group present in the studied amino acids (L-Lys, L-
Phe, and L-Glu) greatly affect the inclusion complexes occurring
in the solution systems. Variations of f0

V and viscosity B-coeffi-
cient with the number of carbon atoms (nc) in the alkyl chain for
basic, neutral, and acidic amino acids in presence of a- and b-
CD have been estimated (Table 2). It is observed that, for chosen
amino acids, while the slopes are the volume contributions by
the CH2 group found within the range of 7.34–20.11 � 10�6 m3

mol�1 for f0
V, which is of the order reported for amino acids in

water (16 � 10�6 m3 mol�1) (ref. 7) and the intercept, the
volume contribution by polar head groups stay in the range of
23.11–34.94 � 10�6 m3 mol�1. For L-Lys the contribution of
(NH3

+, COO�) to f0
V is larger than that of the –CH2– group and

decreases with the increase in the mass fraction (wn) for both
the a- and b-CD, which indicates that the interactions between
the –OH group (primary of secondary) of CD and the polar head
groups (NH3

+, COO�) of amino acids are strong, but they
decrease with increasing mass fraction of a- and b-CD. The
contribution of –CH2 group increases, which suggests that –CH2

group exerts the +I effect. For a particular mass fraction (say wn

¼ 0.001), contribution of (NH3
+, COO�) groups for L-Lys is less

signicant than L-Phe, which in turn become less than L-Glu,
which indicates that the (NH3

+, COO�) group contribution is
effective for L-Glu. However, the –CH2 group contribution has
been found to possess the opposite trend, i.e., contribution of
the –CH2 group is greater for L-Lys than L-Phe, which in turn is
greater than L-Glu. This suggests that the –CH2 group exerts the
+I effect; as a result of increasing the number of –CH2 groups
interactions are more intense. If we consider the other group for
This journal is © The Royal Society of Chemistry 2014
L-Lys, the contribution of the –(CH2)4NH2 group increases with
increasing the mass fraction of both the a- and b-CD, but, for
the –NH2 group, it decreases. This indicates that the effect of the
hydrophilic end –NH2 group is very poor, whereas –(CH2)4NH2

is more effective due to the greater number of –CH2 groups and
also the greater +I effect. For L-Phe, contribution of both

and to f0V are found to be greater and

increase with mass fraction of CD, which indicates that both the
groups strongly affect the hydrophobic solvation as well as side
chain phenyl group effect. For L-Glu, both the –(CH2)COOH and
end –COOH group contribution increase with the rising amount
of mass of CD in solution, which indicates that both groups are
contributed in similar fashion. Between these two, the contribu-
tion of –COOH is higher than –CH2, suggesting the hydrophilic
end –COOH is stronger.

A decrease in the hydration number (nH) and increase in
solvation number (Sn) on addition of a-and b-CD (Table 3) is due
to the decrease in the electrostriction of water. L-Lys with a larger
charge separation, greater hydrophobicity and +I effect, than L-Glu
has a larger solvation number value, which is consistent with the
results of Ogawa et al.8Due to the large electrostriction and greater
effect of the –CH2C6H5 group in the case of L-Phe, solvation
numbers are found to be higher than in the other amino acids
studied. Table 3 also shows that L-Lys is more solvated by CD than
L-Glu. If we consider individual cyclodextrin, initially, in aqueous
mixture, all or maximum of –OH (primary or secondary) groups
interact with the water molecules present in the bulk solution.
Aer addition of chosen amino acids (separately), they coordinate
the –OH of cyclodextrins by replacing the water molecules, with
the proper phase of interaction, such as zwitterionic groups, the
end –NH3

+ group of butylamine of L-Lys, the side chain –COO�

group of L-Glu, and the benzyl group (–CH2C6H5) of L-Phe, and
therefore there is a net increase in solvation number. Lower
hydration numbers as well as higher solvation numbers in b-CD
than a-CD for studied amino acids further suggest that b-CD are
more useful for solvation than a-CD.
2.4 Viscosity

The viscosity of aq. CD increases with an increase in employed
mass fraction w ¼ 0.001, 0.003 and 0.005 (Table S1†), attributed
to the structure-making inuence between CD and water by
breaking the H-bonded structure of water in its vicinity. For the
ternary system (amino acid + aq. CD), at a given concentration
of CD, the viscosity of the solution increases with the increasing
molarity of amino acids (Table S2†). The viscosity B-coefficient
is known to depend9 on the size and shape of the solute mole-
cules, which indicate the solute–solvent interactions. The B-
coefficients of all the studied amino acids were positive (Fig. 3)
and increase with the increasing concentration of CD, which
may be considered to arise due from increasing the amino acid–
cyclodextrin interaction as well as increasing the solvation.

The group contributions of the amino acids to viscosity B-
coefficient have been derived using the same scheme as Ekka
et al.6 From Table 2 it is seen that B(NH3

+, COO�) for L-Lys and L-
Glu decreases, and B(–CH2) values decrease with increasing
RSC Adv., 2014, 4, 42383–42390 | 42387



Table 2 Contributions of zwitter ionic group (NH3
+, COO�), CH2 group, end group and the other alkyl chains to the limiting apparent molar

volume,f0
V, and viscosity B-coefficient for amino acids in different mass fraction of aqueous a and b-cyclodextrin respectively at 298.15 Ka

Groups

f0
V/m

3 mol�1 B/kg1/2 mol�1/2

w1 ¼ 0.001b w1 ¼ 0.003b w1 ¼ 0.005b w1 ¼ 0.001b w1 ¼ 0.003b w1 ¼ 0.005b

L-Lys
NH3

+, COO� 27.57 25.99 24.24 0.098 0.068 0.032
–CH2– 14.71 16.66 18.71 0.037 0.069 0.107
–(CH2)4NH2 67.25 72.81 78.61 0.268 0.356 0.460
End –NH2 gr 8.41 6.17 3.77 0.120 0.080 0.032

L-Phe
NH3

+, COO� 30.16 28.59 26.58 0.052 0.108 0.168
–CH2– 12.12 14.06 16.37 0.083 0.029 �0.029

79.87 87.21 95.82 0.484 0.600 0.665

67.75 73.15 79.45 0.401 0.571 0.636

L-Glu
NH3

+, COO� 34.94 33.23 31.61 0.107 0.082 0.056
–CH2– 7.34 9.42 11.34 0.028 0.055 0.083
–(CH2)2COOH 47.82 53.84 59.33 0.168 0.222 0.276
End –COOH 33.14 35.00 36.65 0.112 0.112 0.110

w2 ¼ 0.001b w2 ¼ 0.003b w2 ¼ 0.005b w2 ¼ 0.001b w2 ¼ 0.003b w2 ¼ 0.005b

L-Lys
NH3

+, COO� 27.13 24.98 23.11 0.079 0.044 0.010
–CH2– 15.37 17.94 20.11 0.058 0.096 0.133
–(CH2)4NH2 68.73 75.92 82.02 0.235 0.428 0.528
End –NH2 gr 7.25 4.16 1.58 0.093 0.044 �0.004

L-Phe
NH3

+, COO� 28.83 27.12 24.76 0.094 0.151 0.218
–CH2– 13.67 15.80 18.46 0.041 �0.014 �0.079

85.07 92.97 102.87 0.568 0.657 0.663

71.40 77.17 84.41 0.527 0.643 0.584

L-Glu
NH3

+, COO� 34.06 33.16 29.85 0.081 0.055 0.023
–CH2– 8.44 9.76 13.37 0.054 0.082 0.116
–(CH2)2COOH 50.54 57.14 64.57 0.220 0.275 0.343
End –COOH 33.66 37.62 37.83 0.112 0.111 0.111

a Standard uncertainties u are: u(T) ¼ 0.01 K. b w1 and w2 are mass fractions of a- and b-cyclodextrin in aqueous mixture respectively.

RSC Advances Paper
mass fraction (wn) of both CD, suggesting that the effect of
(NH3

+, COO�) groups are diminished and that of –CH2 groups
are enhanced in the structure for solute–solvent interactions in
solutions. The side chain contribution shows positive and
greater for L-Phe than L-Lys, which in turn is greater than L-Glu.
This fact is due to the structure making propensity, and these
ndings are found to be the same as the trend discussed in
group contribution to volume.
42388 | RSC Adv., 2014, 4, 42383–42390
2.5 Refractive index

The refractive index and molar refraction is also a valuable tool
for investigating the molecular interaction in solution. More
refractive index indicates that the velocity of light becomes
lower through the medium; in other words, more molar
refraction (RM) as well as limiting molar refraction (R0

M) (Tables
S3 and S4†) indicate that the medium is denser or more
compact.10 Therefore, from Fig. 4 it is evident that the inclusion
This journal is © The Royal Society of Chemistry 2014



Table 3 Hydration number (nH), and solvation number (Sn) of chosen
amino acids of differentmass fraction of aqueous a and b-cyclodextrin
respectively at 298.15 Ka

nH Sn

0.001 0.003 0.005 0.001 0.003 0.005

Aq. b-CD (w2)
b

L-Lys 6.98 5.01 2.97 3.68 4.27 4.93
L-Phe 5.52 2.95 �0.02 5.07 5.68 6.21
L-Glu 4.54 2.41 0.48 3.36 3.72 4.06

Aq. b-CD (w2)
b

L-Lys 6.42 3.88 1.75 4.15 4.78 5.36
L-Phe 3.71 0.94 �2.46 5.51 6.05 6.57
L-Glu 3.56 1.22 �1.35 3.82 4.12 4.47

a Standard uncertainties u are: u(T) ¼ 0.01 K. b w1 and w2 are mass
fractions of a- and b-cyclodextrin in aqueous mixture respectively.

Fig. 3 Plot of viscosity B-coefficient vs.mass fraction for L-Lys (black),
L-Phe (blue), L-Glu (yellow) in aq. a-CD and for L-Lys (indigo), L-Phe
(green), L-Glu (red) in aq. b-CD, respectively.

Fig. 4 Plot of limiting molar refraction (R0
M) for selected amino acids in

different mass fraction of aq. a- and b-CD, respectively.
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complex of L-Phe with both the a- and b-CD is more closely
packed than that of L-Lys and L-Glu. This may be explained
because of the greater hydrophobic interaction between the
–CH2Ph group of L-Phe and the hydrophobic cavity of a- and b-
CD than that of the –(CH2)n– group present in L-Lys and L-Glu.
This reects that the inclusion complexes formed by L-Phe are
This journal is © The Royal Society of Chemistry 2014
denser and stronger, which is in good agreement with the data
found from surface tension, density and viscosity.
2.6 Structural inuence of cyclodextrins

Complex formation is a dimensional t between the host cavity
of CD and the amino acid molecule. The most notable feature of
the cyclodextrin molecule (lipophilic cavity diameter of a- and b-
CD is 4.7–5.3 Å and 6.0–6.5 Å respectively) provides a micro
environment into which appropriately sized non-polar moiety
enters and forms strong inclusion complexes11 (Scheme 5).
However, no covalent bonds are broken or formed during
formation of the inclusion complex.12 The main driving force in
aqueous solution is that the slightly apolar cyclodextrin cavity is
occupied by water molecules,3 which are energetically unfav-
oured (polar–apolar interaction) and therefore can be readily
substituted by more hydrophobic side chain groups of a-amino
acid molecules, which are less polar than water, to attain an
apolar–apolar association and decrease cyclodextrin ring strain
resulting in a more stable, lower energy state.13 One or two
cyclodextrin molecules can entrap one or more amino acid
molecules; therefore, the plausible host : guest ratio of the
inclusion is 1 : 1, 1 : 2, 2 : 1, and 2 : 2, or an even more
complicated association complex and higher order equilibria
can exist simultaneously (Scheme 2). However, the simplest and
most frequent case of host : guest ratio is 1 : 1 because of
molecular encapsulation by a- and b-CD. Moreover, it is difficult
for a second amino acid molecule to be trapped by the cavity of
the cyclodextrin aer inclusion of a molecule. This is because,
the cavity size (Scheme 1) and volume allow a single molecule to
accommodate through the wider or secondary rim, and both the
narrow and wider rims are blocked (Schemes 3 and 5). The
inclusion result states that the binding strength of L-Phe–CD
complex is well t together on specic local interactions
between surface atoms and forms stronger inclusion than L-
Lys–CD and L-Glu–CD.

Based on these dimensions of the a- and b-cyclodextrins, the
selected amino acids can typically complex with aliphatic,
aromatics side chains. Hence, the positive interactions occurred
to form the inclusion complex by.

� The displacement of polar water molecules from the apolar
cavity of cyclodextrin.

� Increased number of H-bonds formed as the substituted
water, which returns to the larger pool.

� A reduction of the repulsive interactions between the
hydrophobic group of amino acid and the aqueous
environment.

� An increase in the hydrophobic–hydrophobic interactions
as the inclusion of amino acid takes place in the apolar cavity of
cyclodextrin.
3. Experimental
3.1 Materials

The titled compounds, e.g., amino acids and cyclodextrins of
puriss grade, were purchased from Sigma-Aldrich, Germany
and used as purchased. The mass fraction purity of L-Lys, L-Phe,
RSC Adv., 2014, 4, 42383–42390 | 42389
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L-Glu, a-cyclodextrin and b-cyclodextrin were $ 0.98, 0.98, 0.99,
0.98, and 0.98, respectively.
3.2 Apparatus and procedure

Solubility of the chosen cyclodextrins in water (deionized, triply
distilled, degassed water with a specic conductance of 1 �
10�6 S cm�1) and title compounds viz., amino acids in aqueous
cyclodextrin, were precisely checked prior to the start of the
experimental work, and the selected amino acids were freely
soluble in all proportions of aq. cyclodextrin. All the stock
solutions of the amino acids were prepared by mass (weighed by
Mettler Toledo AG-285 with uncertainty 0.0003 g), and then the
working solutions were obtained by mass dilution at 298.15 K.
The conversions of molality into molarity were performed14

using density values. Adequate precautions were made to
reduce evaporation losses during mixing.

The surface tension experiments were performed by platinum
ring detachment method using a Tensiometer (K9, KR�U�SS; Ger-
many) at the experimental temperature. The accuracy of the
measurement was within �0.1 m Nm�1. Temperature of the
system was maintained by circulating auto-thermostated water
through a double-wall glass vessel containing the solution.

The densities (r) of the solvents were measured by means of
vibrating a u-tube Anton Paar digital density meter (DMA
4500M) with a precision of �0.00005 g cm�3 maintained at
�0.01 K of the desired temperature. It was calibrated by passing
deionized, doubly distilled, degassed water and dry air.

The viscosities (h) were measured using a Brookeld DV-III
Ultra Programmable Rheometer with tted spindle size-42. The
detail description was already described earlier.15

Refractive index was measured with the help of a Digital
Refractometer Mettler Toledo. The light source was LED, l ¼
589.3 nm. The refractometer was calibrated twice using distilled
water, and calibration was checked aer every few measure-
ments. The uncertainty of refractive index measurement was
�0.0002 units.
4. Conclusion

The extensive study concludes the formation of inclusion
complexes for all the titled a-amino acids in the apolar cavity of
both a and b-cyclodextrin. Surface tension study conrms that
1 : 1 inclusion complex was formed. All the derived parameters
obtained from the supplementary data of density, viscosity and
refractive index strongly support the formation of the inclusion
complex as well as solute–solvent interaction taking place in the
studied solution systems. The order of interaction for selected
a-amino acid insight into a- and b-CD is as follows: L-Glu < L-Lys
< L-Phe.
42390 | RSC Adv., 2014, 4, 42383–42390
Hence, the ndings discussed and explained in this paper
illustrate the advancement of the work and demonstrate the
suitability for diverse applications.
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a b s t r a c t

Supramolecular complexations of cetylpyridinium chloride with three comparable cavity dimension
based crown ethers, namely, dibenzo-18-crown-6, 18-crown-6 and dicyclohexano-18-crown-6 have been
explored and adequately compared in acetonitrile with the help of conductivity in a series of temper-
atures to reveal the stoichiometry of the three host-guest complexes. Programme based mathematical
treatment of the conductivity data affords association constants for complexations from which the
thermodynamic parameters were derived for better comprehension about the process. The interactions
at molecular level have been explained and decisively discussed by means of FT-IR and 1H NMR spec-
troscopic studies that demonstrate H-bond type interactions as the primarily force of attraction for the
investigated supramolecular complexations.

© 2017 Published by Elsevier B.V.
1. Introduction

Crown ethers (CEs) are used as important hosts in supramo-
lecular chemistry, where the hosteguest interaction mimics natu-
ral systems as well as constructs various materials [1e6]. CEs are
macromolecular heterocyclic compounds with essential repeating
unit eCH2CH2O- [7]. A number of researchers are working on
fabrication of crown-ether-based stimuli-responsive materials that
have unique characters of ion recognize ability [8e10]. A variety of
current supramolecular materials, for instance rotaxanes are made
on these unique recognition properties of CEs [11,12]. Binding of CEs
with cations with high selectivity and affinity has found remarkable
importance in chemistry [13,14]. Formation of molecular assem-
blies has vast implication for the building of molecular machines
having plausible use as analogous to sophisticated machines of
natural systems [15,16]. Hence, fundamental investigations of the
interactions between CEs and cationic species are important for
their advanced applications [17,18]. In the present work cetylpyr-
idinium chloride (CPCl) (Scheme 1) has been investigated as the
cationic species, which is structurally significant because of having
long lipophilic chain and pyridinium cationic head and also has
medicinal applications, while three CEs, namely, dibenzo-18-
crown-6 (DB-18-C-6), 18-crown-6 (18-C-6) and dicyclohexano-18-
.N. Roy).
crown-6 (DCH-18-C-6) (Scheme 2) have been selected with
similar cavity dimension, but having different and tailored abilities
to construct supramolecular complexes [19e23]. The complexation
processes have been explored in CH3CN solutionwith definite host-
guest type interactions inmolecular level [24,25]. Pyridinium based
ionic liquids (ILs) are biologically extremely significant and also
have role in material chemistry for their extraordinary properties
[26e28]. Here, the structure of CPCl is very important to make
supramolecular materials and also has biological and medicinal
functions [29,30]. In this study the three complexation processes
require special attention to explore the various interactions taking
place in molecular level [31,32]. Conductivity measurement and
programmedmathematical treatment of the data offer quantitative
idea about association constant and thermodynamic parameters,
whereas FT-IR and 1H NMR spectroscopic studies deliver specific
information about the complexation processes for the potential
applications in supramolecular host-guest chemistry.

2. Experimental section

2.1. Source and purity of samples

Cetylpyridinium chloride, dibenzo-18-crown-6, 18-crown-6 and
dicyclohexano-18-crown-6 of puriss grade have been bought from
Sigma-Aldrich, Germany and used as received. Purity of cetylpyr-
idinium chloride, dibenzo-18-crown-6, 18-crown-6 and dicyclo-
hexano-18-crown-6 were �98.0%, �98.0%, �99.0% and �98.0%

mailto:mahendraroy2002@yahoo.co.in
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www.sciencedirect.com/science/journal/00222860
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Scheme 1. Cetylpyridinium chloride (CPCl).

Scheme 2. (a) Dibenzo-18-crown-6 (DB-18-C-6), (b) 18-crown-6 (18-C-6) and (c) dicyclohexano-18-crown-6 (DCH-18-C-6).
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respectively.
2.2. Apparatus and procedure

Solubilities of cetylpyridinium chloride, dibenzo-18-crown-6,
18-crown-6 and dicyclohexano-18-crown-6 have been verified in
HPLC grade CH3CN. All the stock solutions of CPCl and crown ethers
were arranged by mass using Mettler Toledo AG-285 with uncer-
tainty ±0.1 mg. Sufficient precautions were made to minimize the
evaporation during mixing and working with these solutions.

Specific conductivity values of the experimental solutions were
measured by Mettler Toledo Seven Multi conductivity meter with
uncertainty ±1.0 mS m�1. The measurements were carried out using
HPLC grade CH3CN in an auto-thermostat water bath maintaining
at ±0.1 K of the desired temperature. The cell was calibrated using
standard procedure.

Fourier transform infrared (FT-IR) spectra were recorded on a
Perkin Elmer FT-IR spectrometer in CH3CN solution. The FTIR
measurements were performed in the scanning range of
4000�400 cm�1 at room temperature.

1H NMR spectra were recorded in CD3CN at 300 MHz using
Bruker Avance 300 MHz instrument at 298 K. Signals are cited as
d values in ppm using residual protonated solvent signal as internal
standard (CH3CN, d 1.96 ppm). Data are reported as chemical shift.
3. Results and discussion

3.1. Conductivity study

Conductivity study is a convincing method for exploring
complexation in solution not only because it affords information for
minute alteration of concentrations of the charged particles, but
also it offers data for the various interactions among the particles
taking place in the solution system [33,34]. Conductivity of a so-
lution with IL and added CE provides valuable information for the
complexation process between the CE and IL in solution [35,36]. In
our work complexations have been explored between CPCl and
three similar CEs in CH3CN solution. Thus to acquire data about
complexation, conductivity of the CPCl solution with initial con-
centration of 10.0 mM have been measured with increasing con-
centration of the three CEs at five various temperatures from 293 K
to 313 K in 5 K intervals and presented in Tables S1eS3 with
increasing CE/IL mole ratio. The plots of conductance are depicted
in Fig. 1e3, in which CE/IL mole ratio is shown in abscissa and
conductance is shown in ordinate. A gradual decrease in conduc-
tance is observed with increasing CE/IL mole ratio for each plot,
which signifies capture of the cetylpyridinium ions by the CEs
respectively in CH3CN solution, because CPCl being strong elec-
trolyte can't form ion pair in the studied solution system [37]. So



Fig. 1. Variation of conductance of DB-18-crown-6/CPCl mole ratio at different tem-
peratures ( 293 K, 298 K, 303 K, 308 K, 313 K).

Fig. 3. Variation of conductance of DCH-18-crown-6/CPCl mole ratio at different
temperatures ( 293 K, 298 K, 303 K, 308 K, 313 K).
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the complexation processes of cetylpyridinium ion with the three
CEs which have been illustrated by decrease in conductance in
Fig. 1e3, become approximately plateau as the CE/IL mole ratio
exceed 1.0, evidently suggesting development of adequately stable
1:1 CPCl-CE complex in CH3CN solution system [38]. Each of the
figures (Figs. 1e3) shows five various curve at different tempera-
tures, all exhibiting analogous variation in conductance. At elevated
temperatures the conductances become high because of enhanced
mobility of the cetylpyridinium ions, as a result of lowered viscosity
of CH3CN solution [39].

3.2. Association constants and thermodynamic parameters

Association constants (Ka) for the formation of complexes have
been derived by a mathematical programme based on non-linear
changes in conductance for 1:1 CPCl-CE complexation at various
temperatures [37e39].

The following equilibrium is supposed to exist between CPCl
and CE during complexation.

CPClf þ CEf
Ka
#

CX (1)

Thus Ka for the complex (CX) may be illustrated as
Fig. 2. Variation of conductance of 18-crown-6/CPCl mole ratio at different tempera-
tures ( 293 K, 298 K, 303 K, 308 K, 313 K).
Ka ¼ ½CX�
½CPCl�f ½CE�f

(2)

Here, [CX], [CPCl]f and [CE]f correspond to the equilibrium
concentration of CX, free CPCl and free CE respectively.

In accordance with the non-linear isotherm the Ka for the CX
may be illustrated as36,39

Ka ¼ ½CX�
½CPCl�f ½CE�f

¼ ðkobs � koÞ
ðk� kobsÞ½CE�f

(3)

where; ½CE�f ¼ ½CE�ad �
½CPCl�adðkobs � koÞ

ðk� koÞ (4)

Here, ko, kobs and k are conductivities of CPCl at initial state,
during addition of CE and final state respectively. [CPCl]ad and
[CE]ad are concentrations of CPCl and the added CE respectively.

Hence Ka for complexation processes have been evaluated from
various isotherms by using mathematical programme and pre-
sented in Table 1, which illustrates different values of Ka for each of
the three complexes at the experimental temperature range, may
be because of higher thermal agitation of the ions at increased
temperatures that lowers the values of Ka with rise in temperature
[40,41]. It is also noted from Table 1 that CPCl has binding efficiency
to form the complexes with the three studied CEs in the order of
DB-18-C-6 < 18-C-6 < DCH-18-C-6 in CH3CN solution.

The thermodynamic parameters furnish comprehensive idea
about the complexation processes taking place in solution [39]. The
changes in standard enthalpy (DHo), entropy (DSo) and free energy
(DGo) during complexation are fundamental factors for this process
[40,41]. DHo is essentially responsible for the cetylpyridinium ion-
CE interactions, higher solvation of the complex in CH3CN,
decreased repulsion among the adjacent donor oxygen atoms,
relaxed conformations of the CEs after complexation and formation
of H-bonds between aromatic hydrogen of CPCl and oxygen atoms
of CEs. DSo is primarily accountable for the decrease in number of
free species after complexation and conformational constraints of
CEs associated with complex formation. Hence, for better under-
standing of the complexations that is to estimate the thermody-
namic parameters van't Hoff equation was used as follows [40].



Table 1
Association constant, enthalpy, entropy and free energy change for various CE-IL complexes in CH3CN at different temperatures.

Ka/M�1b DHo/kJ mol�1b DSo/J mol�1K�1b DGo/kJ mol�1b (at 298 K)

293 Ka 298 Ka 303 Ka 308 Ka 313 Ka

DB-18-crown-6 83 77 72 66 61 �11.73 �3.26 �10.76
18-crown-6 149 136 124 114 105 �13.37 �4.03 �12.17
DCH-18-crown-6 199 179 165 149 136 �14.41 �5.16 �12.87

a Standard uncertainties in temperature u are: u(T) ¼ ±0.01 K.
b Mean errors in Ka ¼ ±1 M�1; DHo ¼ ±0.01 kJ mol�1; DSo ¼ ±0.01 J mol�1K�1; DGo ¼ ±0.01 kJ mol�1.
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lnKa ¼ �DHo

RT
þ DSo

R
(5)

According to equation (5), lnKa vs 1/T was plotted for each of the
three complexes to obtain DHo and DSo from slope and intercept of
the curves respectively (Fig. S1). Subsequent values of DGo have
been derived from following equation at 298 K.

DGo ¼ DHo e TDSo (6)

The values of DHo, DSo and DGo for the complexations are pre-
sented in Table 1, which demonstrates negative values for all three
parameters. The attraction between CPCl and CEs in CH3CN are
attributed to the negative enthalpy change while union of CPCl and
CEs is accountable for negative entropy change during complexa-
tion processes. Thus, favorable changes in DGo are driven by higher
negative value of DHO that play the key role for the spontaneity of
all three complexation processes [42,43].
Fig. 4. FTIR spectra of DB-18-C-6 (top), C
3.3. Infrared spectroscopic study

Infrared spectroscopy is a useful technique to identify
complexation in solution system [44,45]. In this work the FT-IR
spectra were taken in CH3CN solution in 4000e400 cm�1 range.
Fig. 4 demonstrates the FT-IR spectra of DB-18-C-6, CPCl and the
complex, where the particular interactions between CPCl and DB-
18-C-6 can be detected. In Table 2 it is observed that the stretching
frequency of (Csp3eO)str of free DB-18-C-6 is 1128 cm�1, in the
complexed state (Csp3eO)str is 1115 cm�1 that generates frequency
shift of 13 cm�1 and the stretching frequency of (Csp2eO)str at free
state is 1252 cm�1, in complexed state (Csp2eO)str is 1241 cm�1 that
produces frequency shift of 11 cm�1. These shifts signify partici-
pation of oxygen atoms of DB-18-C-6 in complexation, but it is also
observed that the oxygen atoms linked to benzene ring have lower
shift than thosewhich are linked tomethylene group. Alternatively,
(Csp2eH)str of CPCl has free and complexed stretching frequencies
at 3012, 2926, 2854 cm�1 and 3002, 2920, 2850 cm�1 respectively
producing shifts of 10, 6, 4 cm�1. These information not only point
PCl (middle) and complex (bottom).



Table 2
Change in frequencies at FTIR spectra for various CE-IL complexes in CH3CN at room temperature.

Group Free state/cm�1a Complexed state/cm�1a Shift/cm�1a

DB-18-Crown-6 þ CPCl complex
(Csp3eO)str of CE 1128 1115 13
(Csp2eO)str of CE 1252 1241 11
(Csp2eH)str of IL 3012, 2926, 2854 3002, 2920, 2850 10, 6, 4
18-Crown-6 þ CPCl complex
(CeO)str of CE 1110 1096 14
(Csp2eH)str of IL 3012, 2926, 2854 3000, 2918, 2848 12, 8, 6
DCH-18-Crown-6 þ CPCl complex
(C1ºeO)str of CE 1098 1085 13
(C2ºeO)str of CE 1060 1042 18
(Csp2eH)str of IL 3012, 2926, 2854 2998, 2917, 2846 14, 9, 8

a Spectral resolution ¼ 0.5 cm�1.
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out that pyridinium ring hydrogen atoms of CPCl are concerned in
the interaction with the oxygen atoms of DB-18-C-6 making H-
bond type involvement, but also that the oxygen atoms linked to
benzene ring have weaker interaction with CPCl than those which
are linked to methylene group [45,46].

The FT-IR spectra of 18-C-6, CPCl and the complex are presented
in Fig. 5, that also specify the specific interactions of CPCl with 18-C-
6 molecule. The frequency of (CeO)str of 18-C-6 in free state is
1110 cm�1 and in complexed state is 1096 cm�1, making a shift of
14 cm�1 (Table 2), denoting again the oxygen atoms of the cyclic-
ether are associated in complexation with the IL. (Csp2eH)str of
CPCl have stretching frequencies at 3012, 2926, 2854 cm�1 and
3000, 2918, 2848 cm�1 in the free and complexed states respec-
tively generating frequency shifts of 12, 8, 6 cm�1 in that order.
These data again support that pyridinium ring hydrogen atoms are
involved in the particular interaction with the oxygen atoms of 18-
Fig. 5. FTIR spectra of 18-C-6 (top), CPC
C-6 making H-bonds between them [46,47].
The complexation of DCH-18-C-6 with CPCl has also been

studied by FT-IR spectroscopy and shown in Fig. 6. Here, for the CE,
frequencies of (C1ºeO)str are 1098 cm�1 (free state) and 1085 cm�1

(complexed state) and the frequencies of (C2ºeO)str are 1060 cm�1

(free state) and 1042 cm�1 (complexed state), making frequency
shifts of 13 cm�1 and 18 cm�1 respectively (Table 2). (Csp2eH)str of
CPCl have stretching frequencies at 3012, 2926, 2854 cm�1 and
2998, 2917, 2846 cm�1 in the free and complexed states respec-
tively causing frequency shifts of 14, 9, 8 cm�1 correspondingly.
These shifts signify participation of oxygen atoms of DCH-18-C-6 in
complexation, but it is also observed that the oxygen atoms linked
to 2O carbon of cyclohexyl group have higher shift than thosewhich
are linked to methylene group. These information again not only
point out that pyridinium ring hydrogen atoms of CPCl are con-
cerned in the interaction with the oxygen atoms of DCH-18-C-6
l (middle) and complex (bottom).



Fig. 6. FTIR spectra of DCH-18-C-6 (top), CPCl (middle) and complex (bottom).

Fig. 7. 1H NMR spectra of DB-18-Crown-6, CPCl and complex in CD3CN at 298.15 K.

S. Saha, M.N. Roy / Journal of Molecular Structure 1147 (2017) 776e785 781



S. Saha, M.N. Roy / Journal of Molecular Structure 1147 (2017) 776e785782
making H-bond type involvement, but also that the oxygen atoms
linked to 2O carbon of cyclohexyl group have stronger interaction
with CPCl than thosewhich are linked tomethylene group [45e47].

One more interesting comparison is observed from the FT-IR
study that the frequency shifts of the (Csp2eH)str of CPCl for the
three complexation processes are in the order of DB-18-C-6 < 18-C-
6 < DCH-18-C-6, which is highly in agreement with the results
found from the mathematical treatment of conductivity data, that
is the association constants of the three complexes have similar
order as found from the order on interactions in FT-IR study.
3.4. 1H NMR spectroscopic study

The complexations of CPCl with the three CEs, namely, DB-18-C-
6, 18-C-6 and DCH-18-C-6 have been explored by 1H NMR spec-
troscopy in CH3CN solution at 298 K. Figs. 7e9 show 1H NMR
spectra of the three complexes of CPCl with DB-18-C-6, 18-C-6 and
DCH-18-C-6 respectively. Detailed and marked spectra of DB-18-C-
6, CPCl and the complex are illustrated in Fig. 7, which describes
slight downfield shift of the aliphatic protons of CE (free CE
d ¼ 3.86e3.89 ppm for H2CeOeCH2, 4.10e4.13 ppm for arom-
OeCH2 and complexed CE d ¼ 3.88e3.91 ppm for H2CeOeCH2,
4.11e4.14 ppm for arom-OeCH2 respectively) with nearly unshifted
signal of the aryl protons and little broadening with slight upfield
shift of the protons of pyridinium ring (free CPCl d ¼ 8.18e8.22,
8.66e8.68, 8.89e8.91 ppm and complexed CPCl d ¼ 8.17e8.21,
8.65e8.67, 8.88e8.90 ppm respectively) with almost unshifted
signal of the cetyl group. This result evidently reveals existence of
some kind of association between the electron rich oxygen atoms of
DB-18-C-6 and the electron deficient protons of pyridinium ring,
Fig. 8. 1H NMR spectra of 18-Crown-6, CP
may be of H-bond type in CH3CN solution, signifying as the key
factor for the complexation process [48e50].

In Fig. 8 marked 1H NMR spectra of 18-C-6, CPCl and the com-
plex are presented, that also demonstrate broadening with upfield
shift of the pyridinium ring protons (free CPCl d ¼ 8.18e8.22,
8.66e8.68, 8.89e8.91 ppm and complexed CPCl d ¼ 8.17e8.21,
8.64e8.66, 8.87e8.89 ppm respectively) with nearly unshifted
signal of the cetyl group and small downfield shift of the protons of
CE (free CE d¼ 3.55 ppm, complexed CE d¼ 3.59 ppm respectively).
These spectral data also support the union of the electron deficient
hydrogen atoms of pyridinium ring and electron rich oxygen atoms
of 18-C-6 to form the complex [41,48].

1H NMR spectra of DCH-18-C-6, CPCl and the complex are
demonstrated in Fig. 9, which explain downfield shift of the pro-
tons of CE (free CE d ¼ 3.59e3.61 ppm for eOeCH2 & eOeCH and
complexed CE d ¼ 3.64e3.66 ppm for eOeCH2 & eOeCH respec-
tively) with practically unshifted signals of the cyclohexyl eCH2e

protons and broadening with upfield shift of the protons of pyr-
idinium ring (free CPCl d ¼ 8.18e8.22, 8.66e8.68, 8.89e8.91 ppm
and complexed CPCl d ¼ 8.16e8.20, 8.63e8.65, 8.86e8.88 ppm
respectively) with approximately unshifted signal of the cetyl
group. These findings obviously state the presence of H-bond like
association between the electron rich oxygen atoms at DCH-18-C-6
and the electron deficient protons at pyridinium ring in CH3CN
solution [48,49].

The CPCl-CE attraction in CH3CN medium is the outcome of the
presence of electron deficient and electron rich species respectively
in the non-polar medium [50,51]. Dielectric constant of acetonitrile
is low, thus ionic or dipolar species in this medium can approach
sufficiently close to interact with each other making the CPCl-CE
Cl and complex in CD3CN at 298.15 K.



Fig. 9. 1H NMR spectra of DCH-18-Crown-6, CPCl and complex in CD3CN at 298.15 K.
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complexes mainly through H-bond type interaction between
electron deficient ring protons of pyridinium and electron rich
oxygen atoms of CEs, thus lowering the enthalpy as well as entropy
of system [41e43].

In DB-18-C-6 þ CPCl complex the oxygen atoms which are
attached to benzene ring are less effective donor compared to the
oxygen atoms which are linked to alkyl group, thus overall electron
donating ability of DB-18-C-6 is less compared to 18-C-6, in which
electron delocalization through benzene ring is not possible [52].
On the other hand in DCH-18-C-6 þ CPCl complex the electron
donating ability of the oxygen atoms is enhanced by positive
inductive effect of cyclohexyl groups, thus here CPCl-CE interaction
is highest [53,54]. This fact is reflected in the extent of 1H NMR
signal shifts of pyridinium ring protons as well as CE protons and in
the association constant values of the three complexes, which
inform that, the order of feasibility of complexation is DCH-18-C-
6 þ CPCl > 18-C-6 þ CPCl > DB-18-C-6 þ CPCl [54,55].
3.5. 1H NMR data

DB-18-C-6: 1H NMR (300 MHz, CD3CN): d ¼ 3.86e3.89 (8H, m,
H2CeOeCH2), 4.10e4.13 (8H, m, arom-OeCH2), 6.89e6.96 (8H, m,
aryl).

18-C-6: 1H NMR (300 MHz, CD3CN): d ¼ 3.55 (24H, s, OCH2).
DCH-18-C-6: 1H NMR (300 MHz, CD3CN): d ¼ 1.23 (4H, m), 1.41

(8H, m), 1.71 (4H, m), 3.59e3.61 (20H, m, eOeCH2 & eOeCH).
CPCl: 1H NMR (300 MHz, CD3CN): d ¼ 0.78e0.82 (3H, t,

J ¼ 6.5 Hz), 1.38e1.44 (28H, m), 4.67e4.71 (2H, t, J ¼ 6.6 Hz),
8.18e8.22 (2H, m), 8.66e8.68 (1H, m), 8.89e8.91 (2H, m).

DB-18-C-6 þ CPCl complex: 1H NMR (300 MHz, CD3CN):
d¼ 0.78e0.82 (3H, t, J¼ 6.5 Hz),1.38e1.44 (28H, m), 3.88e3.91 (8H,
m, H2CeOeCH2), 4.11e4.14 (8H, m, arom-OeCH2), 4.67e4.71 (2H, t,
J ¼ 6.6 Hz), 6.89e6.96 (8H, m, aryl), 8.17e8.21 (2H, m), 8.65e8.67
(1H, m), 8.88e8.90 (2H, m).

18-C-6 þ CPCl complex: 1H NMR (300 MHz, CD3CN):
d ¼ 0.78e0.82 (3H, t, J ¼ 6.5 Hz), 1.38e1.44 (28H, m), 3.59 (24H, s,
OCH2), 4.67e4.71 (2H, t, J ¼ 6.6 Hz), 8.17e8.21 (2H, m), 8.64e8.66
(1H, m), 8.87e8.89 (2H, m).

DCH-18-C-6 þ CPCl complex: 1H NMR (300 MHz, CD3CN):
d ¼ 0.78e0.82 (3H, t, J ¼ 6.5 Hz), 1.23 (4H, m), 1.38e1.45 (36H, m),
1.71 (4H, m), 3.64e3.66 (20H, m, eOeCH2 & eOeCH), 4.67e4.71
(2H, t, J ¼ 6.6 Hz), 8.16e8.20 (2H, m), 8.63e8.65 (1H, m), 8.86e8.88
(2H, m).
4. Conclusion

This study emphasize to the definite interactions between
cetylpyridinium chloride and three similar macrocyclic polyethers
toward complexation in acetonitrile in a range of temperature.
Here, conductivity measurement helps to ascertain the association
of CPCl with the three CEs in 1:1 stoichiometry, whereas the pro-
grammed mathematical treatment reveals quantitative data for
complexation processes. Thermodynamic parameters have also
been estimated for better perceptive about the complexations. The
detailed interactions in molecular level have been elucidated by FT-
IR and 1H NMR spectroscopy that explains dipolar attractions due
to H-bonding is the major operating force in the three complexes.
During complexation the entropy of the system is decreased, but
lowering of enthalpy has greater effect that makes the complexa-
tion spontaneous. This study not only presents remarkable
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information about supramolecular complexation of CPCl with the
three analogous CEs, but also suggests admirable comparison
among the studied CEs for construction of various types of CE-IL
host-guest materials.
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sion complexes of RNA
nucleosides inside aqueous cyclodextrins explored
by physicochemical and spectroscopic methods†

Mahendra Nath Roy,* Subhadeep Saha, Siti Barman and Deepak Ekka

Stable host–guest inclusion complexes have been formed with guest RNA nucleosides inside aqueous a-

and b-cyclodextrins. a-Cyclodextrin has been found to have favorable structural features for inclusion

with uridine and cytidine, whereas b-cyclodextrin has that with all the four nucleosides, e.g., adenosine,

guanosine, uridine and cytidine. The formation and nature of the inclusion complexes have been

characterized using surface tension study, Job's method by ultraviolet spectroscopy and pH

measurements. The limiting apparent molar volume, viscosity B-coefficient, limiting apparent molar

adiabatic compressibility and limiting molar refraction data have been used to characterize the

interaction between nucleosides and cyclodextrins in the experimental ternary solution systems. The

inclusion phenomenon has been confirmed by proton NMR study. Association constants and

thermodynamic parameters have been evaluated for the formed inclusion complexes by ultraviolet

spectroscopy.
1. Introduction

Cyclodextrins are cyclic oligosaccharides containing six (a-
CD), seven (b-CD) and eight (g-CD) glucopyranose units,
which are bound by a-(1–4) linkages forming a truncated
conical structure with a hydrophobic interior and hydro-
philic rims having primary and secondary –OH groups
(Scheme 1).1 Because of their unique structure, they can build
up stable host–guest arrangements, i.e., a cyclodextrin can
accommodate the hydrophobic moiety of a guest molecule
into its hydrophobic cavity and the polar rims can stabilize
the polar part of the guest, if any.2 This is why CDs are of
particular interest among various approaches to enhance the
apparent solubility of biomolecules.3 CDs can act as molec-
ular receptors (hosts) for a wide variety of organic and inor-
ganic, as well as biological and pharmaceutical guest
molecules, forming host–guest inclusion complexes or
supramolecular assemblies.4,5 The use of a CD for solubility,
bioavailability, safety, stability and as a carrier may be ach-
ieved by the formation of inclusion complexes with biologi-
cally active molecules.6,7 In fact, the use of CDs already has
a long history in pharmaceuticals, pesticides, foodstuffs,
toiletry, textile processing, supramolecular host–guest
chemistry, models for studying enzyme activity, molecular
orth Bengal, Darjeeling-734013, India.

: +91 353 2699001; Tel: +91 353 2776381
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recognition, molecular encapsulation, studying intermolec-
ular interactions and chemical stabilization.8–10 RNA nucle-
osides are very important biomolecules (Scheme 1) having
enormous applications in the eld of modern biological
sciences, e.g., RNA-based information technologies, RNA
cloning, recombinant RNA technology and other genetic
engineering processes.11 Xiang et al. demonstrated the
formation of inclusion complexes of purine nucleosides with
b-CD, as well as their stability and carrying capacity by
solubility, circular dichroism, ultraviolet spectrophotometry
and NMR techniques.12 Formoso illustrated the binding of
nucleic acid monomer units as well as dinucleoside phos-
phates with b-CD by circular dichroism studies and calcu-
lated the binding constants and thermodynamic parameters,
which show signicant interactions between b-CD and the
nucleotide moieties.13,14 In the present study, the inclusions
of all four RNA nucleosides into aqueous a- and b-CD have
been explored, especially towards their formation, stabiliza-
tion, carrying and controlled release without chemical
modication by different reliable methods (e.g., 1H NMR
study), focusing mainly on the encapsulation of the RNA
nucleosides into the cavity of a- and b-CD. Associated ther-
modynamic parameters have also been evaluated to
communicate a quantitative idea about encapsulation of the
above RNA nucleosides while complexed with cyclodextrins.
The nature of formation of inclusion complexes of the chosen
adenosine (A), guanosine (G), uridine (U) and cytidine (C)
have been studied in 0.001, 0.0025, and 0.004 molar aqueous
a- and b-CD solutions by various physicochemical
techniques.
RSC Adv., 2016, 6, 8881–8891 | 8881
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Scheme 1 (a) Molecular structure, (b) stereo-chemical configuration (n¼ 6 for a-CD and n¼ 7 for b-CD), (c) truncated conical structure of a and
b-cyclodextrins, (d) molecular structure of RNA nucleosides indicating the aromatic protons.
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2. Experimental
2.1. Materials

The RNA nucleosides and cyclodextrins of puriss grade were
bought from Sigma-Aldrich, Germany and used as purchased.
Purity of adenosine, guanosine, uridine, cytidine, a-cyclodextrin
and b-cyclodextrin was $0.99, 0.98, 0.99, 0.99, 0.98 and 0.98,
respectively.
2.2. Apparatus and procedure

Prior to the start of the experimental study, solubility of the
chosen cyclodextrins in triply distilled and degassed water (with
a specic conductance of 1 � 10�6 S cm�1) and solubility of the
nucleosides in aqueous cyclodextrins were precisely checked,
and it was observed that the selected nucleosides were freely
soluble in all proportions of aqueous cyclodextrins. First, the
cyclodextrin solutions of required molarity were prepared, and
then, these solutions were used to make all the nucleoside stock
solutions. All the stock solutions of the nucleosides were
prepared by mass (weighed by Mettler Toledo AG-285 with
8882 | RSC Adv., 2016, 6, 8881–8891
uncertainty 0.0003 g), and then, the working solutions were
obtained by mass dilution at 298.15 K. The conversions of
molarity into molality were done using density values.15

Adequate precautions were made to reduce evaporation losses
during mixing.

The surface tension experiments were carried out by a plat-
inum ring detachment method using a Tensiometer (K9, KR�U�SS;
Germany) at the experimental temperature. The accuracy of the
measurement was within �0.1 mN m�1. Temperature of the
system was maintained by circulating auto-thermostated water
through a double-wall glass vessel containing the solution.

UV-Visible spectra were obtained by a JASCO V-530 UV-VIS
Spectrophotometer, with an uncertainty of wavelength resolu-
tion of �2 nm. The measuring temperature was held constant
by a thermostat.

The pH values of the experimental solutions were measured
by a Mettler Toledo Seven Multi pH meter with uncertainty of
0.009. The measurements were made in a thermostated water
bath maintaining the temperature at 298.15 K. The uncertainty
in temperature was 0.01 K.
This journal is © The Royal Society of Chemistry 2016
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The densities (r) of the solvents were measured by means of
a vibrating U-tube Anton Paar digital density meter (DMA 4500
M) with a precision of �0.00005 g cm�3 maintained at �0.01 K
of the desired temperature. It was calibrated by passing triply
distilled, degassed water and dry air.

The viscosities (h) were measured using a Brookeld DV-III
Ultra Programmable Rheometer with tted spindle size-42. The
detailed description was described earlier.16

Refractive index was measured with the help of a Mettler
Toledo Digital Refractometer. The light source was a LED, l ¼
589.3 nm. The refractometer was calibrated twice using distilled
water and calibration was checked aer every few measure-
ments. The uncertainty of refractive index measurement was
�0.0002 units.

Ultrasonic speed (u) was measured by a multi-frequency
ultrasonic interferometer (Model M-81) fromMittal Enterprises,
India. The interferometer working at 5 MHz was used based on
the same principle as that described in the study of Ekka et al.16

The uncertainty in the speed is �0.2 m s�1 and the temperature
was controlled within �0.01 K using a Lauda thermostat during
measurement.

NMR spectra were obtained in D2O unless otherwise stated.
1H NMR spectra were obtained at 400 MHz and 500 MHz using
a Bruker AVANCE 400 MHz and Bruker AVANCE 500 MHz
instruments at 298.15 K. Signals are quoted as d values in ppm
using residual protonated solvent signals as internal standard
(D2O: d 4.79 ppm). Data are reported as chemical shis.
3. Result and discussion
3.1. Surface tension study reveals the inclusion and also the
stoichiometric ratio of the inclusion complexes

Surface tension (g) was measured at 298.15 K for aqueous a- and
b-cyclodextrins, which was found to be almost constant with
increasing molarity (Fig. 1 and S1, Table S1, ESI†).17 Surface
tensions (g) were observed with corresponding concentrations
of four nucleosides in different molarities of a- and b-cyclo-
dextrins (Fig. 1 and S1†), in which each curve shows a similar
increasing trend to that of pure nucleoside in the g vs.
concentration plot. This trend is observed due to the presence
of hydrophilic phenolic –OH, –NH2 and iC]O groups in
Fig. 1 Plot of surface tension with increasing concentration of adenosine
298.15 K.

This journal is © The Royal Society of Chemistry 2016
nucleoside molecules, which form extensive H-bonding
amongst themselves, resulting in an increase in g with
increasing concentration.

The plausibility of formation of an inclusion complex can be
predicted from the surface tension (g) study,8 wherein the
formation of an inclusion complex has been conrmed from
the break point in the curve of surface tension vs. concentration.
The 1 : 1 and 1 : 2 stoichiometry of the host : guest inclusion
complexes has been conrmed from the appearance of single
and double by the break point in the g vs. conc. curve.17 The
value of g and the corresponding concentration of nucleosides
at the break point have been determined from the two inter-
secting straight lines, which shows a lowering in value with
increasing molarity of cyclodextrins (Table 1), indicating the
feasibility of inclusion with increasing amount of cyclodextrins
in solution.18–20

In the surface tension curves for adenosine and guanosine
with different molarities of a-CD, steady increase in surface
tension was found against nucleoside concentration, i.e., there is
no break point (Fig. 1 and S1†), suggesting that there may not be
any possibility of formation of an inclusion complex. However,
the similar plots for uridine and cytidine with a-CD clearly
indicate single break point (Fig. S1†) in each curve at specic
concentrations, i.e., aer a certain point surface tension becomes
relatively steady with increasing concentration of the nucleo-
sides. This is the indication of formation of an inclusion
complex, which occurs by the insertion of a relatively hydro-
phobic pyrimidine moiety into the hydrophobic cavity of a-CD.
The pyrimidine moiety of uridine and cytidine enter the hydro-
phobic cavity of a-CD from the wider rim, which is geometrically
allowed and alsomakesmoretting contact with the cyclodextrin
cavity. The hydrophilic pentose sugar part remains outside and is
stabilized with H-bonds with the hydrophilic groups of the wider
rim of cyclodextrin and also the surrounding water molecules
(scheme 2a). The value of the corresponding concentration of
nucleosides at the break point was found to be lowered with
increasing molarity of a-CD (Table 1), indicating the feasibility of
inclusion with increasing amount of a-CD in solution.

In the surface tension (g) study for the aforesaid four nucle-
osides with b-CD, there is a single break point (Fig. 1 and S1†) in
each g vs. conc. curve, which clearly indicates that b-CD can form
in differentmolarities (w) of (a) a-cyclodextrin and (b) b-cyclodextrin at

RSC Adv., 2016, 6, 8881–8891 | 8883



Table 1 Values of surface tension (g) at the break point with corresponding concentration of RNA nucleosides in different molarities of aqueous
a- and b-cyclodextrin, respectively, at 298.15 Ka

Aq. solvent mixture

Adenosine Guanosine Uridine Cytidine

Conc/mM ga/mN m�1 Conc/mM ga/mN m�1 Conc/mM ga/mN m�1 Conc/mM ga/mN m�1

w1 ¼ 0.001b — — — — 5.97 77.25 5.96 77.22
w1 ¼ 0.0025b — — — — 5.72 76.13 5.35 75.81
w1 ¼ 0.004b — — — — 5.21 75.17 4.64 74.76
w2 ¼ 0.001b 6.00 77.16 5.90 76.95 6.28 77.42 5.97 77.39
w2 ¼ 0.0025b 5.27 75.75 5.20 75.68 5.82 76.15 5.63 76.03
w2 ¼ 0.004b 4.49 74.62 3.89 74.14 5.42 75.37 4.93 74.89

a Standard uncertainties (u); temperature: u(T) ¼ �0.01 K, surface tension: u(g) ¼ �0.1 mN m�1. b w1 and w2 are the molarity of a- and b-CD in
aqueous mixture, respectively.
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1 : 1 inclusion complexes with both the pyrimidine and purine
moiety. Herein also inclusion occurs from the wider rim of b-CD,
as that from the other rim would be geometrically and energeti-
cally unfavorable; the hydrophilic sugar moiety remains hydrated
at the outside of the cyclodextrin cavity and stabilized with H-
bonds with the secondary hydrophilic groups of cyclodextrin
(Scheme 2b). At each break point the corresponding concentra-
tions of the nucleosides were found to be lower with increasing
molarity of b-CD (Table 1), indicating the easiness of inclusion in
the presence of a greater amount of b-cyclodextrin.

3.2. Job plot conrms the stoichiometry of host–guest
inclusion complexes

One of the rst methods used for determination of the stoichi-
ometry of inclusion complexes was Job's method, known as the
Scheme 2 (a) Schematic of formation of inclusion complexes of RNA nu
complexes of RNA nucleosides with b-cyclodextrin.

8884 | RSC Adv., 2016, 6, 8881–8891
continuous variation method.21 Herein, the solutions of each
nucleoside and cyclodextrin weremixed at differentmolar ratios, R
¼ [nucleoside]/([nucleoside] + [CD]) keeping the total concentra-
tion [nucleoside] + [CD] constant, and the mole fraction of the
nucleoside varies in the range of 0–1 (Tables S2–S7†). The stoi-
chiometry for each complex was determined by plotting DA � R
against R (where DA is the absorbance difference of the nucleoside
without and with cyclodextrin), (Fig. 2 and S2†).22 Absorbance
values were measured at 261 nm for uridine, 270 nm for cytidine,
259 nm for adenosine and 253 nm for guanosine at 298.15 K for
a series of solutions. The maximum deviation of R gives the stoi-
chiometry of the inclusion complex (R ¼ 0.5 for 1 : 1 complexes; R
¼ 0.33 for 1 : 2 complexes; R ¼ 0.66 for 2 : 1 complexes). In this
study, the plots of U + a-CD, C + a-CD, A + b-CD, G + b-CD, U + b-CD
cleosides with a-cyclodextrin. (b) Schematic of formation of inclusion

This journal is © The Royal Society of Chemistry 2016



Fig. 2 Job plot of (a) cytidine-a-cyclodextrin system at lmax ¼ 270 nm, (b) adenosine-b-cyclodextrin system at lmax ¼ 259 nm at 298.15 K. R ¼
[nucleoside]/([nucleoside] + [CD]), DA ¼ absorbance difference of the nucleoside without and with cyclodextrin.

Paper RSC Advances
and C + b-CD show maxima at R ¼ 0.5, suggesting each of these
forms an inclusion complex having a 1 : 1 molar ratio.
3.3. pH study indicates inclusion phenomenon

Study of pH data at 298.15 K for the four nucleosides provides
important clues about inclusion.23 The nucleosides contain
organic basic groups in their hydrophobic aromatic moiety.
Because of this, there should be a slow increase in the pH value
with increasing concentration of nucleosides, which is reected
in the adenosine + a-CD and guanosine + a-CD systems (Fig. 3
and S3, Table S1†), possibly indicating that no inclusion has
been occurred. However, uridine + a-CD and cytidine + a-CD
systems show typical inclusion natures, i.e., pH values initially
increase with increasing concentration of nucleosides but at
higher concentration range they become almost steady (Fig. 3
and S3†), which probably indicates that the hydrophobic moiety
containing the basic group is encapsulated in the cyclodextrin
cavity (Scheme 2a).

In the case of nucleoside + b-CD systems, all the pH versus
concentration curves show a similar trend, i.e., slow increase of
pH at the beginning and approximately constant value at higher
Fig. 3 Plot of pH with increasing concentration of nucleosides: (a) mol
dextrine ¼ 0.001 at 298.15 K.

This journal is © The Royal Society of Chemistry 2016
concentration (Fig. 3 and S3†), which is again an indication of
encapsulation of the hydrophobic-basic residue of the nucleo-
sides in the hydrophobic cavity of b-CD (Scheme 2b).
3.4. Apparent molar volume, viscosity B-coefficient and
solvation number

The characteristic behavior of interactions (here, inclusion) of
solute can also be obtained from the apparent molar volume
and viscosity B-coefficient. Both the limiting molar volume (fv

o)
and viscosity B-coefficient signify the solute–solvent interac-
tions in the RNA nucleoside + aq. cyclodextrin ternary solution
systems. The limiting molar volume (fv

o) and viscosity B-coef-
cient have been obtained from the appropriate equations
using the experimental values of density (r) and viscosity (h),
respectively, and are presented in Tables S1, S8 and S9† and
Fig. 4 and 5. The inspection of Fig. 4 and 5 shows that the
limiting molar volume (fv

o) and viscosity B-coefficient both
increases regularly from adenosine to cytidine of RNA nucleo-
sides in all concentrations (w) of aqueous a-cyclodextrin and
decreases with increasing temperature. However, the values
show a different nature in aqueous b-cyclodextrin, wherein both
arity (w1) of a-cyclodextrine ¼ 0.001 and (b) molarity (w2) of b-cyclo-
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Fig. 4 (a) Limiting apparent molar volume (fv
o) and (b) viscosity B-coefficient of nucleosides in different molarities (w1) of aqueous a-CD at

different absolute temperatures (T).
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were higher for adenosine and guanosine than for uridine and
cytidine. The observed trends are as follows:

A < G � U < C in aq. a-cyclodextrin

and

U < C � A < G in aq. b-cyclodextrin

The trend signals that interactions (solute–solvent interac-
tions) are enhanced from adenosine to guanosine to uridine to
cytidine in aqueous a-cyclodextrin solution. This is due to the
fact that a-CD shows a more favorable interaction with pyrim-
idine based nucleosides than with the purine based nucleo-
sides. However, the trend is reversed in the case of b-CD; the
solute–solvent interaction is higher for adenosine and guano-
sine compared to uridine and cytidine, which shows that in
these cases the purine based nucleosides have favorable tting
for inclusion due to the size of the cavity of b-CD.18 These data
and results support the observed data in surface tension and
pH, which were discussed earlier.

Solvation numbers (Sn) are evaluated from the apparent
molar volume and viscosity B-coefficient. Sn expresses the
solvation of the nucleosides by the cyclodextrin molecule, i.e.,
8886 | RSC Adv., 2016, 6, 8881–8891
the interaction between the polar groups of the guest and the
–OH groups at the primary and secondary rims of cyclodex-
trin.23,24 In Table 2, the solvation numbers are listed, which
show that aer the formation of an inclusion complex, the
nucleosides form H-bonds with the –OH groups at the primary
and secondary rims of cyclodextrin that further stabilize the
inclusion complex.
3.5. Ultrasonic speed: interactions between nucleosides and
cyclodextrins

Ultrasonic speed in the present ternary system provides infor-
mation about interactions among nucleosides and cyclodex-
trins (Tables S1 and S10†). The values of apparent molar
adiabatic compressibility (fK) and limiting apparent molar
adiabatic compressibility (fK

o) have been evaluated at 298.15 K
from the measured data (Table S11†). fK

o is an important
parameter that gives information about the extent of interaction
between nucleosides and cyclodextrins,25 which are shown in
Fig. 6a against the molarity of a and b-CD. The observed fK

o

values follow the order

C + a-CD > U + a-CD [ G + a-CD >

A + a-CD in the case of a-CD
This journal is © The Royal Society of Chemistry 2016



Fig. 5 (a) Limiting apparent molar volume (fv
o) and (b) viscosity B-coefficient of nucleosides in different molarities (w2) of aqueous b-CD at

different absolute temperatures (T).
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and

G + b-CD > A + b-CD [ C + b-CD >

U + b-CD in the case of b-CD,
Table 2 Solvation number (Sn) of nucleosides in different molarities of a

Tempb/K

Sn
a

Adenosine Guanosine Uridine Cytid

w1 ¼ 0.001c

298.15 9.24 10.47 11.30 12.37
303.15 9.16 9.70 10.44 10.92
308.15 9.35 10.24 11.10 11.91

w1 ¼ 0.0025c

298.15 10.33 10.55 11.48 12.28
303.15 9.54 10.17 10.59 10.98
308.15 9.69 9.03 11.24 11.78

w1 ¼ 0.004c

298.15 11.74 12.63 13.27 13.99
303.15 10.85 12.18 12.49 12.87
308.15 11.55 12.58 12.76 12.94

a Mean error in solvation number¼�0.02. b Standard uncertainties in tem
in aqueous mixture, respectively.

This journal is © The Royal Society of Chemistry 2016
which is in good agreement with the data found from density
and viscosity measurements. The results suggest that the
pyrimidine based nucleosides are more feasible for interaction
with a-CD. On the other hand, both the purine and pyrimidine
queous a- and b-cyclodextrin mixtures at different temperatures

ine Adenosine Guanosine Uridine Cytidine

w2 ¼ 0.001c

13.40 14.28 11.49 12.47
11.61 12.32 10.27 10.97
12.70 13.01 10.80 11.81

w2 ¼ 0.0025c

13.53 14.47 12.28 12.76
11.84 12.21 11.05 11.38
12.66 12.97 11.30 11.93

w2 ¼ 0.004c

14.24 14.68 13.07 13.36
12.57 13.30 11.68 11.97
13.24 13.86 12.39 12.95

perature u are: u(T)¼�.01 K. c w1 andw2 are the molarity of a- and b-CD

RSC Adv., 2016, 6, 8881–8891 | 8887



Fig. 6 (a) Limiting partial molar adiabatic compressibilities (fK
o) and (b) limiting molar refraction (RM

o) of nucleosides at different molarities of a-
and b-cyclodextrin at 298.15 K.
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based nucleosides have great tendency for interaction with b-
CD, but from Fig. 6a, it is observed that purine based nucleo-
sides have greater efficiency for interaction with b-CD than the
pyrimidine based nucleosides. Fig. 6a also shows the increasing
value of fK

o with increasing molarity of both CDs, suggesting
that the interactions become stronger with increasing molarity
of CDs in solution.
3.6. Refractive index shows compactness of inclusion
complexes

Refractive index (RI) measurement also provides important
information about molecular interactions in solution. Higher
value of RI (Tables S1 and S10†), molar refraction (RM) and
consequently the limiting molar refraction (RM

o) (Table S11†)
suggest that the solute–solvent interaction is higher in that
solution system. As a result, the medium becomes denser or
more compact.18 In the present ternary solution system, the
interactions occurring between the four different nucleosides
and two different cyclodextrins are explored. The RM

o values of
different nucleoside-CD systems for different molarities of a-
and b-CD at 298.15 K are shown in Fig. 6b, which represents
a clear comparison among them. It is evident from Fig. 6b that
a-CD interacts more strongly with cytidine and uridine than
with adenosine and guanosine; moreover, the interactions
strengthen with increasing molarity o -CD. The order of inter-
action is C + a-CD > U + a-CD [ G + a-CD > A + a-CD, which is
probably due to favorable inclusion of uridine and cytidine into
8888 | RSC Adv., 2016, 6, 8881–8891
the cavity of a-CD, and unfavorable inclusion of adenosine and
guanosine, having purine moieties.

The RM
o values for nucleoside + b-CD systems also show

signicant variation, and the order of which is G + b-CD > A + b-
CD [ C + b-CD > U + b-CD (Fig. 6b). This is also understand-
able from the point of view of host–guest size. Guanosine and
adenosine contain the larger purine moiety, which can be better
tted into the hydrophobic cavity of b-CD, making a compact
structure, which is reected in their high RM

o values, whereas
tting of the smaller pyrimidine moiety of uridine and cytidine
into the hydrophobic cavity of b-CD is not so good, resulting in
a less dense structure and lower RM

o values. This data also
supports the ndings from density, viscosity and acoustic
measurements.
3.7. NMR Study: conrmation of inclusion

Insertion of a guest molecule into the hydrophobic cavity of
cyclodextrin results in the chemical shi of the guest as well as
of the cyclodextrin molecule in the NMR spectra, which is due to
the interaction of the host with the guest molecule.26 In the case
of aromatic compounds, the spectral changes that can be
observed upon inclusion is the diamagnetic shielding of the
aromatic guest with the interacting atoms of the host mole-
cule.27 In the structure of cyclodextrin, the H3 and H5 hydro-
gens are situated inside the conical cavity; in particular, the H3
are placed near the wider rim, whereas H5 are placed near the
narrower rim of the cyclodextrin molecule. The other, H1, H2
This journal is © The Royal Society of Chemistry 2016
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and H4, hydrogens are located at the exterior of the cyclodextrin
molecule (Scheme 1).28

The molecular interactions have been studied by 1H NMR
spectra. Upon inclusion the signals of H3 and H5 of cyclodex-
trin as well as the interacting aromatic protons of the nucleo-
sides show considerable upeld shi (Dd). In this study, the
guest nucleosides also contain the sugar residue, which contain
the hydrophilic –CH(OH)– groups and signals of which merge
with that of the H3 and H5 of cyclodextrin. Therefore, it is better
to investigate the chemical shis (Dd) of the aromatic protons
here rather than that of the H3 and H5 of cyclodextrin (though
upeld chemical shi is observable for H3 and H5, the values
are not clear), (Scheme 1). Table 3 lists the chemical shi values
(Dd) of the aromatic protons of different nucleosides. The shis
of adenosine and guanosine when they interact with a-CD are
negligible (Fig. S4 and S5†), whereas that of the uridine and
cytidine with a-CD are considerably high (Fig. S6 and S7†).
Therefore, it is clear that adenosine and guanosine do not form
inclusion complexes with a-CD, whereas uridine and cytidine
form inclusion complexes with a-CD. In the case of b-CD,
considerable chemical shis are observed for all the four
nucleosides, conrming the formation of inclusion complexes
between each of the four different RNA nucleosides with b-CD
(Fig. S8–S11†).
3.8. Ultraviolet spectroscopy: association constants and
thermodynamic parameters

The association constants Ka for different nucleoside-cyclodex-
trin systems have been evaluated by spectroscopic methods on
the basis of changes of molar absorptivity of the nucleosides
when complexed with the cyclodextrin molecules. This is due to
the changes in the polarity of the environment of the chromo-
phore of the nucleoside when it goes from the polar aqueous
environment to the apolar cavity of cyclodextrin. Changes in
absorption intensity of uridine (261 nm), cytidine (270 nm),
adenosine (259 nm) and guanosine (253 nm) were studied as
a function of concentration of cyclodextrin to determine the
value of Ka (Tables S12–S17†). On the basis of the reliable
Benesi–Hildebrand method for a 1 : 1 host–guest complex, the
Table 3 Change in chemical shifts (ppm) of the protons at the
aromatic residue of the nucleosides when mixed with a- and b-
cyclodextrins in 1 : 1 molar ratio in D2O at 298.15 Ka

Dd

Adenosine Guanosine Uridine Cytidine

H2 H8 H8 H5 H6 H5 H6

a-Cyclodextrin
0.004 0.002 0.001 0.152 0.105 0.098 0.136

b-Cyclodextrin
0.128 0.122 0.161 0.138 0.121 0.080 0.108

a Standard uncertainties in temperature u are: u(T) ¼ �0.01 K.

This journal is © The Royal Society of Chemistry 2016
double reciprocal plots have been drawn using the equation as
follows (Fig. S12†):29,30

1

DA
¼ 1

D3½guest�Ka

1

½host� þ
1

D3½guest� (1)

The values of the association constants for each of the
systems were evaluated by dividing the intercept by the slope of
the straight line of the double reciprocal plot (Table 4).31,32

Thermodynamic parameters can easily be derived from the
association constants found by the abovementioned method
with the help of the van 't Hoff equation (eqn (2)) as follows:33

ln Ka ¼ � DHo

RT
þ DSo

R
(2)

There is a linear relationship between ln Ka and 1/T in the
abovementioned equation (eqn (2)) (Fig. S13†). Based on eqn
(2), the thermodynamic parameters DHo, DSo and DGo for the
formation of the inclusion complex can be obtained (Table
S18†).

The value of DGo was found to be negative, which suggests
that the inclusion process proceeds spontaneously. DHo and
DSo were also found to be negative, suggesting that the inclu-
sion process is exothermic and entropy controlled, not entropy
driven (Table 4). This is expected, as while the inclusion
complex is formed between cyclodextrin and any guest molecule
a molecular association occurs, resulting in a drop of entropy,
which is unfavorable for the spontaneity of the inclusion
complex formation. However, this effect is conquered by the
higher negative value of DHo, making the overall inclusion
process thermodynamically favorable.

3.9. Structural inuence of cyclodextrins

Formation of host–guest inclusion complex also depends on the
size of the incoming guest molecules and the cavity diameter of
the host molecule.34 As the cavity diameters of the cyclodextrins
are xed, it is more convenient to discuss the size effect of the
chosen nucleoside molecules. In this respect, it is very difficult
for a purine moiety to be encapsulated by a-CD, whereas it can
encapsulate the pyrimidine based nucleosides, which is in good
agreement with the ndings of this study. Moreover, b-CD has
a relatively larger cavity, which can encapsulate both types of
nucleosides and form stable inclusion complexes. The main
driving force is the slightly apolar cyclodextrin cavity being
occupied by water molecules,17 which is energetically unfav-
oured (polar–apolar interaction) and therefore can readily be
substituted by the incoming hydrophobic residue of a nucleo-
side to attain an apolar–apolar association and decrease cyclo-
dextrin ring strain, resulting in a more stable and lower energy
state. The trapped water molecules are liberated in the bulk,
increasing the entropy of the system (Scheme 2a and b).9

Solvation numbers (Sn), (Table 2) also show that aer inclusion,
the nucleosides form H-bonds with the –OH groups at the
primary and secondary rims of cyclodextrin, which further
stabilizes the inclusion complex. Thus, the efficiency of inclu-
sion among different nucleoside-cyclodextrin systems on the
RSC Adv., 2016, 6, 8881–8891 | 8889



Table 4 Association constant (Ka) and thermodynamic parameters DHo, DSo and DGo of different nucleoside-cyclodextrin inclusion complexes

Tempa/K Ka
b (�10�3)/M�1 DHob/kJ mol�1 DSob/J mol�1 K�1 DGob (298.15 K)/kJ mol�1

U + a-CD 298.15 1.40 �9.44 �5.52 �7.80
303.15 1.22 — — —
308.15 1.05 — — —

C + a-CD 298.15 1.49 �9.69 �6.09 �7.87
303.15 1.31 — — —
308.15 1.11 — — —

A + b-CD 298.15 1.58 �9.00 �3.54 �7.94
303.15 1.43 — — —
308.15 1.20 — — —

G + b-CD 298.15 1.70 �8.99 �3.30 �8.01
303.15 1.47 — — —
308.15 1.30 — — —

U + b-CD 298.15 1.04 �9.07 �5.34 �7.48
303.15 0.92 — — —
308.15 0.79 — — —

C + b-CD 298.15 1.10 �8.71 �3.87 �7.55
303.15 0.99 — — —
308.15 0.85 — — —

a Standard uncertainties in temperature u are: u(T)¼�0.01 K. b Mean errors in Ka¼�0.02� 10�3 M�1; DHo ¼�0.01 kJ mol�1; DSo ¼�0.01 J mol�1

K�1; DGo ¼ �0.01 kJ mol�1.

RSC Advances Paper
basis of association constants may be illustrated in Scheme 3,
wherein a-CD can accommodate only pyrimidine type nucleo-
sides, but b-CD can accommodate all the four nucleosides
under experimental conditions.
4. Conclusion

The present study reveals a unique behavior of the aqueous
cyclodextrin-nucleoside system. It establishes the possibility of
formation of host–guest inclusion complexes between cyclo-
dextrin and RNA nucleosides by physicochemical as well as
spectroscopic methods. Surface tension measurement and pH
study support that a-cyclodextrin forms inclusion complexes
with only pyrimidine based nucleosides, whereas b-cyclodextrin
forms complexes with both purine and pyrimidine based
nucleosides. In addition, the ratio of host : guest was found to
be 1 : 1 by Job's method. The measured parameters, e.g.,
density, viscosity, acoustic data, and refractive index data,
support the order of interaction among different nucleosides
and cyclodextrin systems, whereas NMR data conrm the
Scheme 3 The order of efficiency of inclusion among different
nucleoside-cyclodextrin systems.

8890 | RSC Adv., 2016, 6, 8881–8891
inclusion phenomenon. The determination of association
constants and various thermodynamic parameters quantita-
tively explain the signicance of the study. Therefore, this
exclusive study has diverse applications in the broad eld of
biology and chemistry.
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NMR, surface tension and conductivity studies
to determine the inclusion mechanism:
thermodynamics of host–guest inclusion
complexes of natural amino acids in aqueous
cyclodextrins†

Subhadeep Saha, Tanusree Ray, Saptarshi Basak and Mahendra Nath Roy*

The assembly of two natural amino acids (viz., L-arginine and L-histidine) as guests with a and

b-cyclodextrins as hosts to form inclusion complexes in aqueous medium has been demonstrated

which are highly suitable for diverse applications in modern bio-medical sciences. The 1H NMR study

establishes the formation of inclusion complexes, while surface tension and conductivity studies confirm

that the inclusion complexes have been formed with 1 : 1 stoichiometry. The nature of the complexes

has been established using thermodynamic parameters, based on density, viscosity, and refractive index

measurements. The contributions of different groups of the guest molecules towards the limiting

apparent molar volume and the viscosity-B coefficient are determined and solvation numbers are

calculated. All the parameters support the formation of the inclusion complexes, which are explained

based upon hydrophobic effects, H-bonds, electrostatic forces and structural effects.

1. Introduction

In modern science cyclodextrins are extensively used for
the controlled release of compounds due to their exceptional
capability to form inclusion complexes with a variety of guest
molecules, thus it is an important task to follow whether a
molecule forms an inclusion complex with cyclodextrins.1,2

Cyclodextrins are cyclic oligosaccharides containing six (a-CD),
seven (b-CD) and eight (g-CD) glucopyranose units, which are
bound by a-(1–4) linkages forming a truncated conical structure
having a hydrophobic interior and hydrophilic rims containing
primary and secondary –OH groups (Scheme 1).

Hence, because of having exceptional structures, 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
the polar rims.3,4 This explains the modern-day interest in
cyclodextrins in the controlled release of bio-active molecules
(e.g., drugs, vitamins, amino acids etc.), food flavours, deodorisers,
paint ingredients etc. as well as the removal of toxic
materials, waste products and pollutants without any chemical
modification.5

In the present work two natural amino acids (viz., L-arginine
and L-histidine) have been studied with a and b-cyclodextrins to
observe whether they form a host–guest inclusion complex by
the study of 1H NMR, surface tension and conductivity. The
nature of the inclusion complexes is established by density,
viscosity and refractive index measurements by calculating the
contributions towards the limiting apparent molar volume and
the viscosity-B coefficient of different groups of the guest
molecules, solvation number and limiting molar refraction by
taking 0.001, 0.003, 0.005 mass fractions of a and b-cyclodextrins
in aqueous medium.

2. Result and discussion
2.1. 1H NMR study confirms the inclusion phenomenon

The insertion of a guest molecule into the hydrophobic cavity of
a and b-CD results in the chemical shift of the protons of the
cyclodextrin molecule in the 1H NMR spectra, which is due
to the interaction of the host cyclodextrin with the guest
molecule.6 In the structure of cyclodextrin the H3 and H5
hydrogens are located inside the conical cavity, particularly,
H3 is placed near the wider rim while H5 is placed near the
narrower rim of the cyclodextrin molecule. The other H1, H2
and H4 hydrogens are situated at the exterior of the cyclodextrin
molecule (Scheme 2).7
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Thus when a guest molecule enters into the cavity of cyclodextrin
it interacts with the H3 and H5 protons, resulting in the upfield
chemical shift of these protons. As H3 is located near the wider rim
of cyclodextrin, through which usually the guest enters, the shift is
higher for it than that for the H5 proton which is situated near the
narrower rim at the interior of cyclodextrin. The other H1, H2 and
H4 hydrogens also show an upfield chemical shift, but it is lower
compared to that of the interior protons.8

In the present work the molecular interactions of L-Arg and
L-His with a and b-cyclodextrins have been studied using the
1H NMR spectra by taking a 1 : 1 molar ratio of the amino acid
and a or b-cyclodextrin in D2O at 298.15 K. It has been found
that there are considerable upfield shifts (Dd) of the interior H3
and H5 protons, but little shifts of the exterior H1, H2 and H4
protons of cyclodextrin, as well as those of the interacting
protons of the amino acids (Fig. 1–4).

This establishes that the inclusion phenomenon has occurred
between the chosen host and guest molecules. Upon inclusion the
upfield chemical shift values (Dd) of the H3 and H5 protons of
a and b-cyclodextrins have been listed in Table 1, which show that
the interaction of the guest amino acids with H3 is greater than
that with H5, suggesting that the inclusion has taken place
through the wider rim of the a and b-cyclodextrins.

2.2. Surface tension study explains the inclusion as well as the
stoichiometric ratio of the inclusion complexes

Amino acid molecules being present in zwitterionic structures
show a considerable increase in the surface tension of their

aqueous solution, while aqueous cyclodextrin solution does not
show any remarkable change in surface tension compared to
the pure aqueous solvent.9 Thus while amino acids make
inclusion complexes with cyclodextrins a remarkable change
in surface tension should be observed, also getting single,
double, etc. breaks in the surface tension curve indicating
1 : 1, 1 : 2, etc. stoichiometries of the host and the guest in the
formed inclusion complex (Scheme 3).10,11

In the present study the guest amino acid molecules exist in
zwitterionic forms and also contain basic side groups, thereby
having charge in their molecules, thus there might be some
ionic interactions between the charged groups resulting in an
increase in surface tension of the aqueous solution, which
would be distinctly affected in the presence of a or b-CD. Here
a set of solutions has been prepared having 10 mmol L�1

concentration of L-Arg or L-His with increasing concentration
of a or b-CD and the surface tension is measured at 298.15 K. The
trend of the surface tension curve is found to be progressively
falling with increased concentration of a and b-CD, which may be
attributed to the formation of the inclusion complex (Fig. 5a and b).

The curves for both the amino acids are similar, but the slope
of L-Arg is higher than that of L-His, which may be due to a greater
number of L-Arg molecules present in the charged structure than
that of L-His, both of which are encapsulated in the cyclodextrin
cavity as the inclusion occurs. Single discernible breaks at about
10 mmol L�1 concentration of both a and b-CD are found for all
the possible four cases indicating the 1 : 1 stoichiometric ratio for
each of the inclusion complexes formed (Table 2).

Scheme 1 Molecular structure of selected a-amino acids in aqueous solution and the structure of the cyclodextrin host molecule.

Scheme 2 (a) Stereo-chemical configuration of a and b-cyclodextrin, (b) truncated conical structure of a and b-cyclodextrins.
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2.3. Conductivity study illustrates the inclusion process and
their stoichiometric ratio

The measurement of the conductivity of a solution is an
important tool to elucidate the inclusion phenomenon. The
study of conductivity is not only a very common method to
illuminate the host–guest inclusion event but also to identify
the stoichiometry of the inclusion complex formed.12–14 As the
amino acid molecule enters into the hydrophobic cavity of a or
b-CD the conductivity of the solution decreases gradually, i.e.,
the conductivity of the solution is markedly affected by the
inclusion phenomenon. In this study the conductivities of
a series of solutions having 10 mmol L�1 concentration of
aqueous L-Arg or L-His with increasing concentration of either
of the two cyclodextrins have been measured, and the trend of
the conductivity is found to be regularly declining which is
obvious due to the formation of the inclusion complex between
cyclodextrin and amino acid (Fig. 6a and b).

A noticeable break is found in the conductivity curve at
around a 10 mmol L�1 concentration for both a and b-CD,
suggesting that the stoichiometry of the amino acid-cyclodextrin
inclusion complex is equimolar, i.e., a 1 : 1 host–guest inclusion
complex is formed (Scheme 3). A complex or greater number of

breaks in the conductivity curve suggests different stoichiometry
e.g., 1 : 2, 2 : 1, 2 : 2 etc. for the inclusion complex. In this study of all
four cases of L-Arg and L-His with a and b-CD similar results are
found, but the conductivity near the break is found to be a little
lower for b-CD than a-CD, which might be due to the fact that the
former is a better host for the two studied guests than the latter
(Table 2).

2.4. pH study confirms the ionic states of the amino acids

pH measurement is a handy tool for understanding the structures
of the zwitterionic forms of amino acids in aqueous solution.15

The values of pH for L-Arg and L-His in both the aqueous a and
b-CD increase with increasing concentration of the respective
amino acids (Table S3 in the ESI†). The ranges of the pH values
at 298.15 K for the two selected amino acids in the aqueous a and
b-CD solutions under experimental consideration are 7.38–7.56
and 9.80–10.73 for L-His and L-Arg, respectively. These values
clearly show the variation in their zwitterionic forms, i.e., besides
existing as –NH3

+ and –COO� of the amine and carboxylic acid
groups, the side chains of the amino acids are present as cationic
groups by acquiring a proton from the aqueous solution, thus by
increasing the pH value of the solution.

Fig. 1 1H NMR spectra of (a) a-CD, (b) arginine and (c) 1 : 1 molar ratio of a-CD & arginine in D2O at 298.15 K.
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2.5. Density study: group contributions and interactions
between amino acids and cyclodextrins

The apparent molar volume (fv) and limiting apparent molar
volume (f0

v) are considered as sensitive tools for understanding
the interactions taking place in solutions. The apparent molar
volume is the measure of the sum of the geometric volume of
the central solute molecule and changes in the solvent volume
due to its interaction with the solute around the co-sphere.
Here fv has been determined from the measured density of the
solutions at 298.15 K (Table S3, ESI†) and by using the suitable
equation, the magnitude of which is found to be positive for
all the systems under study, indicating strong solute–solvent
interactions.9,16 fv varies linearly with the square root of molal
concentration (Table S5, ESI†) and is fitted to the Masson
equation, from where the limiting apparent molar volume (f0

v)
has been determined (Table S6, ESI†).17 The values of f0

v

increase with the increase of mass fractions of a and b-CD
for both L-Arg and L-His indicating that the ion-hydrophilic
group interactions are stronger than the ion-hydrophobic
group interactions. In the present ternary system interactions
are taking place between the zwitterionic groups and the side
chain ionic groups of the amino acids with the localized
hydroxyl groups of cyclodextrins, with the electrostriction of
water resulting in an increase in volume. The f0

v values for both

the amino acids and cyclodextrins at different mass fractions
are represented in Fig. 7, which suggests that f0

v of L-Arg is
greater than that of L-His due to greater electrostriction which is
further due to the presence of additional methylene groups
(that lengthens the chain increasing the hydrophobic inter-
action) and the guanidine group (that interacts better than the
imidazole group with the –OH groups of cyclodextrin) that
provide an enforcing tendency in L-Arg resulting in a net
increase in volume.

The consequences for the selected amino acids can be
recognized on the basis of the limiting partial molar volume
which is found to be higher for L-Arg than L-His. In this study
the values of f0

v are measured for glycine, L-Arg and L-His
at 298.15 K for different mass fractions of a and b-CD.
If one H from the side chain of glycine is replaced by

and side

groups L-Arg and L-His are found respectively, so there should
be a correlation among the structures of the amino acids as well
as in the values of f0

v, which greatly affects the inclusion
complexes taking place in the solution systems.9,14,16 The variations
of f0

v for different groups present in L-Arg and L-His with
different mass fractions of a and b-CD have been estimated

Fig. 2 1H NMR spectra of (a) a-CD, (b) histidine and (c) 1 : 1 molar ratio of a-CD & histidine in D2O at 298.15 K.
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(Table 3). It is observed that the contribution of the zwitterionic
group (NH3

+,COO�) is in the range of 23.24–25.76� 10�6 m3 mol�1

and 25.32–27.48 � 10�6 m3 mol�1 for a and b-CD respectively,
which indicates that the interactions between the –OH groups of
cyclodextrins and the polar head groups (NH3

+,COO�) of amino
acids are strong, but they are stronger for b-CD than a-CD. The
contributions of hydrophobic (CH) and (CH2) groups decrease

and those of the hydrophilic and

groups increase with the increase of the mass fractions of both
the cyclodextrins, which suggest that the ion–dipolar interactions
increase over the hydrophobic interactions for the two selected
amino acids when the mass fractions of both the cyclodextrins
are increased in the solution. It is observed that the contribution

to f0
v for is more than that for ;

but as the contributions of the hydrophobic alkyl groups are
summed the overall f0

v for L-Arg is found to be greater than that
for L-His with both the aqueous cyclodextrin solutions.

2.6. Viscosity: group contribution and solvation number:
degree of solvation by cyclodextrin molecules

The viscosity of the aqueous cyclodextrin solution increases
with increasing mass fraction of a or b-CD (Table S1, ESI†) due
to the structure making contribution of cyclodextrins with
water molecules. In the studied ternary systems the viscosity
is found to be increasing with increasing molality of amino
acids (Table S3, ESI†). The viscosity B-coefficients (Table S6,
ESI†), which are an indication of solute–solvent interactions,
are found to be all positive (Fig. 8), and increase with the
increasing concentration of a and b-CD, which is considered to
arise because of increasing amino acid–cyclodextrin interaction
as well as increase in the solvation.18,19

The contributions of different groups of amino acids to the
viscosity B-coefficient have been derived (Table 3).9,14,16 The
contributions of the zwitterionic group (NH3

+,COO�) and the

polar groups and increase

with increasing mass fractions of a and b-CD, suggesting the
greater solvation of the ionic groups with the –OH groups of

Fig. 3 1H NMR spectra of (a) b-CD, (b) arginine and (c) 1 : 1 molar ratio of b-CD & arginine in D2O at 298.15 K.
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cyclodextrin molecules, while those of the hydrophobic (CH),
(CH2) groups are found to increase demonstrating the increased

solvation of the hydrophobic part of the amino acids inside the
hydrophobic cavity of a and b-CD.

In the present study solvation number is a measure of the
interaction taking place between the primary or secondary
hydroxyl groups of cyclodextrins and the zwitterionic or the
polar side groups of amino acids, this is because as the mass
fraction of the cyclodextrins increases in the ternary solution
system the electrostriction of water diminishes resulting in an
increase in the solvation number (Table 4), which is found to be
higher for L-Arg than L-His, this may be explained by L-Arg
containing longer alkyl chains and the more basic guanidine
group than L-His, the encapsulation of the hydrophobic part
inside the cavity of cyclodextrin is greater and the guanidine
group interacts better with the –OH groups of cyclodextrin
replacing the surrounded water molecules.9,20

The solvation number in the case of b-CD is observed to be
higher than that of a-CD, this is probably due to the greater
number of –OH groups (primary and secondary) coordinating
with the appropriate phase of interaction with the zwitterionic
and polar side groups replacing the water molecules around the
amino acid molecules.

2.7. Refractive index demonstrates the compactness of the
inclusion complexes

The refractive index (nD) and molar refraction (RM) are considered
as valuable tools for investigating the molecular interactions

Fig. 4 1H NMR spectra of (a) b-CD, (b) histidine and (c) 1 : 1 molar ratio of b-CD & histidine in D2O at 298.15 K.

Table 1 Change in chemical shifts (ppm) of the H3 and H5 protons of
cyclodextrin host molecules when complexed with amino acid guest
molecules in D2O at 298.15 Ka

Dd

L-Arginine L-Histidine

H3 H5 H3 H5

a-Cyclodextrin 0.278 0.088 0.208 0.052
b-Cyclodextrin 0.283 0.099 0.252 0.062

a Standard uncertainties in temperature u are: u(T) = 0.01 K.

Scheme 3 Different possibilities of the host–guest ratio for the inclusion
complex.
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taking place in solution systems (Tables S3 and S5, ESI†). As the
interaction between the solute and the solvent (here formation of
the inclusion complex between amino acids and cyclodextrins)
increases the medium becomes more compact, resulting in a
higher value of the limiting molar refraction (R0

M) (Table S6,
ESI†).9,21 Therefore, it is evident from Fig. 9 that the inclusion
complexes of L-Arg with both the a and b-CD are more dense or
closely packed than those of L-His, which may be explained as

due to greater hydrophilic as well as hydrophobic interactions
between L-Arg and both the cyclodextrins. These findings are in
good agreement with the results found from density and viscosity
measurements.

2.8. Structural influence of cyclodextrins

The formation of a host–guest inclusion complex depends on
the size of the guest molecule as well as the cavity diameter of
the host molecule, thus it is a dimensional suitability between
these two species.9 The uniqueness of the cyclodextrin molecule
is the hydrophobic cavity and hydrophilic rims, which provide
an appropriate environment for the apolar part of a molecule to
reside inside the cavity, while the polar part makes association
with the polar rims, thereby stabilizing the whole inclusion
complex.1,22 Another driving force for the formation of the
inclusion complex is the release of the water molecules from
the hydrophobic cavity into the bulk, which is an entropy driven
process.14 The stoichiometry of the inclusion complex is found
to be 1 : 1 (Scheme 3) from conductivity and surface tension
measurements, which may be explained on the basis of the fact
that after inclusion of one amino acid molecule it would be
difficult for a second molecule to be inserted into the cavity
because the zwitterionic part and the ionic side group make
some kind of blockage at the wider rim of the host molecule.9

The insertion of the guest amino acid molecule is expected from

Fig. 5 Variation of surface tension of L-arginine solution (10.0 mmol L�1) and L-histidine solution (10.0 mmol L�1) with increasing concentration of
(a) a-cyclodextrin and (b) b-cyclodextrin respectively at 298.15 K.

Table 2 Values of surface tension (g) and conductivity (k) at the break
point with corresponding concentration of aqueous a and b-cyclodextrins
at 298.15 Ka

Surface tension

L-Arginine L-Histidine

Conc./mM g/mN m�1 Conc./mM g/mN m�1

a-Cyclodextrin 9.9 76.5 9.8 74.5
b-Cyclodextrin 9.9 76.0 9.8 74.0

Conductivity

L-Arginine L-Histidine

Conc./mM k/mS m�1 Conc./mM k/mS m�1

a-Cyclodextrin 10.1 176 10.5 65
b-Cyclodextrin 10.0 170 11.0 64

a Standard uncertainties in temperature u are: u(T) = 0.01 K.

Fig. 6 Variation of conductivity of aqueous (a) L-arginine solution (10.0 mmol L�1) and (b) L-histidine solution (10.0 mmol L�1) respectively with
increasing concentration of a and b-cyclodextrin at 298.15 K.
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the wider rim of the cyclodextrin molecule, so as to make
maximum contact of the alkyl groups with the cyclodextrin
cavity (Scheme 4), which is also supported by NMR data.

The charged terminal groups are projected toward the
aqueous environment and can make H-bonds with the –OH
groups at both rims of the cyclodextrin molecule (Scheme 5).
Thus the stabilizing factors for the formation of the inclusion
complexes are firstly, the displacement of polar water molecules
from the apolar cavity of cyclodextrin and return to the bulk of

water, making a large number of H-bonds; secondly, a decrease
of the repulsive forces between the hydrophobic alkyl groups of
amino acids in the aqueous environment and an increase in
the hydrophobic interactions as the inclusion takes place in
the apolar cavity of cyclodextrin; and finally, the inclusion
complex is stabilized by the formation of H-bonds between
the polar groups of amino acids and the primary as well
as the secondary –OH groups at both the rims of a and b-CD
(Scheme 5).

Fig. 7 Plot of limiting molar volume (f0
v) against mass fraction (w) of aq. a-CD and aq. b-CD for L-arginine (orange & blue) and L-histidine (green & pink)

respectively at 298.15 K.

Table 3 Contributions of the zwitterionic group (NH3
+), (COO�); (CH), (CH2) groups and the end group to the limiting apparent molar volume (f0

v ) and
the viscosity B-coefficient for amino acids in different mass fractions of aqueous a and b-cyclodextrins respectively at 298.15 Ka

Groups

f0
v � 10�6/ m3 mol�1 B/kg1/2 mol�1/2

w1 = 0.001b w1 = 0.003b w1 = 0.005b w1 = 0.001b w1 = 0.003b w1 = 0.005b

(NH3
+), (COO�) 23.24 24.88 25.76 0.096 0.098 0.100

(CH) 8.99 8.38 8.16 0.028 0.029 0.030
(CH2) 17.98 16.76 16.32 0.056 0.058 0.060
(CH2)3 53.94 50.28 48.96 0.168 0.174 0.180

34.69 41.64 47.70 0.230 0.237 0.276

54.87 58.96 62.56 0.322 0.343 0.358

w2 = 0.001b w2 = 0.003b w2 = 0.005b w2 = 0.001b w2 = 0.003b w2 = 0.005b

(NH3
+), (COO�) 25.32 26.82 27.48 0.100 0.104 0.108

(CH) 8.28 7.65 7.44 0.026 0.027 0.028
(CH2) 16.56 15.30 14.88 0.052 0.054 0.056
(CH2)3 49.68 45.90 44.64 0.156 0.162 0.168

45.56 51.61 55.62 0.264 0.291 0.298

62.86 66.51 69.70 0.350 0.361 0.392

a Standard uncertainties u are: u(T) = 0.01 K. b w1 and w2 are mass fractions of a and b-cyclodextrins in an aqueous mixture respectively.
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3. Conclusion

The present study concludes that the two essential amino acids,
viz., L-Arg and L-His form host–guest inclusion complexes
with a and b-CD. The NMR study confirms the inclusion
phenomenon while surface tension and conductivity studies
reveal that 1 : 1 inclusion complexes have been formed. Density,
viscosity and refractive index measurements are used to char-
acterize the formed inclusion complexes by determining the
group contributions of the limiting apparent molar volume and
the viscosity-B coefficient, as well as the solvation number and
limiting molar refraction. All the findings support the for-
mation of the inclusion complexes and thus the current work

describes its appropriateness towards miscellaneous applica-
tions as a controlled delivery system in the field of modern bio-
medical sciences.

4. Experimental section
4.1. Source and purity of samples

The selected amino acids and cyclodextrins of puriss grade were
bought from Sigma-Aldrich, Germany and used as purchased.
The mass fraction purities of L-Arg, L-His, a-cyclodextrin and
b-cyclodextrin were Z0.98, 0.99, 0.98 and 0.98 respectively.

4.2. Apparatus and procedure

The solubility of the selected cyclodextrins and that of the
selected amino acids in aq. cyclodextrins has been precisely
checked in triply distilled, deionized and degassed water and it
was observed that these were freely soluble in all proportions of
aq. cyclodextrins. All the stock solutions of the amino acids
were prepared by mass (measured using Mettler Toledo AG-285
with uncertainty 0.0001 g), and the working solutions were
obtained by mass dilution at 298.15 K. The conversions of
molarity to molality have been done using density values.23

Adequate precautions were taken to reduce evaporation losses
during mixing.

NMR spectra were recorded in D2O unless otherwise stated.
1H NMR spectra were recorded at 400 MHz and 500 MHz using
Bruker ADVANCE 400 MHz and Bruker ADVANCE 500 MHz

Fig. 8 Plot of the viscosity B-coefficient against mass fraction (w) of aq. a-CD and aq. b-CD for L-arginine (orange & blue) and L-histidine (green & pink)
respectively at 298.15 K.

Table 4 Solvation number (Sn) of the amino acids at different mass
fractions of aqueous a and b-cyclodextrins respectively at 298.15 Ka

Sn

w1 = 0.001b w1 = 0.003b w1 = 0.005b

L-Arginine 4.59 4.62 4.66
L-Histidine 4.50 4.53 4.58

w2 = 0.001b w2 = 0.003b w2 = 0.005b

L-Arginine 4.65 4.68 4.72
L-Histidine 4.56 4.60 4.65

a Standard uncertainties u are: u(T) = 0.01 K. b w1 and w2 are mass
fractions of a and b-cyclodextrins in the aqueous mixture respectively.

Fig. 9 Plot of limiting molar refraction (R0
M) for L-arginine and L-histidine in different mass fractions (w) of aq. a-CD and aq. b-CD respectively at 298.15 K.
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instruments respectively at 298.15 K. Signals are quoted as d
values in ppm using residual protonated solvent signals as the
internal standard (D2O: d 4.79 ppm). Data are reported as
chemical shifts.

The surface tension experiments were done by the platinum
ring detachment method using a Tensiometer (K9, KRU+SS;
Germany) at the experimental temperature. The accuracy of
the measurement was within�0.1 mN m�1. The temperature of
the system has been maintained by circulating auto-thermostated
water through a double-wall glass vessel containing the solution.

Specific conductance values of the experimental solutions
were measured by a Mettler Toledo Seven Multi conductivity
meter with uncertainty 1.0 mS m�1. The measurements were
made in a thermostated water bath maintaining the temperature
at 298.15 K and using the HPLC grade water with a specific
conductance of 6.0 mS m�1. The cell was calibrated using a 0.01 M
aqueous KCl solution. The uncertainty in temperature was 0.01 K.

pH values of the experimental solutions were measured by a
Mettler Toledo Seven Multi pH meter with an uncertainty of
0.009. The measurements were made in a thermostated water
bath maintaining the temperature at 298.15 K. The uncertainty
in temperature was 0.01 K.

The densities (r) of the solvents were measured by means
of a vibrating U-tube Anton Paar digital density meter (DMA
4500M) with a precision of �0.00005 g cm�3 maintained at
�0.01 K of the desired temperature. It was calibrated by passing
triply distilled, degassed water and dry air.

The viscosities (Z) were measured using a Brookfield DV-III
Ultra Programmable Rheometer with fitted spindle size-42. The
detailed description has already been described earlier.10

Refractive indexes were measured using a Digital Refractometer
Mettler Toledo. The light source was LED, l = 589.3 nm. The
refractometer has been calibrated twice using distilled water and
calibration has been checked after every few measurements. The
uncertainty of refractive index measurements was �0.0002 units.

4.3. 1H NMR data

a-Cyclodextrin. 1H NMR (500 MHz, D2O): d = 3.48–3.51 (6H,
t, J = 9.00 Hz), 3.53–3.56 (6H, dd, J = 10.00, 3.00 Hz), 3.74–3.83
(18H, m), 3.87–3.91 (6H, t, J = 9 Hz), 4.97–4.96 (6H, d, J = 3 Hz).

b-Cyclodextrin. 1H NMR (400 MHz, D2O): d = 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-Arginine. 1H NMR (500 MHz, D2O): d = 1.48–1.53 (4H, m),
3.07–3.08 (2H, m), 3.13–3.14 (1H, m).

L-Histidine. 1H NMR (500 MHz, D2O): d = 3.01–3.16 (2H, m),
3.85–3.86 (1H, m), 6.97 (1H, s), 7.67 (1H, s).

Scheme 4 Feasible and restricted inclusion of the guest into the host
molecule.

Scheme 5 Schematic representation of the mechanism for the formation of the 1 : 1 inclusion complex of selected a-amino acids with both
a and b-cyclodextrin molecules.
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a-CD + L-Arg. 1H NMR (500 MHz, D2O): d = 1.39–1.43 (4H, m),
2.97–2.98 (2H, t, J = 6.5 Hz), 3.03–3.04 (1H, t, J = 5.5 Hz), 3.43–3.46
(6H, t, J = 9.00 Hz), 3.49–3.52 (6H, dd, J = 10.00, 3.00 Hz), 3.59–3.63
(6H, t, J = 9 Hz), 3.66–3.75 (18H, m), 4.97–4.96 (6H, d, J = 3 Hz).

a-CD + L-His. 1H NMR (400 MHz, D2O): d = 3.00–3.16 (2H,
m), 3.84–3.85 (1H, m), 6.89 (1H, s), 7.59 (1H, s), 3.46–3.49 (6H, t,
J = 9.00 Hz), 3.51–3.54 (6H, dd, J = 10.00, 3.00 Hz), 3.66–3.70
(6H, t, J = 9 Hz), 3.69–3.78 (18H, m), 4.97–4.96 (6H, d, J = 3 Hz).

b-CD + L-Arg. 1H NMR (400 MHz, D2O): d = 1.38–1.42 (4H, m),
2.96–2.97 (2H, t, J = 6.5 Hz), 3.02–3.03 (1H, t, J = 5.5 Hz), 3.44–3.49
(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), 3.69–3.74 (18H, m), 5.00–5.01 (6H, d, J = 3.6 Hz).

b-CD + L-His. 1H NMR (400 MHz, D2O): d = 2.97–3.13 (2H, m),
3.84–3.85 (1H, m), 6.88 (1H, s), 7.58 (1H, s), 3.45–3.50 (6H, t,
J = 9.2 Hz), 3.54–3.57 (6H, dd, J = 9.6, 3.2 Hz), 3.62–3.67 (6H, t,
J = 9.2 Hz), 3.73–3.78 (18H, m), 5.00–5.01 (6H, d, J = 3.6 Hz).
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