
STUDY TO EXPLORE MOLECULAR INCLUSION 

COMPLEXES OF CYCLIC HOSTS WITH VITAL GUESTS IN 

VARIOUS ENVIRONMENTS 

 

A Thesis submitted to the 

UNIVERSITY OF NORTH BENGAL 

 
 

For the Award of 

 Doctor of Philosophy (Ph. D.) 

 

In 

CHEMISTRY 

 
 

By 

ADITI ROY 

(M. Sc. in Chemistry) 

 

 

Supervised by 

DR. MAHENDRA NATH ROY 

Professor of Chemistry 

Department of Chemistry 

University of North Bengal 

West Bengal, Pin-734013, India 
 

January 2018 



 

 

 

Dedicated to My 

Beloved Parents 
 



DECTARATION

I declare that the thesis entitled "STUDY TO EXPLORE MOLECULAR

INCTUSION COMPLEXES OF CYCTIC HOSTS WITH VITAT GUESTS

IN VARIOUS ENVIRONMENTS" has been prepared by me under the

guidance of Dr. Mahendra Nath Roy, Professor of Chemistry

University of North Bengal. No part of the thesis has formed the basis

for the award of any degree or fellowship previously.

milr Ry
ADITI ROY,

Department of Chemistry

Universify of North Bengal,

Darieeling: 73401"3,

lVest Bengal, India

DATE: 08.01"L0 l8

iv

7

subhadeep
Line

subhadeep
Typewriter
iii



UNIVERSITY OF NORTH BENGAL
ACCR.EDITEN BY NAAC H/IT}I GH.ADE A

Dr. M" N. Roy
Professor and Head of Departnrent of fhemishy,

Awardee of One Time Grarrt frotr
UGCnProf. Suresh C. Ameta from lG$

and Bronze tiledal from CRSI

Phone: +91 353 2776381

Mobile +9t943M96154

E.maik mahendraroy2 00 2 (@yahqo.co. in

Itlest Bengal 7 340tr3, India

lanuary,201B

ENTIGHTENMENT TO PERFECTION

CERTIFICATE

I certify that Ms. Aditi Roy has prepared the thesis entitled "STUDY

TO EXPLORE MOLECULAR INCLUSION COMPLEXES OF CYCTIC

HOSTS WITH VITAT GUHSTS IN I/ARIOUS ENVIRONMENTS", fOr

the award of Ph, D. degree from University of North Bengal, under my

guidance. She has carried out the work at the Department of

Chemistry, University of North tsengal.

DR. MAHENDRA NATH ROY,

Professor of Chemistry, f3*,{f,:;!"!j,,., f;**?"y*
&

D ep artme nt o f Ch emi stry, n, r,;Xf:,::;,!;,';JTn'i!;;:," o

universiqy of North Bengal, 
Darieetins'731o13' india

Darieeling: 73+A13,

West Bengal, India

v

subhadeep
Line

subhadeep
Typewriter
iv



{-",FEKUND

Antiplagiarism Report of Ph. D. Thesis

Tiile of the Thesis: Study to Exptore Molecular lnclusion Complexes of Cyclic Hosts with Vital Guests in

Various Environments

Urkund Analysis Result

Analysed Dccunrent: Aditi Roy*Chemistry_PhD*Thesis.docx {D34155085)
submitted: 121?2/2a17 7:38:00 AM

Subrnitted By: nbuplg@gmail.com
Significance: 1 0k

Sources included in the report:

https://l i n k. s pri n g e r.co m/a rti cle/1 0. 1 007/s 1 0847-0 X 7 -AV 1 5-7

https:lll i n k.s p ri n g er.co mla rti cl e/1 0. 1 2081s 1 2249 -01 7 -07 48-7

http s ://l i n k. s p ri n g e r. c o m/c h a pte r/ 1 0. 1 AA7 / 97 B-9 4-0 1 1 -5622-6 *1 ZA

https:/llin k.spri n ger.cam/article/1 0.1 0071s0021 4-0 1 1 -1 A1 4-9

h ttps://l i n k"sp ri n g er.co m/a rti clel'l 0. 1 007i s 1 0847 -017 -a7 52-2
https://open[.nlm.nih.govldetailedresult.php?irng=FivlC4264178*ijrns-1 5-20469-9001 a&req=4

Instances where selected sources appear:

1V

Ai,j,+i Ro)

Signature of the Candidate Signature of the Supervisor

h*L;.v* IeE L" Con-ot-eot€)

t*t*-t,-*Jr.-. /.{tE L"

Signat*re of the HOD, Chemistry

Prof' (Dr') M' /V' RoEt
n"oa7I*t DePat"nent of Chemistry

Progrcmme Coordinator' SAP' DRS-I/I

[Jniuersttg of ltorth Bengal
Darjeetinlg - 7S4O13' India

Pro1fi (Dr.) NI. N. Roy
Head olthe Department olChemistry

&
Programme Coordinator, SAP, DRS-III

Uniuersitg of North Bengal
Darjeeling - 734O13, India

:\
$

subhadeep
Typewriter
v



vi 
 

ACKNOWLEDGEMENT 
 

Determination is an important prerequisite to achieve a goal, which can 

be smoothly accomplished with proper guidance. At this moment, I would 

like to convey my deepest sense of gratitude to my respected supervisor, 

Dr. Mahendra Nath Roy, Professor and Head, Department of Chemistry, 

University of North Bengal, West Bengal, India. Throughout this 

challenging journey, I have received constant guidance, valuable 

suggestions, motivation and inspiration from him. He deserves special 

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

motivated and encouraged me to go that extra mile during this journey. 

Without his care and guidance, it would not have been possible for me to 

bring the thesis in its current form. I am fortunate to have an opportunity 

to work under his guidance and would like to devote my heartiest 

thankfulness to him.  

I also like to convey my thanks to all faculty members Department of 

Chemistry, University of North Bengal for their constant enthusiasm and 

inspiration during my research work. I am also thankful to the University 

authority, especially University Scientific Instrumentation Centre, 

University of North Bengal for providing me the laboratory facilities for 

the research works described in this thesis. 

I specially thank all my lab-mates with whom I worked for their friendly 

help and encouragement throughout the present investigation. 

My acknowledgement also goes to the sources of the information required 

for my research work: the numerous books, monographs, articles, 

computer website, etc. I put on record some measure of my gratitude to 

those whose references I have cited in this thesis. 

I would like to express my acknowledgement to the University Grants 

Commission, New Delhi for the Special Assistance Programme (SAP, DRS-



Ill) sanctioned tc our Department of Chemistry, NBU and One Tirne Grant

awarded to nry supervison Prcf. Mahendr;r l{ath Roy which helped rne by

providing financial assistance anrl instrumental contrivances in order to

continue this research work.

The people withor.lt their whole heartecl r,villingness and cooperation I

would not be atrle lr: complete this task must be acknowledged. My father,

Sri Deilasish Roy, my mother, SmL l,'landa Roy, my sister, Smt. Aruncihuti

Roy', my aunt Srnt. Sandhya Roy deserve heartt'elt thanks for their

constant srlpport in difficuit times. Whatever I am and whatever I will ire

in future is because of thelr enormous blessings, commitmerlts to my

ambitions and sacrifi ces.

F'inally, I rvould like to devote my heartiest thanks to my husband Sri

Sul:hadeep Saha for his understanding, faith, constant guidance,

inspiratir-rn and support throughout this research work.

At last, I wouid like to thank all my well wisirers and many great people

who helped anri supported me directly or indirectiy throughcut this

journey.

Adilf RoJ
ag.ot ,2olg

Aditi Roy

Research Scholar

Department of Chemistry

University of North Bengal

West Bengal, Pinr 734{J13, trndia

vll

ri#



viii 
 

PREFACE 

 

 

The research work of my thesis entitled “STUDY TO EXPLORE MOLECULAR 

INCLUSION COMPLEXES OF CYCLIC HOSTS WITH VITAL GUESTS IN VARIOUS 

ENVIRONMENTS” was started in December 2014 under the supervision of Dr. 

Mahendra Nath Roy, Professor of Chemistry in the Department of Chemistry, 

University of North Bengal. 

This work deals with the molecular inclusion complexes of cyclic host, an 

oligosaccharide cyclodextrin with various guests such as amino acids, ionic 

liquids and drug molecules in solid and aqueous environments by various highly 

sophisticated spectroscopic techniques and physicochemical methods. 

During my research work, I have participated in several meets and seminars 

across the country and presented my research work. I was highly inspired by 

listening and interacting with renowned researchers, experts, reviewers and 

scientists which helped me a lot in my research work. I was even fortunate 

enough to publish the works in the thesis in International Journals of repute. 

In observance with general practice of reporting scientific observation, due 

acknowledgement has been made whenever the work described was based on 

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

unintentional omissions and errors, which might have crept in spite of 

insurances. 
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ABSTRACT 

This thesis comprises the research work that deals with the formation of host –

guest inclusion complexes of the oligosaccharide cyclodextrin with vital guest 

molecules namely amino acids, ionic liquids and drug molecules in various 

environments with the help of different spectroscopic and physicochemical 

techniques. 

Host-Guest Chemistry 

Host-guest chemistry has diverse application in the field of modern biochemistry 

as it covers the area of complexes formed by two or more molecules joined 

together by forces other than covalent bonds. It is very difficult to explain the 3D 

structure of large biomolecules by non covalent bonding; rather it is involved in 

biological processes in which molecules bind specifically but transiently to 

another molecule. Inclusion complex formation is one type of host–guest 

chemistry. Common host molecules are cyclodextrin, crown ether, cucurbit, 

porphyrins etc. while amino acids, vitamins, ionic liquids, drugs etc can act as 

guest molecules. The guest molecules are encapsulated in the cavity of host 

molecules and bound by some non-covalent interactions such as hydrogen 

bonding, van der Waals force and hydrophobic interactions. The thermodynamic 

driving force for the formation of host-guest inclusion complex is the lowering of 

Gibb’s free energy of the system. 

Cyclodextrin as Host Molecule 

Cyclodextrins are cyclic, nonreducing oligosaccharides in which the 

glucopyranose units are linked α-1, 4 glycosidic bonds. The unique characteristic 

of its structure is that it adopts a cylindrical shape providing a somewhat 

hydrophobic central cavity and a hydrophilic outer surface. Naturally occurring 

α, β and γ cyclodextrins consist of six, seven, and eight D-glucose units, 

respectively. Topand bottom cavity diameters typically measure 4.7 and 5.3 ˚ A 

for α-CD, 6.0 and 6.5˚A forβ-CD, and 7.5 and 8.3˚A for γ-CD, respectively. CDs  are  

water-soluble  molecules  with  rigid and  well  defined  molecular  structures.  
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The hydrophobic central cavity of cyclodextrin is suitable for forming inclusion 

complexes with a large variety of organic molecules in solutions and in solid 

state. Inclusion  complexes  of  CDs  are  being  formulated and  studied  for  

varied  purposes  such  as  dissolution  rate  enhancement,  solubility  of  the  

poorly  water  soluble  drugs,  stability  of  the system  and  even  as  drug  

carriers. This is the reason that cyclodextrin find applications various  fields  

such  as  pharmaceutical,  cosmetic,food,  chemical  industries  and  agriculture. It 

is fairly soluble in water and very cheap, non toxic also. They are considered safe 

for humans. in  food industry  they  can  suppress  unpleasant  odors  and  tastes. 

They can delay  the  degradation  or  evaporation  of  guest  molecules  that  are 

highly  volatile. In pharmaceutical industry, one of the challenging tasks is the 

drug formulation as some of the drugs remain undissolved but the formation of 

inclusion complex enhances the solubility, chemical stability and bioavibility of 

the drug molecules. The cyclodextrin inclusion complexes can also be used in  

functionalization  of  electrospun  nanofibers  for  different  applications  like  

biomedical , filtration and food packageing. CD formulations of some drugs show 

a better tolerance since they cause fewer adverse side effects, this effect being 

more acute as the duration of the treatment increases.  

Amino acid as Guest Molecule 

Amino acids play a crucial role in almost all biological processes and they are the 

building blocks of proteins. Four amino acids have been used in this research 

work.  They are L-Leucine, L-isoleucine, L- Asparagine and L-Aspertic acid. The 

first two are essential amino acids which mean that our body cannot synthesize 

them directly.  

L-Leucine is used in the biosynthesis of proteins. It is a major component of the 

subunits in ferritin, astacin etc. proteins and L-Leucine is an activator of mTOR; it 

is the only dietary amino acid that has the capacity to directly stimulate muscle 

protein synthesis. It is used in the liver, adipose tissue and muscle tissue. 
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L-Isoleucine is used in the biosynthesis of proteins and it is also essential in 

humans. L-Isoleucine is synthesized from pyruvate employing leucine 

biosynthesis enzymes in other organisms such as bacteria. Isoleucine is both 

a glucogenic and a ketogenic amino acid. 

L-Asparagine is used in biosynthesis of proteins. L-Asparagine is also required 

for the development of brain and plays an important role in the synthesis of 

ammonia. A reaction between asparagines and reducing sugars or other source 

of carbonyls produces acrylamide in food when heated to sufficient temperature.  

L-Aspartic acid is the precursor of many essential amino acids and participates in 

gluconeogenesis process in mammals. In the human body, aspartate is most 

frequently synthesized through the transamination of oxaloacetate. 

Ionic Liquid as Guest Molecule 

Ionic liquids are organic salts that melt below 100∘C and consist of bulky organic 

cations associated with either organic or inorganic anions. Typically, most 

common organic cations are imidazolium, pyridinium, or pyrrolidinium, with 

alkyl chain substituents. Three ionic liquids are used in this research work. They 

are namely 1-butyl-1-methylpyrolidinium chloride, 1-butyl-3-

methylimidazolium chloride and Trihexyltetradecylphosphonium chloride. 

 The ionic liquid are good examples of neoteric solvents, new types of solvents, or 

older materials that are finding new applications as solvents, which is 

environmentally friendly (or eco-friendly) because they are less hazardous for 

human body as well as less toxic for living organisms, used as recyclable solvents 

for organic reactions and separation processes,  lubricating fluids, heat transfer 

fluids for processing biomass and electrically conductive liquids as 

electrochemical device in the field of electrochemistry (batteries and solar cells). 

Vital drugs as Guest Molecules 

The use of cyclodextrins as a new family of pharmaceutical excipients and drug 

carriers has become an increasingly successful method to improve the general 
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bioavailability of drugs. Probenecid and chloroquine di phosphate are used in 

two experimental works. Probenecid is insoluble in water whereas chloroquine 

is freely soluble in water. 

Probenecid is used to treat gout and hyperurecemia. Another important function 

of this drug is to inhibit renal excretion of some other drugs, thereby increasing 

their plasma concentration and prolonging their effects. Probenecid is 

sometimes used to increase the concentration of some antibiotics and to protect 

the kidneys when given with cidofovir. Probenecid probably has several 

pharmacological targets, including blocking pannexins. Probenecid is also useful 

in the treatment of gout where the mechanism of action is believed to be focused 

on the kidney.  

chloroquine diphosphate is mainly used to prevent malaria. Certain types of 

complicated cases of malaria typically require additional medication. CDP is 

ocasionally used for amebiasis, rehumatoid artharitis and lupus erythematosus. 

It appears to be safe during pregnancy time. It works against the asexual form of 

malaria inside the red blood cell. Chloroquine has been extensively used in mass 

drug administrations, which may have contributed to the emergence and spread 

of resistance. 

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 and the solvent systems. 

Chapter II 

This chapter includes the general introduction about the research work in this 

thesis. All the methods used to ascertain the various molecular level interactions 

among the hosts and guests have also shown comprehensively and their 

background theories have been explained. The parameters based on 1H NMR 
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spectroscopy, 2D ROESY, FTIR spectroscopy, UV-visible spectroscopy, high 

resolution mass spectrometry, surface tension study, conductivity study, pH 

study, solution density, viscosity, refractive index have been discussed 

thoroughly. It also shows the detail review of the earlier related works in the 

similar field by different workers worldwide. 

Chapter III 

This chapter contains the experimental section. It covers the source, purity, 

purification, structure of various bio-molecules, ionic liquids, cyclodextrins, 

crown ethers and the solvents used in the research work. It also includes the 

details about various instruments used in this research work.  

Chapter IV 

This chapter deals with the formation of host-guest inclusion complexes of two 

natural amino acids, viz., L-Leucine and L-Isoleucine as guests with α and β-

cyclodextrins have been investigated which include diverse applications in 

modern science such as controlled delivery in the field of pharmaceuticals, food 

processing etc. Surface tension and conductivity studies establish the formation 

of inclusion complexes with 1:1 stoichiometry. The interactions of cyclodextrins 

with amino acids have been supported by density, viscosity, refractive index, 

hydration and solvation number measurements indicating higher degree of 

inclusion in case of α-cyclodextrin. L-Leucine interacts more with the 

hydrophobic cavity of cyclodextrin than its isomer.  With the help of stability 

constant by NMR titration, hydrophobic effect, H-bonds and structural effects the 

formations of inclusion complexes have been explained. 

Chapter V 

This chapter includes the inclusion complexation behaviour, charecterization 

and binding ability of Trihexyltetradecylphosphonium chloride with α and β-

Cyclodextrin have been investigated both in aqueous and solid state by means of 

1H-NMR, surface tension, conductivity, density, viscosity,refractive index, FT-
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IR,HRMS study. The shifts in the NMR spectra reveals that part of the ionic liquid 

is inserted in the cyclodextrin molecules. Surface tension and conductivity study 

approves the 1:1 stoichiometry of the inclusion complex while density,viscosity 

and refractive index shows the interaction of the ionic liquid with host 

molecules. FT-IR and HRMS confirms the inclusion phenomenon. Binding 

constants have been evaluated using a non linear programme indicating a higher 

degree of encapsulation in case of β-cyclodextrin compared to α-cyclodextrin.   

Chapter VI 

Molecular inclusion of two natural amino acids, viz., L-asparagine and L-aspartic 

acid as guest into the host cavity of α and β-cylodextrins in aqueous solution 

have been studied which have various applications in the field of present bio-

medical science for controlled delivery of necessary amount of the guest at the 

targeted site for a period of time efficiently and precisely. Surface tension and 

conductivity studies establish the formation of inclusion complexes with 1:1 

stoichiometry. The inclusion complexes have been characterized by various 

thermodynamic factors basing upon density and viscosity studies. Contributions 

of various groups of the guest amino acid molecules toward the limiting apparent 

molar volume and viscosity B-coefficient have been calculated, as well as the 

solvation and hydration numbers are determined to support the inclusion 

phenomenon. Formations of the inclusion complexes have been explained with 

the help of hydrophobic effect, H-bonding, electrostatic forces and structural 

effects. 

Chapter VII 

The main objective of this chapter is the investigation of formation of inclusion 

complex of α and β-cyclodextrin with the drug chloroquine diphosphate. The 

solubility, versatility and the biological activity of the drug molecule is enhanced 

and some of its side effect is reduced after encapsulation by the CD molecule. The 

1:1 stoichiometry of the inclusion complex was determined with Job’s method by 

UV-Visible spectroscopy. Surface tension and conductance study also support 
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this fact. 1H NMR study, FT-IR spectra and HRMS spectra confirms the inclusion 

phenomenon. The binding constant was determined using the Benesi–

Hildebrand  method,  while  the  thermodynamic  parameters  have  been  

estimated  with  the help  of  van’t  Hoff  equation for both the inclusion 

complexes. The negative values of Go indicate that the formation of inclusion 

complexes is spontaneous. The association constant is found higher in case of β-

cyclodextrin which was explained on the basis of their molecular structure. 

Chapter VIII 

Herein, we report the formation of inclusion complexes between a poor water 

soluble drug, namely, probenecid and α/β-cyclodextrins. Solubility of probenecid 

has been enhanced by formation of inclusion complexes with the two 

cyclodextrins. The stoichiometries of the inclusion complexes were determined 

by Job’s method using UV-visible spectroscopy. Surface tension and conductance 

study prove the inclusion phenomenon, while stereo-chemical nature of the 

inclusion complexes has been explained by 2D ROSEY NMR spectroscopy. FT-IR 

spectra and HRMS study also support the inclusion process. Association 

constants for both the inclusion complexes have been calculated using Benesi–

Hildebrand method, while the thermodynamic parameters have been estimated 

with the help of van’t Hoff equation. The association constant value was found to 

be higher in case of β-cyclodextrin than that of α-cyclodextrin which was 

explained on the basis of their molecular structures. 

Chapter IX 

This chapter describes formations of host-guest inclusion complexes of two ionic 

liquids (namely, 1-butyl-3-methylimidazolium chloride and 1-butyl-1-

methylpyrrolidinium chloride) with α and β-cyclodextrins have been 

investigated by physicochemical and spectroscopic methods as stabilizer, carrier 

and regulatory releaser of the guest molecules. 1H NMR, 2D ROESY NMR, FT-IR 

and ESI MS studies confirm the inclusion phenomenon, whereas surface tension 

and conductivity studies recommend 1:1 stoichiometry of the inclusion 
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complexes. The interactions of cyclodextrin with the above two ionic liquids 

were characterized by density, viscosity and refractive index measurements, 

while the binding constants have been evaluated using non-linear programme by 

conductivity method, indicating higher degree of encapsulation in case of α-

cyclodextrin than that in β-cyclodextrin. The formations of inclusion complexes 

were elucidated by hydrophobic effect, structural effect, electrostatic force and 

H-bonding interactions. 

Chapter X 

This chapter includes the concluding remarks about the research works done in 

this thesis. 
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CHAPTER I 

NECESSITY OF THE RESEARCH WORK 

	

I.1. OBJECT, SCOPE AND APPLICATION OF THE RESEARCH WORK 

	

Host	 –guest	 inclusion	 and	 release	 are	 extremely	 significant	 in	

pharmaceutical	 and	 bio	 medical	 fields	 for	 improving	 drug	 delivery	 science	 in	

recent	 years.[1]	 Host–guest	 interactions	 include	 a	 complementary	

stereoelectronic	order	of	binding	sites	in	host	and	guest.[2]	Studies	regarding	the		

supramolecular	 host–guest	 complexes	 are	 a	 fast	 advancing	 research	 domain	 in	

chemistry,	where	encapsulation	of	a	guest	molecule	inside	the	macrocyclic	cavity	

of	 a	 host	 takes	 place.	 Various	 host	 molecules	 are	 used	 for	 the	 encapsulation	

purpose	 such	 as	 calixarenes,	 pillararenes,	cucurbiturils,	 cyclodextrins.	The	host	

guest	 inclusion	 complexes	 have	 applications	 as	 supramolecular	 materials,	 in	

enzyme	 activation,	 photo	 sensing,	 temperature	 dependence,	 changes	 in	

pH/redox	and	competitive	binding	for	regulatory	release	of	guest	molecules.[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.	

Macrocyclic	 host	 molecules	 are	 of	 immense	 importance	 in	 Inclusion	

Complexes	(ICs)	as	the	cyclized	and	constrained	conformation	offer	the	benefit	of	

molecular	selectivity.	The	cyclodextrins	(CDs)	are	exclusively	 interesting	in	this	

regard,	due	 to	 their	amphiphilic	nature.	CD	 got	prior	 importance	 in	 the	 field	of	

supramolecular	 chemistry	 due	 to	 construction	 of	 metal	 nano-particle	 modified	

CDs.[4]	 Conjugation	 of	 CD	 and	 various	 nano-particles	 enhances	 their	

characteristics	 such	 as	 electronic,	 thermal	 and	 catalytic	 properties	 of	 the	 guest	

and	 modify	 the	 macrocyclic	 host	 as	 nanosensors,	 drug	 delivery	 vehicles	 and	
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recycling	 extraction	 agents.[4]	 CDs	 have	 potential	 application	 in	 formulation	 of	

molecular	switches,	molecular	machines,	supramolecular	polymers,	etc.	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	 family	 is	 considered	 as	 one	 of	 the	 most	 popular	 potential	

hosts	 for	 several	 reasons.	 It	 can	 be	 formed	 from	 starch	 by	 enzymatic	 bacterial	

degradation.[5]	 They	 are	 financially	 affordable	 for	 industrial	 purpose	 and	 also	

safe	 for	 the	 human	 consumption	 as	 they	are	 non	 toxic	 in	 nature.	 Cyclodextrins	

have	 a	 shape	 like	 truncated	 cone.	 This	 cyclic	 oligosaccharides	 contains	 six	 (α-

CD),	 seven	 (β-CD)	 and	 eight	 (γ-CD)	 glucopyranose	 units,	 bound	 by	 α-(1–4)	

linkages.[6]	 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.	 It	

has	 exceptional	 ability	 to	 form	 inclusion	 complexes	 with	 a	 series	 of	 guest	

molecules	by	encapsulating	the	non-polar	part	of	the	guest	into	its	hydrophobic	

cavity	and	stabilizing	the	polar	part	by	the	polar	rims.[7]	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.		

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.	 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	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.[8]	The	exterior	of	the	CD	cavity	is	highly	polar	due	to	

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



43	|	Chapter	I 

 

fascinating	 hosts	 for	 supramolecular	 chemistry.	 The	 chemical	 stability	 of	 guest	

molecule	also	increases	due	to	encapsulation	inside	the	cavity.	

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.	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.[9]	

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.	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.	

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.[10]	 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.	

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

aqueous	solubility,	as	well	as	they	should	be	lipophilic	to	permeate	the	biological	
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membranes	 via	 passive	 diffusion.	 If	 a	 drug	 is	 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.[11]	

In	 this	 thesis	 the	 four	 studied	 amino	 acids	 have	 biological	 activity	 in	 human	

bodies. :	L-Leucine	is	used	in	the	biosynthesis	of	proteins	and	is	essential	in	humans,	i.e.,	

our	body	cannot	synthesize	it	and	thus	it	must	be	incorporated	from	outside,	which	may	

be	done	using	α	and	β-Cyclodextrins	as	carriers.	It	is	a	major	component	of	the	subunits	

in	 ferritin,	astacin	etc.	proteins	and	L-Leucine	 is	also	activates	mTOR;	 the	 later	can	be	

explained	 as	 the	 only	 nutritional	 amino	 acid	 that	 has	 the	 capability	 to	 immediately	

kindle	 muscle	 protein	synthesis.[12]	 It	 is	 also	 present	 	 in	 the	 liver,	 adipose	 tissue	and	

mussle	tissue.	Adipose	and	mussle	tissue	uses	L-Leucine	in	the	creation	of	sterols.	This	

amino	acid	is	quickly	reached	in	the	brain	and	the	astrocytes	present	there	translate	it	to	

alpha-ketoisocaproate	 through	 the	 path	 of	 transmission	 of	 alpha-ketoglutarate	 to	

glutamate.[13] 

L-Isoleucine	helps	in	biosynthesis	of	proteins	in	human	and	considered	as	

essential	 in	 humans.	 L-Isoleucine	 is	 prepared	 using	 pyruvate	 utilizing	 leucine	

biosynthesis	enzymes	in	various	microorganisms	such	as	bacteria.[14]	Isoleucine	

is	 known	 to	 be	 	 a	glucogenic	and	 a	ketogenic	amino	 acid.	 The	 process	 of	 trans	

amination	 with	alpha-ketoglutarate,	the	 carbon	 skeleton	 has	 a	 tendency	 to	

convert	 into	 either	succinyl	 CoA,	 and	 become	 a	 part	 of	 the	TCA	 cycle	for	

oxidation	 or	 can	 be	 transformed	 to	oxaloacetate	and	 used	 in	 gluconeogenesis.	

The	same	process	can	be	done	by	transforming	into	acetyl	CoA	and	enter	into	the	

TCA	 cycle	 by	 condensation	 with	 oxaloacetate	 forming	citrate.	 For	 mammals	

Acetyl	 CoA	 is	 unable	 to	 transform	 again	 to	 carbohydrate	 but	 helps	 in	 the	

synthesis	of	ketone	bodies	or	fatty	acids,	and	that’s	why	considered	as	ketogenic.	

Biotin,	 commonly	 known	 as	vitamin	 B7	or	vitamin	 H,	 is	 a	 necessary	

obligation	 for	 the	 complete	 catabolism	 of	 isoleucine	 (also	 for	leucine).	 Without	
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sufficient	 biotin,	 the	 humans	 are	 not	 able	 to	 fully	 break	 down	 isoleucine	

molecules.[15]	

L-Asparagine	helps	in	biosynthesis	of	proteins	in	humans.	L-Asparagine	is	

also	 necessary	 for	 the	 improvement	 of	 brain	 and	 has	 a	 vital	 role	 in	 the	

preparation	 of	 ammonia.	 Uaually	 the	 reaction	 between	 asparagine	 and	 some	

reducing	 carbohydrates	or	 other	 compounds	

using	carbonyls	fabricates	acrylamide	in	 food	 after	 heating	 to	 optimum	

temperature.	 The	 products	 thus	 formed	 are	 present	 in	 baked	 goods	 such	 as	

French	fries,	potato	chips,	and	toasted	bread.	

The	 asparagine	 amino	 acids	 form	 long	 chains	 by	 the	 	 hydrogen	 bond	

interactions	with	the	peptide	backbone,	this	amino	acid	residues	are	commonly		

found	at	the	starting		of	alpha-helices	as	asx	turns	and	asx	motifs,	and	in	similar	

turn	 motifs,	 or	 as	amide	 rings,	 in	 beta	 sheets.	 Its	 main	 function	 is	 to	 cap	 the	

hydrogen	 bond	 communications	 that	 can	 be	 also	 fulfilled	 by	 the	 polypeptide	

backbone.	The	Glutamines	having	an	extra	methylene	group,	have	higher	entropy	

due	 to	 conformation	 and	 hence	 they	 are	 less	 capable	 for	 capping.	 Asparagines	

also	 helpful	 providing	 free	 sites	 for	 N-linked	glycosylation,	 amendment	 of	 the	

protein	 chain	 with	 the	 accumulation	 of	 carbohydrate	 chains.[16]	 Naturally,	 a	

carbohydrate	side	chain	can	exclusively	be	summed	up		to	an	asparagine	residue	

if	 it	 is	edged	on	the	C	side	by	X-serine	or	X-threonine,	here	X	 is	any	amino	acid	

with	the	exception	of	proline.	L-Aspartic	acid	is	the	precursor	of	many	essential	

amino	 acids	 and	 participates	 in	 gluconeogenesis	 process	 in	 mammals.	 In	 the	

human	 body,	 aspartate	 is	 most	 frequently	 synthesized	 through	

the	transamination	of	oxaloacetate.	The	biosynthesis	of	aspartate	is	facilitated	by	

an	aminotransferase	 enzyme:	 the	 transfer	 of	 an	amine	group	 from	 another	

molecule	 such	 as	 alanine	 or	 glutamine	 yields	 aspartate	 and	 an	 alpha-keto	 acid.	

Aspartate	is	also	a	byproduct	of	the	urea	cycle.		

In	plants	and	microorganisms,	aspartate	is	the	precursor	to	several	amino	

acids,	 including	 four	 that	 are	 essential	 for	

humans:	methionine,	threonine,	isoleucine,	 and	lysine.	 The	 conversion	 of	
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aspartate	 to	 these	 other	 amino	 acids	 begins	 with	 reduction	 of	 aspartate	 to	 its	

"semialdehyde,"	 O2CCH(NH2)CH2CHO.	 Aspartate	 has	 many	 other	 biochemical	

roles.	It	is	a	metabolite	in	the	urea	cycle	and	participates	in	gluconeogenesis.	

Two	drugs	are	used	in	two	different	experiments	in	forming	inclusion	complexes	

with	 α	 and	 β-CD.	 chloroquine	 diphosphate	 is	 mainly	 used	 to	 prevent	 malaria.	

Certain	 types	 of	 complicated	 cases	 of	 malaria	 typically	 require	 additional	

medication.	 Chloroquine	 diphosphate	 is	 mostly	 used	 to	 treat	 malaria.	 Many	

categories	 of	 complex	 cases	 of	 malaria	 characteristically	 need	 some	 special	

medication.	 This	 drug	 is	 frequently	 used	 for	 the	 treatment	 of	 amebiasis,	

rehumatoid	artharitis	and	lupus	erythematosus.[17]	Women	can	safely	take	this	

during	pregnancy	time.	It	is	useful	to	prevent	the	asexual	type	of	malaria	within	

the	red	blood	cell.	Chloroquine	is	widely	used	in	along	the	field	of	medicines,	this	

can	 be	 supplied	 to	 the	 materialization	 and	 extend	 of	 resistance.	 There	 is	 still	

recommendation	 to	verify	whether	chloroquine	 is	helpful	 in	 the	 province	 prior	

to	using	it.	However	in	areas	where	conflict	 is	present,	additional	antimalarials,	

as	for	 example	 mefloquine	or	atovaquone,	 can	 be	 used.	 The	Centers	 for	 Disease	

Control	and	Prevention	suggest	in	the	healing	of	malaria	with	chloroquine	alone	

owing	 to	 higher	 efficient	 combinations. In	 order	 to	 cure	amoebic	 liver	 abscess,	

this	 drug	 may	 be	 used	 with	 other	 efficient	 medications	 in	 case	 of	 failure	 of	

development	with	metronidazole	or	another	nitroimidazole	with	a	time	limit	of	5	

days	 or	 bigotry	 to	 metronidazole	 or	 a	 nitroimidazole.	 This	 drug	 have	 the	

capability	to	mildly	restrain	the	immune	system,	it	has	use	in	some	autoimmune	

disorders,	namely	rheumatoid	arthritis	and	lupus	erythematosus.[18] 

Probenecid	is	a	vital	drug	which	is	particularly	used	to	prevent	gout	and	

hyperurecemia.	Besides	this	the	drug	is	also	helpful	to	restrain	renal	secretion	of	

some	 other	 drugs,	 resulting	 an	 increase	 in	 the	 concentration	 of	 plasma	 and	

extending	 their	 functions.	 Probenecid	 is	 often	 employed	 to	 enhance	 the	

attentiveness	 of	 some	 antibiotics	 and	 also	 defend	 the	 kidneys	 by	 giving	

with	cidofovir.[19]	 Particularly,	 a	 few	 evidences	 support	 the	 employ	 of	

intravenous	cefazolin	only	 one	 time	 inspite	 of	 using	 it	 three	 times	 a	 day	 in	
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combined	 with	 probenecid.	 The	 other	 function	 of	 probenecid	 is	masking	

agent,	particularly	 assisting	 athletes	 by	 performing	 as	 enhancing	 substances	 to	

shun	recognition	by	drug	tests.	

Probenecid	 perhaps	 has	 various	 pharmacological	 functions,	 such	 as	

blocking	pannexins.	Probenecid	is	very	efficient	in	the	treatment	of	gout	and	the	

method	of	action	is	considerd	to	be	centered	on	the	kidney.	Probenecid	has	the	

main	action	on	kidneys'	organic	anion	transporter	(OAT),	which	regains	uric	acid	

from	the	urine	and	precedes	it	to	the	plasma.	If	this	drug	is	present,	 the	OAT	 is	

attached	 particularly	 to	 it	 (without	 binding	 to	 uric	 acid),	 it	 prevent	 the	

reaccumulation	of	the	uric	acid.	Consequently,	the	urine	contains	more	uric	acid,	

decreasing	uric	acid	concentration	in	the	cell	fluid.[20]	 	

Three	ionic	liquids	used	for	research	experiments	have	vast	applications	

as	 green	 solvents.	 1-butyl-3-methylimidazolium	 chloride	 is	 liquid	 at	 room	

temperature.	 This	 ionic	 liquid	 has	 vast	 applications	 in	 chemical	 reactions,	

synthesis,	cellulose	processing,	nuclear	fuel	reprocessing,	waste	recycling,	metal	

air	batteries	etc.	They	are	considered	as	green	solvents	as	 they	do	not	produce	

any	 environmental	 hazards.[21]	 Because	 of	 its	 distinctive	 properties	 they	 are	

attracting	 increasing	 attention	 in	 many	 fields	 such	 as	 organic	 chemistry,	

electrochemistry,	 catalysis,	 physical	 chemistry	 and	 applied	 supramolecular	

chemistry.	

1-butyl-1-methylpyrolidinium	chloride	is	liquid	at	room	temperature.	The	

ionic	 liquid	 are	 good	 examples	 of	 neoteric	 solvents,	 new	 types	 of	 solvents,	 or	

older	 materials	 that	 are	 finding	 new	 applications	 as	 solvents,	 which	 is	

environmentally	 friendly	 (or	 eco-friendly)	 because	 they	 are	 less	 hazardous	 for	

human	body	as	well	as	less	toxic	for	living	organisms,	used	as	recyclable	solvents	

for	 organic	 reactions	 and	 separation	 processes,	 lubricating	 fluids,	 heat	 transfer	

fluids	 for	 processing	 biomass	 and	 electrically	 conductive	 liquids	 as	

electrochemical	device	in	the	field	of	electrochemistry	(batteries	and	solar	cells).	
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Trihexyltetradecylphosphonium	 chloride	 is	 liquid	 at	 room	 temperature	

and	 appears	 as	 colourless.	 Ionic	 liquids	 are	 generally	 constituted	 with	 a	 large	

organic	 cataion	 and	 a	 small	 anion.	 They	 have	 vast	 applications	 in	 various	

chemical	industries	because	of	their	green	nature.	They	produce	less	hazardous	

compounds	during	their	use.Phosphonium	based	ionic	liquids	are	less	toxic	and	

more	 thermally	 stable	 than	 nitrogen	 based	 ionic	 liquids.	 This	 ionic	 liquid	 is	

highly	 used	 in	 separation	 of	 different	 dyes	 including	 methylene	 blue	 from	

aqueous	 media.	 This	 has	 also	 application	 as	 additives	 to	 improve	 the	 yield	 of	

essential	oils	in	the	hydrodistillation	process.[23]	

I.2. Choice of Host and Guest Molecules: 

Host Molecules: 

(i)	α-Cyclodextrin	

(ii)	β-Cyclodextrin	

Guest Molecules: 

Amino Acids: 

(i) L-Leucine	

(ii)	L-Isoleucine	

(iii)	L-Asparagine	

(iv)	L-Aspertic	Acid	

Ionic Liquids: 

(i) 1-butyl-3-methylimidazolium	chloride	

(ii)	1-butyl-1-methylpyrolidinium	chloride	

(iii)	Trihexyltetradecylphosphonium	chloride	
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Drugs: 

(i)	Probenecid	

(ii)	Chloroquine	diphosphate		

	

I. 3. Methods of Investigation 

Names	of	the	investigation	methods	are	listed	below:	

1H NMR spectroscopy 

2D ROESY 

FTIR spectroscopy 

UV-visible spectroscopy 

High resolution mass spectrometry 

Surface tension study 

Conductivity study 

pH study 

Density study 

Viscosity study 

Refractive index study	
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CHAPTER II 

GENERAL INTRODUCTION (REVIEW OF THE EARLIER WORKS) 

 

II.1. HOST –GUEST INCLUSION COMPLEX: 

In	the	field	of	supramolecular	chemistry,	host–guest	chemistry	deals	with	

the	complexes	that	consist	of	molecules	or	ions	that	are	present	together	in	the	

complexes	 by	 forces	 that	 differ	 from	 full	 covalent	 bonds.	 Host–guest	 chemistry	

covers	 the	 area	 of	 molecular	 recognition	 and	 interactions	 by	 forming	

noncovalent	 bonding.[1]	 Noncovalent	 bonding	 is	 very	 weak	 to	 build	 up	 3D	

structure	 of	 large	 biomolecules,	 as	 for	 example	 	 proteins.	 But	 it	 takes	 part	 in	

many	 biological	 processes	 in	 human	 body	 and	 living	 organisms	 in	 which	 large	

molecules	bind	together	specifically	but	not	strongly	to	one	another.	These	non	

covalent	 interactions	 can	 be	 specified	 into	 four	 classes:	 hydrogen	 bonds,	 ionic	

bonds,	van	der	Waals	forces,	and	hydrophobic	interactions.[2]	

The	 formation	 of	 inclusion	 complexes	 by	 the	 interaction	 between	 host	

and	guest	molecules	is	thermodynamically	favorable	because	in	the	formation	of	

the	complex	the	overall	Gibbs	free	energy	of	the	system	is	lowered.	Now	it	is	the	

interest	 of	 modern	 chemists	 to	 determine	 the	 thermodynamic	 properties	 and	

energy	 of	 these	 types	 of	 complexes	 which	 have	 vital	 importance	 in	

supramolecular	 chemistry	 and	 nanoscience.	 Many	 host	 molecules	 used	 for	 this	

purpose	are	pillarene,	cucurbitril,	cyclodextrin,	crown	ethers	etc.	

II.2. Earlier works with Cyclodextrin: 

Cyclodextrin	 becomes	 the	 interest	 of	 many	 chemists	 as	 host	 in	 the	 field	 of	

supramolecular	chemistry	due	to	its	unique	truncated	cone	structure	and	having	

the	ability	to	form	inclusion	complexes	with	a	number	of	guest	molecules.	

 K.	Dinar	and	his	co-workers	show	that	N-sulfamoyloxazolidinones	 forms	

IC	 with	 with	 β-cyclodextrin	 and	 this	 fact	 was	 proved	 by	 molecular	
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modeling,	 using	 PM3,	 PM6,	 ONIOM/2	 methods,	 and	 NBO	 analysis.[3]	 N-

Sulfamoyloxazolidinones	are	very	interesting	compounds	which	combine	

an	oxazolidinone	pharmacophore	and	a	sulfamoyl	moiety.	It	is	used	as	an	

antibiotic	and	used	as	a	precursor	of	2-chloroethylnitrososulfamides	.NBO	

analysis	provide	 informations	 	 that	 the	 hydrogen	 bonds	 interactions	are	

of	 type	 C-H-O	 with	 stabilization	 energies	 smaller	 than	 2	 kcal/mol	

indicating	that	the	host–guest	interactions	are	weak.	

	

 Plants	 give	 us	 a	 enormous	 type	 of	 molecules	 that	 are	 used	 to	 recover	

healing:	 	these	are	mainly	fibre,	 	vitamins,	 	phytosterols,	 	some		sulphur-

containing	 	 compounds,	 	 carotenoids,	 	 organic	 	 acid	 	 anions	 	 and		

polyphenolics.	 This	 vital	 molecules	 need	 to	 be	 protected	 from	

environmental	 hazards	 to	 avoid	 losing	 their	 structural	 morfology	 and	

bioactivity.	 E.	 Pinho	 and	 his	 co-workers	 investigated	 that	 cyclodextrin	

improve	the		biological,		chemical		and		physical		properties		of		bioactive	

molecules.[4]	

	

 A	 	 water-soluble	 	 inclusion	 	 complex	 	 of	 	 hypericin	 with	 	 β-cyclodextrin		

polymer	was		prepared		by	hydrophobic		interactions		between		them	by	

W.	 Zhang	 etal.[5]	 Hypericin	 	 (HY)	 	 is	 	 basically	 a	 	 natural	 	 polycyclic		

quinone		from		Hypericum		perforatum,	usually	termed	as		St		John’s		wort.	

This	natural	product	 is	an	useful	antidepressant	and	anxiolytic.	 It	 is	also	

used	to	prevent	activity	of	virus	and	as	a	photosensitizer.		It	also	helps	in	

photodynamic	therapy	of	cancer.	HY		is		highly	lipophilic		and		insoluble	in	

water,		which		creates	intravenous		injection		problematic		and		hold	backs		

its	 	 medical	 	 applications.	 β-cyclodextrin	 polymer	 is	 employd	 as	 a	

solubilising	 agent	 for	 hypercin	 in	 this	 article.	 The	 	 inclusion	 	 complex		

(HY-CDP)		was		identified	by	1H		NMR,		FTIR,		and		UV–Vis		spectroscopies.			

	

 The	mechanism	of	preparation	of	inclusion	complex	f	between	2-hydroxy-

1-naphthoic	acid	and	β-cyclodextrin	in	liquid,	solid	and	virtual	states	was	
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studied	 by	 K.	 Sivakumar	 and	 his	 co-workers.[6]	 2-Hydroxy-1-naphthoic	

acid	 (2H1NA)	 is	an	aromatic	compound	having	 	bicyclic	structure	which	

comprises	 of	 two	 benzene	 rings	 fused	 together.	 This	 has	 various	

applications	 in	 different	 fields	 like	 agriculture,	 construction,	

pharmaceutical	 industries,	 photographic,	 rubber	 and	 textile	 chemicals.	

The	 binding	 constant	 of	 the	 inclusion	 complex	 in	 aqueous	 solution	 is	

calculated	by	cyclic	voltammetry	analysis	at	pH	2.75.	A	sharp	increase	in	

the	anodic	peak	current	and	peak	potential	with	gradual	increase	in	β-CD	

concentration	 is	 characteristic	 to	 the	 inclusion	 complex	 formation	

between	them.	

	

 Sulfanilamide	 forms	 inclusion	 complex	 with	 β-cyclodextrin	 and	 2-

hydroxypropyl-β-cyclodextrin	and	it	was	investigated	by	A.	Tacic	et	al.[7]	

Sulfanilamide	 is	 a	 vital	 drug	 which	 has	 an	 efficiency	 to	 prevent		

bacteriostatic	effect	on	different	pathogenic	microorganisms.	This	activity	

is	related	with	spirited	antagonism	with	p-aminobenzoic	acid,	this	is	also	

essential	 part	 of	 folic	 acid.	 The	 application	 of	 this	 drug	 sulfanilamide	 is	

inadequate	 on	 account	 of	 its	 poor	 solubility	 in	 the	 aqueous	 solution.	

Sufanilamide	 forms	 inclusion	 complex	 with	 β-cyclodextrin	 and	 2-

hydroxypropyl-β-cyclodextrin	 by	 the	 process	 co-precipitation.	 The	

insertion	of	this	drug	sulfanilamide	was	established	with	the	help	of	FTIR,	

1H-NMR,	 XRD	 and	 DSC	 experiments.	 Phase-solubility	 techniques	 were	

also	 employed	 to	 confirm	 the	 configuration	 of	 the	 inclusion	 complex	

between	sulfanilamide	and	cyclodextrins.	The	stability	of	this	drug	and	its	

inclusion	 complexes	 was	 investigated	 by	 UVB	 irradiation	 using	 a	

photochemical	reactor	by	application	of	the	UV–Vis	method.	

	

 Y.	 Gao	 et	 al.	 Prepared	 inclusion	 complexes	 of	 three	 ionic	 liquids	 1-

dodecyl-3-methylimidazolium	 hexafluorophosphate,	 1-tetradecyl-3-

methylimidazolium	 hexafluorophosphate	 and	 1-hexadecyl-3-

methylimidazolium	 hexafluorophosphate	 with	 β-cyclodextrin.[8]	 The	
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surface	 tension	 study	 proved	 that	 there	 were	 two	 types	 of	 inclusion	

formations,	 1:1	 and	 1:2.	 These	 inclusion	 complexes	 were	 further	

identified	 by	 XRD,	 13C	 CP/MAS	 NMR,	 1H	 NMR,	 rotating	 frame	 Nuclear	

Overhauser	 Effect	 Spectroscopy	 (ROESY),	 and	 thermogravimetry	 (TGA).	

The	 obtained	 inclusion	 complexes	 are	 fine	 crystalline	 powder.	 The	

hydrophobicity	 has	 a	 vital	 role	 in	 supporting	 the	 formation	 of	 ICs.	 The	

decomposition	 temperature	 of	 these	 ICs	 was	 lower	 than	 those	 of	 their	

precursors.	

 M.D.Cagno	and	his	co-workers	investigated	the	complexation	of	ibuprofen	

as	 model	 drug	 with	 various	 β-cyclodextrins.[9]	 The	 solutions	 of	

cyclodextrins	 were	 arranged	 in	 phosphate	 buffer.	 The	 pH	 value	 was	

maintained	 at	 the	 range	 of	 7.4-7.6	 and	 the	 solutions	 were	 isotonic	 with	

NaCl.	 A	 thermal	 activity	 monitor	 was	 used	 for	 isothermal	 titration	

calorimetry	 (ITC).	 1H	 NMR	 analysis	 was	 performed	 to	 explore	 the	

structures	 of	 the	 complexes.	 ITC	 analysis	 proved	 that	 each	 type	 of-

cyclodextrin	 had	 its	 definite	 values	 of	 enthalpy	 and	 mass	 equilibrium	

constant	 for	 the	 inclusion	 complex	 formation	 processes	 with	 the	 drug	

molecules.	 1H	 NMR	 spectroscopy	 of	 the	 complexes	 revealed	 noteworthy	

differences	 in	 chemical	 shifts	 that	 interaction	 between	 the	 cyclodextrins	

and	 ibuprofen	 molecules	 differ	 to	 some	 extent	 may	 be	 due	 to	 different	

three-dimensional	 arrangements	 of	 ibuprofen	 in	 the	 cyclodextrin	 cavity,	

initiated	 by	 the	 different	 substituent	 bonded	 to	 the	 glucose	 rings.	 These	

differences	were	in	agreement	with	the	thermodynamic	parameters	of	the	

complexes.	

	

II.3. Various non covalent interactions between the host and guest 

molecules 

 Hydrogen Bond: The	 hydrogen	 bond	 may	 be	 described	 as	 the	

electrostatic	 force	 of	 attraction	 between	 two	 polar	 atoms	 of	 a	 molecule	

which	generally	forms	when	a	hydrogen	(H)	atom	is	covalently	bonded	to	
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a	 highly	 electronegative	 atom	 i.e.	 nitrogen	 (N),	 oxygen	 (O),	

Hydrogen	 bonding	 can	 be	 classified	 into	 two	 types

forms	between	different	molecules)	and		intramolecular(	

within	 the	 same	 molecule).	 The	 energy	 of	 hydrogen	 bond	 ran

from	 1	 to40	 kcal/mol	 and	 it	 depends	 upon	 the	 nature	 of	 the	

electronegative	 atoms	 that	 is	 involved	 in	 bonding	 with	 hydrogen.

Thus	 the	energy	of	 the	hydrogen	bond	 is	 in	 between	Vander	

and	 Covalent	 bond.	 Hydrogen	 bond	 is	 present	 in	 in	 inorganic	 molecules	

,	ammonia,	hydrogen	fluoride	and	also	in	organic	molecules	

DNA	and	proteins.	Intermolecular	hydrogen	bonding	results	many	

characteristic	properties	of	molecules	as	for	example	high	boiling	point	of	

in	comparison	to	the	other	members	of	group	16	hydrides	

ich	 hydrogen	 bonding	 is	 absent.[12]	 Intramolecular	 hydrogen	

builds	 up	 the	 secondary	 and	 tertiary	 structures	 of	 proteins,	

enzymes,	 hormones	 nucleic	 acids.	 It	 is	 also	 present	 in	 the	 structure	 of	

polymers,	 both	 synthetic	 and	 natural.	 The	 hydrogen	 bond	 is	 an	

attractive	 interaction	 between	 a	 hydrogen	 atom	 from	 a	 molecule	 or	 a	

fragment	 X–H	 in	which	X	 is	more	electronegative	 than	H,	 and	

an	atom	or	a	group	of	atoms	in	the	same	or	a	different	molecule,	in	which	

there	is	evidence	of	bond	formation. 

 

Model	of	hydrogen	bonds	between	molecules	of	water
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attractive	 interaction	 between	 a	 hydrogen	 atom	 from	 a	 molecule	 or	 a	

H	 in	which	X	 is	more	electronegative	 than	H,	 and	

an	atom	or	a	group	of	atoms	in	the	same	or	a	different	molecule,	in	which	

water	



56 | Chapter	II 

 

The	 hydrogen	 bond	 can	 also	 be	 defined	 as	 an	electrostatic	dipole-dipole	

interaction	between	molecules.	Hydrogen	bonding	also	has	some	common	

property	 with	 covalent	 bonding	 such	 as	 it	 is	 directional	 in	 nature	 and	

strong	 than	 London	 forces.	 The	 interatomic	 distances	 in	 case	 of	 it	 is	

shorter	than	the	sum	of	the	van	der	Waals	radii,	and	a	minimum	number	

of	 interacting	 molecules	 are	 responsible	 for	 the	 formation	 of	 such	

bonding.	The	covalent	 character	of	 the	 bond	increases	with	the	 increase	

of	 the	 electronegativity	 of	 the	 group	 involved	 in	 bonding.	 The	 length	 of	

hydrogen	 bonds	 is	 a	 factor	 of	 the	 following	 properties	 namely	 bond	

strength,	 temperature,	 and	 pressure.	 The	 bond	 strength	 also	 depends	

upon	 temperature,	 pressure,	 bond	 angle,	 and	 environment.	 The	 usual	

length	 of	 a	 hydrogen	 bond	 in	 water	 is	 approximately	 197	pm.[13]	 The	

bond	 angle	 generates	 in	 this	 type	 of	 bonding	 mainly	 depends	 upon	 the	

electronegative	group	attached	with	hydrogen.	

	

 

An	example	of	intermolecular	hydrogen	bonding	in	present	in	a		self-

assembled	dimer	complex	

 Ionic Bonding- It	 can	 be	 described	 as	 a	 type	 of	 chemical	 bond	 that	

includes	the	electrostatic	attraction	between	two	oppositely	charged	ions;	

it	is	also	the	primary	interaction	that	exists	in	ionic	compounds.	The	ions	

can	be	defined	as	atoms	that	have	either	accepted	one	or	more	electrons	

(these	are	called	as	anions	and	they	are	negatively	charged)	or	atoms	that	



 

have	donated	one	or	more	electrons	(

are	positively	charged

electrovalence.[14]
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one	or	more	electrons	(these	are	called	as	cataions	and	they	

are	positively	charged).	This	type	of	transitions	of	electrons	are	termed	as	

[14]	 Generally,	 metal	 atom	 converts	 into	 the	 cataion

the	non	metal	atom	plays	the	role	of	anaion,	but	ions	with	more

an	 also	 formed.	 Thus,	 an	 ionic	 bond	 formation	 involves	

of	electrons	from	a	metal	to	a	non-metal	with	a	target	to	

valence	 shell	 for	 both	 atoms.	 But	 all	 the	 ionic	 compounds	 have	

,	 or	 electron	 sharing.	 The	 bonds	 are	 usually	 termed	 as

"ionic	 bonding"	 when	 the	 ionic	 character	 of	 the	 bond	 is	 higher

covalent	 character.	 In	 case	 of	 ionic	 bonding	 great	 electronegativity	

between	 the	 two	 atoms	 exsist.	 Polar	 covalent	 bonds	 are	 those	 bonds	

which	have	both	ionic	and	covalent	character.	

compounds	 can	 conduct	 electricity	 both	 in	 molten	 state	 and

.	Ionic	compounds	usually	posses	a	high	melting	point	and	boiling	

charge	 and	 small	 size	 of	 the	 cataion	 and	 large	 size	 of	 the	

strong	cohesive	forces	and	it	reflects	in	higher	melting	point

and	boiling	point.	These	compounds	are	also	soluble	in	water.
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Redox	 reaction	 also	 can	 result	 ionic	 bonding	 with	 those	 atoms	 of	 the	

elements	 with	 low	 ionization	 energy	 with	 a	 tendency	 to	 achieve	 stable	

electronic	 configuration	 like	 inert	 gases.	Cations	are	 formed	 in	 this	 way.	

The	 atoms	 of	 nonmetallic	 elements	 having	 positive	 electron	 affinity	

accepts	 these	 electrons	 and	 form	 anions.	 The	 attraction	 which	 is	

electrostatic	 in	 nature	 between	 the	 anions	 and	 cations	 forms	 solid	

compounds	having	crystallographic	lattices	with	the	ions	stacked	one	by	

one	 in	 an	 alternating	 way.	 In	 this	 type	 of	 lattice,	 it	 is	 impossible	 to	

differentiate	 separate	 molecular	 units	 and	 these	 compounds	 are	 not	

molecular	 compounds.	 But	 these	 ions	 can	 aggregate	 together	 to	 form	

other	complex	ions	like	the	acetate	anion	or	the	ammonium	cation.	Ionic	

compounds	 usually	 comprises	 of	 lattice	 structures.[15]	 The	 charge	 and	

size	 of	 the	 ions	 determine	 the	 arrangement	 in	 lattices	 and	 also	 the	

structure.	Some	structures	are	repeated	in	a	number	of	compounds;	such	

as	 the	 structure	 of	 the	 rock	 salt	 sodium	 chloride	 are	 similar	 with	 many	

alkali	halides,	and	binary	oxides	like	MgO.		

The	 quantity	 of	 energy	 released	 in	 forming	 a	 solid	 crystalline	 ionic	

compound	 from	 gaseous	 ions	 is	 known	 as	 the	 lattice	 energy.	 The	 the	

lattice	 energy	 value	 can	 be	 calculated	 from	 the	 Born-Haber	 cycle.	 It	 can	

also	 be	 determined	 from	 the	 Born-Landé	 equation	 as	 the	 sum	 of	 the	

electrostatic	 potential	 energy,	 determining	 interactions	 between	 cations	

and	 anions,	 and	 a	 short-range	 repulsive	 potential	 energy	 term.	 The	

Madelung	constant	gives	the	idea	of	the	geometry	of	the	crystal.		

 Van der Waals Forces- This	 type	 of	 forces	 may	 be	 illustrated	 as	 the	

interactions	 that	 depends	 upon	 the	 distance	 and	 generally	 occurs	

between	atoms	or	molecules.	This	type	of	forces	are	completely	different	

from	 ionic	or	 covalent	 bonds,	 these	attractions	are	also	 not	 similar	 with	

chemical	 bonds.	 The	 van	 der	 Waals	 forces	 generally	 weaken	 at	 longer	

distances	between	interacting	molecules.	
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There	is	vital	importance	of	Van	der	Waals	forces	in	the	field	of	supramolecular	

chemistry,	structure	related	to	biology,	polymeric	materials,	nanoscience,	surface	

chemistry,	 and	condensed	 matter	 physics.	 It	 can	 also	 explain	 various	

charecteristics	of	organic	compounds	and	molecular	solids,	also	it	suggests	about	

the	solubility	in	polar	and	non-polar	solvents.	In	absence	of	other	forces,	the	Van	

der	 Waals	 force	 becomes	 repulsive	 rather	 than	 attractive	 when	 two	 atoms	

adjacent	to	each	other	are	termed	as	the	van	der	Waals	contact	distance.		

Vander	 waals	 force	 is	 the	 weakest	 force,	 having	 a	 strength	 ranges	 from	 0.4	 to	

4kJ/mol.	 this	 force	 arises	 from	 a	 transient	 shift	 in	 electron	 density.	 In	 an	 atom	

the	electrons	rotate	in	different	orbits	and	protrons	and	neutrans	are	present	in	

the	nucleus.	The	density	of	electrons	sometimes	shifts	 in	an	atom.	As	a	result	a	

transient	 charge	 develops	 in	 the	 atom.	 Which	 in	 turn	 attracts	 or	 repels	 other	

electrons	 of	 a	 nearby	 atom.	 If	 the	 interatomic	 distance	 between	 two	 nearby	

atoms	is	more	than	0.6	nm	the	force	 is	weak	and	generally	not	observed.	But	if	

the	the	interatomic	distance	is	less	than	0.4	nm	the	force	is	found	to	be	repulsive.	

The	van	der	Waals	forces	described	above	are	usually	anisotropic	in	nature.	But	

it	is	not	found	in	case	of	two	noble	gas	atoms.	Anisotropic	suggests	that	they	are	

a	 function	of	 relative	orientation	of	 the	 molecules.	 In	 the	case	of	 induction	and	

dispersion	interactions	they	are	attractive	in	nature,	whatever	is	the	orientation,	

but	 the	 magnitude	 of	 the	 electrostatic	 interaction	 changes	 with	 rotation	 of	 the	

molecules.	 Thus	 the	 nature	 of	 electrostatic	 force	 either	 can	 be	 attractive	 or	

repulsive,	 and	 it	 depends	 upon	 the	 mutual	 orientation	 of	 the	 molecules.	 If	 we	

consider	 the	 molecules	 in	 the	 liquid	 and	 gaseous	 phase	 they	 exhibit	 random	

motion	and	the	electrostatic	force	is	diminished	as	they	have	thermal	rotation.	It	

can	 be	 concluded	 that	 the	 thermal	 averaging	 effect	 is	 much	 less	 articulated	 in	

case	of	the	attractive	induction	and	dispersion	forces.	

The	chief	distinctiveness	of	van	der	Waals	forces	is:		

a)	They	are	feebleer	than	standard	covalent	and	ionic	bonds.	



60 | Chapter	II 

 

b)	Van	der	Waals	forces	are	preservative	and	cannot	be	inundated.	

c)	These	forces	are	not	directional	in	nature.	

d)	 The	 range	 of	 van	 der	 walls	 force	 is	 short	 and	 the	 interactions	 between	 the	

nearby	particles	require	to	be	judged	(all	other	particles	can	be	ignored).	Van	der	

Waals	force	is	higher	when	the	molecules	are	close.	

e)	 Van	 der	 Waals	 forces	 do	 not	 depend	 upon	 temperature	 apart	 from	 dipole	 –	

dipole	interactions.	

	

 Hydrophobic Effect- The	 hydrophobic	 effect	 may	 be	 defined	 as	 the	

tendency	of	nonpolar	substances	to	form	aggregation	in	aqueous	solution.	

The	exact	word	meaning	of	 the	term	hydrophobic	 is	 "water-fearing.	The	

hydrophobic	effect	 is	 liable	for	the	division	of	a	mixture	of	oil	and	water	

into	 its	 two	 components.	 This	 effect	 controls	 the	 shape	 and	 structure	 of	

biology,	 such	 as	 cell	 membranes	 and	 vesicles	 formation,	 primary	 and	

secondary	structure	of	protein,	incorporation	of	membrane	proteins	into	

the	 nonpolar	 lipid	 environment	 .Thus	 this	 effect	 is	 very	 important	 in	

biology.	 The	 compounds	 which	 exhibit	 this	 effect	 are	 termed	 as	

hydrophobes.	 The	 hydrophilic	 groups	 avert	 phase	 separation	 of	 the	

molecules	 by	 placing	 the	 hydrophobic	 groups	 in	 water	 and	 they	 form	

strong	 hydrogen	 bonds	 with	 water	 molecules.	 Hydrophobic	 effect	 is	

responsible	for	the	self	assemble	of	different	molecules.	

The	source	of	the	hydrophobic	effect	is	not	clearly	known.	In	some	theory	

this	 hydrophobic	 interaction	 is	 often	 mentioned	 as	 an	 entropic	 effect	

which	 arises	 due	 to	 the	 disturbance	 of	 highly	 vibrant	 hydrogen	 bonds	

between	 molecules	 of	 liquid	 water	 by	 the	 action	 of	 nonpolar	 solute.	

Generally	 most	 organic	 compounds	 having	 a	 long	 hydrocarbon	 chain	 or	

non	polar	part	is	unable	to	form	hydrogen	bonds	with	water.	Insertion	of	
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such	 non	 polar	 parts	 into	 water	 results	 disruption	 of	 the	 hydrogen	

bonding	chain	that	forms	between	water	molecules.	The	arrangement	of	

hydrogen	 bonds	 are	 changed	 accordingly	 in	 order	 to	 minimize	

interruption	of	the	hydrogen	bonded	three	dimensional	network	of	water	

molecules,	and	as	a	result	 there	 forms	 	water	 "cage"	about	the	 nonpolar	

surface.	The	water	molecules	which	are	involved	in	the	 formation	of	 the	

"cage"	 have	 limited	 mobility.	 The	 velocity	 of	 molecules	 forming	 such	

salvation	cell	or	cage	is	restricted	to	almost	10%.	At	normal	temperature	

dissolved	 xenon	 shows	 a	 mobility	 restriction	 of	 30%.	 If	 the	 size	 of	 the	

nonpolar	 molecules	 is	 large,	 then	 the	 orientation	 of	 the	 motion	 of	 the	

water	molecules	in	the	cage	like	structure	may	be	constrained	by	a	value	

of	 two	 to	 four	 times.	 Usually,	 restriction	 in	 the	 mobility	 significantly	

affects	 the	 translational	 and	 rotational	 entropy	 of	 water	 molecules;	

consequently	the	whole	process	becomes	unfavorable	in	terms	of	the	free	

energy	 of	 the	 system.	 The	 aggregation	 of	 nonpolar	 molecules	 decreases	

the	surface	area	depicted	to	water	and	diminish	their	troublesome	effect.	

	

Dynamic	hydrogen	bonds	between	molecules	of	liquid	water	
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The	measurement	of	the	hydrophobic	effect	can	be	done	by	measurement	

of	the	partition	coefficients	of	the	non-polar	molecules	between	water	and	

hydrophobic	 solvents.	 The	 partition	 coefficients	 is	 usually	 converted	 to	

free	energy	of	transfer	including	enthalpy	and	entropy	measurements,	ΔG	

=	ΔH	-	TΔS.	These	quantities	are	experimentally	establishd	with	the	help	

of	calorimetry.	The	hydrophobic	effect	is	generally	controlled	by	entropy	

at	room	temperature	as	the	mobility	of	water	molecules	in	cage	like	shell	

decreases	 in	 the	 environment	 of	 the	 non-polar	 solute;	 but	 the	 enthalpic	

component	of	transfer	energy	was	positive,	which	means	the	water-water	

hydrogen	 bonds	 become	 strong	 in	 the	 solvation	 cage	 owing	 to	 the	

decreased	mobility	of	water	molecules.	With	the	increase	of	temperature,	

the	 water	 molecules	 have	 higher	 mobility;	 this	 increase	 of	 energy	 is	

accompanied	by	the	quantity	entropy.		

The	hydrophobic	effect	is	very	vital	as	it	controls	the	secondary	structure	

of	proteins.	The	water-soluble	proteins	contain	a	hydrophobic	core	with	

side	chains	are	covered	from	water,	and	this	 leads	to	stabilization	of	 the	

folded	 structure.	 Side	 chains	 of	 organic	 compounds	 having	 polar	 groups	

are-depicted	 to	 the	 surface	 and	 thereby	 interacting	 with	 the	 water	

molecules	 present	 in	 surface.	 The	 protein	 show	 folded	 secondary	

structure	 and	 the	 reason	 behind	 this	 is	 the	 minimization	 of	 of	 the	

hydrophobic	 portion	 and	 besides	 this	 development	 of	 hydrogen	 bonds	

into	the	protein	help	in	stabilizing	the	protein	structure.	The	DNA	tertiary	

structure	can	also	be	explained	by	the	hydrophobic	effect.	

II.4. Theory of Different Investigations 

II.4.1. SURFACE TENSION 

Surface	tension	is	the	most	significant	of	the	characteristic	properties	of	liquids.	

The	 surface	 of	 a	 liquid	 is	 in	 a	 state	 of	 tension	 and	 any	 attempt	 to	 make	 a	

penetration	along	any	 line	 in	 the	 surface	will	 require	an	application	of	 force	 to	

hold	the	separate	portions	of	the	surface	together.	The	force	is	called	the	surface	
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tension,	denoted	usually	by	the	symbol	γ.	It	is	expressed	as	the	force	in	dynes	per	

unit	length	acting	at	right	angles	to	the	line	along	the	surface	of	the	liquid.	

The	Surface	tension	is	numerically	the	same	as	the	surface	energy	per	unit	area	

of	 the	 liquid.	 It	 is	 a	 function	 of	 temperature.	 The	 surface	 tension	 of	 a	 liquid	

generally	decreases	with	rise	in	temperature.	Eotvos	gave	a	quantitative	relation	

between	these	two.	

(MV)	2/3γ=K(TC-T)																																																																										(II.1)	

	Where	M	is	the	molecular	weight	and	V	is	the	specific	volume	of	the	liquid,	γ	is	

the	surface	tension,	K	 is	a	constant.	TC	and	T	represent	 the	critical	 temperature	

and	temperature	of	the	liquid	respectively.	

Surface	 tension	 (γ)	 measurement	 can	 be	 used	 to	 obtain	 valuable	 information	

about	 the	 formation	 of	 inclusion	 complex.	 Cyclodextrin	 is	 used	 as	 the	 host	

molecule	 in	 all	 the	 research	 works.	 The	 Surface	 tension	 (γ)	 of	 aqueous	

cyclodextrin	 doesn’t	 show	 any	 remarkable	 change	 with	 increasing	

concentrations.	 But	 after	 the	 addition	 of	 guest	 molecules	 such	 as	 amino	 acid,	

ionic	 liquids,	 drug	 molecules	 the	 γ	 values	 show	 remarkable	 change.	 Due	 to	 the	

insertion	 of	 guest	 molecules	 the	 γ	 value	 changes.	 The	 γ	 value	 either	 shows	 an	

increase	or	decrease	depending	upon	the	 structure	of	 the	 guest	molecule.	Each	

plot	 also	 indicates	 that	 there	 is	 single	 break	 point	 at	 certain	 concentrations.	

Finding	of	break	point	in	surface	tension	curve	not	only	indicates	formation	of	IC	

but	 also	 gives	 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.	 The	 concentration	 and	 corresponding	 surface	

tension	at	which	maximum	inclusion	took	place	(break	point	at	the	curve)	have	

been	calculated	by	solving	the	equations	of	two	intercepting	straight	lines.	

II.4.2. CONDUCTANCE 

The	conductance	of	solutions	is	generally	governed	by	the	formula	as	in	the	case	

of	metallic	conductor.	
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κ=1.L/R.a																																																																																																																											(II.2)	

Where,	κ	 is	 the	specific	conductance,	R	 is	 the	resistance,	 l	and	a	are	 length	and	

area	of	the	metallic	conductor	respectively.	

The	 specific	 conductance	 of	 the	 solution	 (L)	 is	 the	 conductance	 of	 the	 solution	

enclosed	 between	 the	 two	 electrodes	 of	 1	 suare	 cm.	 area	 and	 1	 cm.	 apart.	 The	

conductance	 depends	 upon	 the	 number	 of	 ions	 present	 and	 hence	 on	 the	

concentration	of	the	solution.	To	compare	the	conductance	of	different	solutions,	

it	is	necessary	to	take	the	concentration	of	the	solutions	into	consideration.	It	is	

done	by	using	equivalent	conductance,	λ.	The	equivalent	conductance	is	defined	

as	 the	 conductance	 of	 a	 solution	 containing	 1	 gm.	 Equivalent	 of	 the	 dissolved	

electrolyte	such	that	 the	entire	solution	 is	placed	between	 two	electrodes	1	cm	

apart.	Λ	is	always	evaluated	through	the	measurement	of	L.	

Λ=1000κ/C																																																																																																																												(II.3)	

Where	c	is	the	concentration	of	the	solution.	

The	 studies	 of	 conductance	 measurements	 were	 pursued	 vigorously	

during	the	last	five	decades,	both	theoretically	and	experimentally	and	a	number	

of	important	theoretical	equations	have	been	derived.	We	shall	dwell	briefly	on	

some	 of	 these	 aspects	 in	 relation	 to	 the	 studies	 in	 aqueous,	 non-aqueous,	 pure	

and	 mixed	 solvents.	 The	 successful	 application	 of	 the	 Debye-Hückel	 theory	 of	

interionic	 attraction	was	made	 by	 Onsager	 to	derive	 the	Kohlrausch’s	equation	

representing	 the	 molar	 conductance	 of	 an	 electrolyte.	 For	 solutions	 of	 a	 single	

symmetrical	electrolyte	the	equation	is	given	by:	

																																																 o S c   																																													(II.4)	
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The	equation	took	no	account	for	the	short-range	interactions	and	also	of	

shape	 or	 size	 of	 the	 ions	 in	 solution.	 The	 ions	 were	 regarded	 as	 rigid	 charged	

spheres	in	an	electrostatic	and	hydrodynamic	continuum,	i.e.,	the	solvent.	

With	the	help	of	conductivity	(κ)	study	the	inclusion	phenomenon	can	be	

confirmed.	 The	 guest	 molecules	 which	 exist	 in	 ionic	 form	 in	 aqueous	 solution	

show	considerable	value	of	κ.	As	aqueous	cyclodextrin	solution	was	added	to	the	

aqueous	 solution	 of	 guest	 molecules,	 the	 κ	 was	 observed	 to	 show	 decreasing	

trend	probably	because	of	encapsulation	of	the	guest	molecules	inside	the	cavity	

of	cyclodextrin.	At	certain	concentrations	of	both	host	and	guest	single	break	was	

found	 in	 each	 of	 the	 conductivity	 curve,	 which	 indicates	 the	 formation	 of	

inclusion	complexes.	The	concentration	and	corresponding	conductivity	at	which	

maximum	inclusion	took	place	(break	point	at	the	curve)	have	been	calculated	by	

solving	the	equations	of	two	intercepting	straight	lines.	

II.4.3. pH measurement 

pH	can	be	defined	as	the	negative	logarithm	of	the	molar	concentration	of	H3O+	

ions	in	aqueous	solution.	

pH=-log10[H3O+]	

With	the	increase	or	decrease	of	H3O+	ions	in	solutions	the	pH	value	decreases	or	

increases	respectively.	The	increase	or	decrease	of	pH	value	by	one	unit	results	

the	concentration	of	H3O+	ions	in	solutions	to	decrease	or	increase	by	10	times.	

The	more	a	solution	is	acidic	the	less	is	the	pH	value	of	the	solution.	

The	relation	of		pH	and	pOH	with	the	ionic	product	of	water(pKw)	is	as	follows:	

pH	+	pOH=	pKw																																																																																																																			(II.5)	

For	pure	water	at	25∘c	,	pH	+pOH=	14	
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	For	pure	water	at	25∘c,	pH=	pOH=7.	

For	neutral	solution	the	pH	value	is	always	equal	to	7.	

	For	acidic	solution,	the	pH	value	is	always	<7.	

For	basic	solution,	the	pH	value	is	always	>7.	

The	range	of	pH	scale	is	from	0-14.	But	with	the	change	of	temperature,	the	pKw	

value	of	water	changes	and	as	a	result	the	range	of	pH	values	also	changes.		

pH	 measurement	 is	 applied	 in	 determining	 the	 inclusion	 of	 the	 amino	

acids	 leucine,isoleucine,	 asparagines,	 aspartic	 acid	 into	 the	 cavity	 of	 both	 the	

cyclodextrin	 molecules.	 The	 above	 mentioned	 four	 amino	 acids	 exsist	 as	

zwitterions	in	the	aqueous	solution.	pH	values	were	measured	by	Mettler	Toledo	

Seven	Multi	pH	meter	having	 uncertainty	±0.001.	The	amino	acid	solutions	are	

prepared	 by	 mass	 fraction.	 The	 aqueous	 solution	 of	 both	 the	 cyclodextrin	

molecules	are	gradually	added	to	 the	amino	acid	 solutions.	 The	 increase	of	 the	

pH	 values	 with	 increasing	 concentration	 of	 amino	 acids	 and	 host	 molecules	

clearly	 show	 the	 variation	 in	 their	 zwitterionic	 forms,	 i.e.,	 the	 amine	 and	

carboxylic	acid	groups	exist	in	ionic	forms	–NH3+	and	–COO-	respectively.	

II.4.4. DENSITY	

The	 physicochemical	 properties	 of	 liquid	 mixtures	 have	 attracted	 much	

attention	 from	 both	 theoretical	 and	 engineering	 applications	 points	 of	 view.	

Many	engineering	applications	require	quantitative	data	on	the	density	of	liquid	

mixtures.	 They	 also	 provide	 information	 about	 the	 nature	 and	 molecular	

interactions	between	liquid	mixture	components.		

The	density	 of	 a	 compound	 can	 be	 described	 as	 mass	 per	 unit	 volume.	 This	

physical	quantity	is	denoted	by	ρ.	The	mathematical	expression	of	density	is	

ρ	=m/V	
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Where	ρ	is	the	density,	m	is	the	mass,	and	V	is	the	volume.	If	the	substance	

is	 pure,	 the	 magnitude	 of	 density	 is	 equivalent	 to	 its	 mass	 concentration.	 The	

density	 value	 differs	 from	 material	 to	 material.	 Osmium	 and	 iridium	 are	 most	

dense	elements	at	standard	temperature	and	pressure	but	certain	metals	may	be	

denser.	

In	 different	 measuring	 systems	 like	 CGS	 or	 SI	 the	 value	 of	 density	 is	

different	and	it	becomes	complicated	to	compare	the	values.	It	is	more	relevant	

to	replace	it	with	another	quantity	"relative	density"	or	"specific	gravity",	which	

has	 no	 dimension.	 The	 later	 can	 be	 described	 as	 the	 ratio	 of	 the	 density	 of	 the	

material	to	that	of	a	standard	material,	normally	water.	Consequently	a	relative	

density	less	than	one	means	that	the	substance	will	float	in	water.	

	

The	density	of	a	element	is	a	function	of	temperature	and	pressure.	This	

difference	is	characteristically	small	for	solids	and	liquids	but	higher	for	gases.	If	

we	 increase	 the	 pressure	 on	 an	 object	 its	 volume	 will	 decrease	 thereby	

increasing	 its	 density	value.	But	 if	we	raise	 the	 temperature	of	a	compound	 its	

density	value	gradually	falls	as	the	volume	increases.		

The	inverse	quantity	of	the	density	of	a	compound	is	often	termed	as	 its	

specific	volume;	this	term	is	quite	used	in	thermodynamics.	Density	is	mentioned	

as	 an	 intensive	 property	 that	 is	 it	 does	 not	 depend	 upon	 the	 mass	 of	 the	

substance.	

The	density	 in	case	of	 all	homogeneous	objects	 is	equal	 to	 its	 total	mass	

divided	 by	 its	 total	 volume.	 The	 mass	 of	 a	 substance	 is	 usually	 taken	 by	 a	

standard	balance;	 the	 volume	can	be	 determined	directly	 (using	 the	concept	of	

the	geometry	of	the	compound)	or	by	some	indirect	method.	The	determination	

of	the	density	of	a	fluidcan	be	done	using	hydrometer,	a	dasymeter	or	a	Coriolis	

flow	 meter	 respectively.	 In	 a	 similar	 way,	 hydrostatic	 weighing	 is	 basically	
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depending	upon	the	idea	of	displacement	of	water	in	case	of	a	submerged	object	

calculating	the	density	of	the	compound.	

II.4.5. APPARENT AND PARTIAL MOLAR VOLUMES 

The	molar	volume	of	a	pure	compound	may	be	evaluated	using	density	data.	It	is	

not	 easy	 to	 determine	 the	 volume	 contributed	 to	 solvent	 upon	 addition	 of	 one	

mole	of	an	ion.	The	reason	behind	this	is	that	the	ion	changes	the	volume	of	the	

solution	after	addition	as	they	changes	the	structure	of	the	solvent	molecules	and	

also	the	volume	compresses	due	to	the	influence	of	ion’s	electrostatic	field.	When	

electric	 fields	 of	 the	 order	 of	 109-1010	 V	 m-1	 are	 applied	 on	 a	 solution	 the	

compression	of	 ions	occur	and	the	molecules	present	become	insignificant.	The	

apparent	molar	volume	( V )	is	the	measure	of	the	sum	of	geometric	volume	of	

the	 central	 solute	 molecule	 and	 changes	 in	 the	 solvent	 volume	 due	 to	 the	

interactions	with	the	solute	around	the	co-sphere.	The	partial	molal	volume	can	

be	obtained	from	apparent	molar	volume.	The	apparent	molar	volumes,	( V ),	of	

the	solutes	can	becalculated	by	the	following	equation	

 0

0 0

1000  


 


 V

M

c
																																	

(II.6)	

In	the	above	relation,	M	is	the	molar	mass	of	the	solute,	c	is	the	molarity	of	the	

solution;	ροand	 ρ	 are	 the	 densities	 of	 the	solvent	 and	 the	 solution	 respectively.	

The	partial	molar	volumes,
2v can	be	obtained	from	the	equation	
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c 													(II.7)	

The	extrapolation	of	the	apparent	molar	volume	of	electrolyte	to	infinite	dilution	

and	the	relation	of	the	concentration	with	the	apparent	molar	volume	have	been	

expressed	by	 four	 important	equations	 for	many	years	–	the	Masson	equation	 ,	
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the	 Redlich-Meyer	 equation	 ,	 the	 Owen-Brinkley	 equation,	 and	 the	 Pitzer	

equation	.	

According	to	Masson	[16],	the	apparent	molar	volume	of	electrolyte, V ,	changes	

as	a	function	of	square	root	of	the	molar	concentration	and	can	be	expressed	as	

0 *
V V VS c   																	(II.8)	

here,
0
V is	 the	 apparent	 molar	 volume	 (equal	 to	 the	 partial	 molar	 volume)	 at	

infinite	dilution	and	 *
VS the	experimental	slope.	The	series	of	 V 	values	in	water		

and	 rest	 of	 other	 V data	 in	 non-aqueous	 	 solvents	 have	 been	 extrapolated	 to	

infinite	dilution	with	the	help	of	equation	(II.8).	

The	temperature	dependence	of	
0
V 	for	various	electrolytes	used	in	this	research	

work	can	be	expressed	by	the	following	equation:	

	

0 2
0 1 2   V a a T a T

																																															(II.9)							

Where 0a , 1a and 2a 	represent	 the	coefficients	of	a	particular	electrolyte	and	T is	

the	temperature	in	Kelvin.	

The	standard	deviations	(σ)	were	determined	using	the	following	equation:	

			[	(Yexp		Yobs)	2	/	(N	1)]																																									(II.10)																																																	

where	N is	the	number	of	data	points.	

	

ϕv		and	ϕvo	values	can	be	calculated	from	the	density	of	the	solutions	at	298.15	K		

using	 the	 provided	equation.	 	 If	 the	 magnitude	of	 ϕv	 is	 found	to	be	positive	 for	

the	 guest	 molecules	 such	 as	 amino	 acids	 and	 ionic	 liquids,	 it	 indicates	 strong	
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solute–solvent	 interactions.	 ϕv	 varies	 linearly	 with	 the	 square	 root	 of	 molal	

concentration	(c)	and	is	fitted	to	the	masson	equation,	from	where	ϕvo	has	been	

determined.	 The	 increase	 of	 ϕv
o	 values	 with	 increasing	 mass	 fraction	 of	 both	

cyclodextrin	 molecules	 suggest	 the	 ion-hydrophilic	 group	 interactions	 are	

stronger	 than	 ion-hydrophobic	 group	 interactions.	 The	 guest	 molecules	 and	 aq	

cyclodextrin	 from	a	 ternary	 system.	The	 interaction	of	charged	groups	of	guest	

molecules	 is	 localized	with	 -OH	 groups	of	cyclodextrins.	Due	 to	 this	 interaction	

the	 electostriction	 of	 water	 results	 an	 increase	 in	 volume.	 The	 greater	 the	

hydrophobic	part	of	the	guest,	the	higher	is	the	ϕvo	values.	

Contributions	 of	 zwitter	 ionic	 group	 (NH3+),	 (COO		);	 (CH),	 side	 group	 (R)	 of	

amino	acids	leucine,	isoleucine	to	the	limiting	apparent	molar	volume	(ϕ0V)	:	

The	ϕ0V	value	of	zwitterionic	group,	(CH),	side	group	(R)	of	the	amino	acids	were	

estimated	from	the	following	equations	[17]	

     ϕ0V			ϕ0V	(NH3+,	COO			)		ϕ0V	(CH)	+	ϕ0V	(side	grp)	 	 	 (II.11)	

	 								

     ϕ0V	(R)		ϕ0V			ϕ0V	(NH3+,	COO			)		ϕ0V	(CH)				 	 	 	 (II.12)	

	 								

For	 asparagines	 and	 aspartic	 acid	 The	 ϕ0V	 value	 of	 zwitterionic	 group,	 (CH),	

(CH2)	and	end	group	(R)	of	 the	amino	acids	were	estimated	from	the	 following	

equations.	

   ϕ0V			ϕ0V	(NH3+,	COO			)		ϕ0V	(CH)	+ ϕ0V	(CH2)	+	ϕ0V	(end	grp)				 (II.13)			 

ϕ0V	(R)		ϕ0V			ϕ0V	(NH3+,	COO			)		ϕ0V	(CH)		ϕ0V	(CH2)						 	 (II.14)					

II.4.6. Viscosity 

The	viscosity	 is	a	 very	 important	 property	 of	 fluids	 that	 is	gases	and	 liquids.	 It	

can	 be	 explained	 as	 a	 measure	 of	 the	 resistance	 to	 gradual	 deformation	 of	

relative	 velocity	 between	 different	 layers	 of	 fluids	 by	 shear	 stress	 or	 tensile	

stress.	 In	 case	 of	 liquids	 it	 is	 quite	 similar	 to	 thickness	 such	 as,	 glycerin	 has	 a	
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higher	value	of	viscosity	than	water.	Viscosity	refers	to	the	characteristic	of	 the	

fluid	that	opposes	the	relative	velocity	between	the	two	layers	of	the	liquid	in	a	

fluid	that	have	a	different	value	of	velocity.	If	a	fluid	is	allowed	to	flow	through	a	

tube,	 the	molecules	which	 invent	the	 fluid	usually	travel	more	quickly	near	the	

tube's	axis	and		slowly	around	its	walls;	consequently	a	force	(may	be	pressure	

disparity	 among	 the	 two	 ends	 of	 the	 tube)	 is	 required	 apply	 to	 conquer	 the	

friction	 between	 layers	 of	 molecules	 to	 keep	 the	 movement	 of	 fluid.	 The	 force	

that	 is	 needed	 to	 apply	 is	 a	 function	 of	 the	 fluid's	 viscosity.	 A	 fluid	 that	 is	

completely	unable	to	prevent	the	stress	is	known	as	an	ideal	or	inviscid	fluid.	The	

magnitude	of	viscosity	becomes	zero	at	low	temperature	for	superfluids.	Except	

this,	 all	 other	 fluids	 have	 positive	 value	 of	 viscosity,	 and	 usually	 termed	 as	

viscous	 or	 viscid.	 In	 general	 concept,	 however,	 a	 liquid	 is	 mentioned	 more	

viscous	if	it	has	a	higher	value	of	viscosity	than	water.	But	if	the	viscosity	value	is	

less	than	that	of	water	it	is	known	as	mobile	liquids.	

The	 term	 dynamic	 viscosity	 of	 a	 fluid	 can	 be	 explained	 as	 the	 confrontation	 to	

shearing	flows	and	in	this	case	the	contiguous	layers	move	parallel	to	each	other	

having	different	speeds.	In	a	ideal	situation	this	type	of	flow	is	called	as	a	Couette	

flow,	 in	 which	 a	 layer	 of	 fluid	 is	 fascinated	 between	 two	 parallel	 plates,	 one	

stationary	and	another	moving	horizontally	at	steady	speed	u.		

But	 if	 the	 velocity	 of	 the	 upper	 plate	 is	 very	 low,	 then	 the	 fluid	 molecules	 will	

shift	corresponding	to	it,	and	their	velocity	will	change	as	a	linear	function	from	

zero	value	at	the	underneath	to	u	at	the	upper.	Every	film	of	fluid	will	go	quicker	

than	the	layer	just	under	it,	whereas	the	friction	between	them	develops	a	force	

preventing	 their	 comparative	 motion.	 Generally,	 the	 fluid	 gives	 on	 the	 upper	

plate	a	force	directionally	opposite	to	its	velocity,	and	a	force	of	equal	magnitude	

in	 opposite	 direction	 in	 the	 underneath	 plate.	 An	 outer	 force	 is	 therefore	

necessary	to	apply	for	keeping	the	upper	plate	shifting	at	steady	speed.	

The	extent	F	of	this	force	is	established	as	proportional	to	the	velocity	u	and	the	

area	A	of	every	layer,	and	inversely	proportional	to	the	separating	distance	y:	
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The	ratio	u/y	is	expresses	the	rate	of	shear	deformation	or	shear	velocity.	

The	fluids	that’s	obey	Newton's	law,	having	a	value	of	viscosity	μ	which	does	not	

depend	upon	the	stress,	is	called	as	Newtonian.	Newtonian	may	be	gases,	liquids	

and	others	in	general	conditions	and	circumstance.	But	many	of	the	fluids	do	not	

obey	this	 law	and	exhibit	 significant	 deviation	 in	many	respects.	Few	examples	

may	be	cited	as:	

	

 The	liquids	which	show	a	gradual	 increase	of	viscosity	with	the	increase	

of	shear	strain	generally	known	as	Shear-thickening	liquids.	

 The	liquids	which	show	a	gradual	decrease	of	viscosity	with	the	increase	

of	shear	strain	generally	termed	as	Shear-thickening	liquids.	

 Thixotropic	liquids,	which	progressively	turns	less	viscous	with	time	after	

application	of	shake,	agitation,	or	stress.	

 Rheopectic	 	 liquids,	 which	 progressively	 turns	 moreviscous	 with	 time	

after	application	of	shake,	agitation,	or	stress.	

 A	 Bingham	 plastic	 which	 is	 a	 solid	 at	 normal	 temperature	 and	 low	

pressure	but	turns	in	a	liquid	when	high	stress	is	applied.	

	

In	 the	 case	 of	 a	 Newtonian	 fluid,	 the	 viscosity	 generally	 is	 a	 function	 of	 its	

constituting	particles	and	temperature.	The	viscosity	of	gases	and	other	 liquids	

usually	depends	on	temperature	and	exhibit	variation	with	pressure	with	a	slow	

rate.	

Viscosity	is	a	physical	quantity	and	in	SI	system	its	unit	is	poiseuille	(Pl)	and	in	

cgs	system,	it	is	poise	(P).	poiseuille	is	comparable	to	the	pascal	second	(Pa·s),	or	

(N·s)/m2,	 or	 kg/(m·s).	 When	 a	 fluid	 flows	 between	 two	 plates	 having	 a	

separation	of	one	meter,	and	one	of	the	two	is	shoved	in	a	side	with	a	force	of	one	
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pascal,	 and	 its	 velocity	 is	 x	 meters	 per	 second,	 then	 the	 value	 of	 viscosity	

becomes	 1/x	 pascal	 seconds.	 Inspite	 of	 this	 some	 other	 factors	 are	 also	

responsible	for	the	variation	of	viscosity.		

The	 viscosity	 of	 different	 solutions	 for	 this	 thesis	 has	 been	 measured.	 The	

relative	 viscosity	 (ηr)	 may	 be	 defined	 as	 the	 viscosity	 of	 the	 solution	 to	 the	

viscosity	of	the	solvent.	It	has	been	analyzed	using	the	Jones-Dole	equation	[18].	

(/o	-	1)/	√m	=	(ηr	-	1)/	√m	=	A	+	B	√m																																									(II.15)	

where	ηr = /o,		and	o	are	the	relative	viscosities,	the	viscosities	of	the	ternary	

solutions	(amino	acid	+	aq.	CD)	and	binary	aqueous	mixture	(aq.	CD)	and	m is	the	

molality	of	the	amino	acids	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	(r	1	)	/	m	against	m and.	

	The	 B-coefficients	 of	 zwitterionic	 group,	 (CH),	 side	 group	 (R)	 of	 the	 amino	

acids	have	been	resolved	as	follows:	

B		B	(NH3+,	COO			)		B	(CH)	+	B	(side	grp)									(II.16)																												

B	(R)		B		B	(NH3+,	COO			)		B	(CH)																					(II.17)	

II.4.7. REFRACTIVE INDEX 

Refractive	 index	 is	 a	 very	 important	 tool	 to	 predict	 the	 molecular	 interaction	

between	the	host	and	the	guest	molecules	in	solution	systems.	

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	( Dn )	for	the	substance.	

 D

Speed of light in vacuum
Refractive Index  n  of substance   

Speed of light in substance
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Whenever	 light	changes	 its	velocity	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	velocity	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




  						

Thus,	it	is	not	required	to	determine	the	velocity	of	light	in	a	sample	to	evaluate	

its	 index	 of	 refraction.	 Rather,	 by	 measuring	 the	 angle	 of	 refraction,	 and	

providing	the	index	of	refraction	of	the	layer	that	is	in	contact	with	the	sample,	it	

is	possible	to	evaluate	the	refractive	index	of	the	sample	quite	accurately.	

The	 refractive	 index	 of	 aqueous	 solution	 mixtures	 can	 be	 correlated	 by	 the	

application	 of	 a	 composition-dependent	 polynomial	 equation.	 Molar	 refraction,	

was	obtained	 from	the	 Lorentz-	Lorenz	 relation	by	 using,	nD	experimental	data	

according	to	the	following	expression	[19]	

2 2[( 1)/ 2]( / )  D DR n n M  																																																																																														(II.18)	

Here	 M is	 the	 mean	 molecular	 weight	 of	 the	 mixture	 and	 ρ	 is	 density	 of	 the	

solution.	 Dn 	can	be	expressed	by	the	following	relation:	

	

0.5[(2 1) / (1 )]  Dn A A 																																																																													(II.19)	

Where	A is	given	by:	

	

2 2 2
1 1 2

1 2 1 2 22 2 2
1 1 2

( 1) ( 1) ( 1)
[{ (1/ )} { ( / )} { ( / )} ]

( 2) ( 2) ( 2)

  
  

  

n n n
A w w

n n n
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In	the	above	equation,	n1	and	n2	are	the	pure	component	refractive	indices,	wj the	

weight	 fraction,	 ρ is the	 density	 of	 the	 solution,	 and	 ρ1	 and	 ρ2	 the	 pure	

component	densities.	

The	molar	refraction	deviation	can	be	calculated	by	the	following	equation:	

	

1 1 2 2  R R R R  
																(II.20)	

Where	 1 	and	 2 	are	volume	 fractions	and	R,	R1,	and	R2	the	 molar	refractivity	of	

the	mixture	and	of	the	pure	components,	respectively.	

The	 Limiting	 molar	 refraction	 (RMo)	 have	 been	 estimated	 from	 the	 following	

relation[20]		

RM  		RMo		RS m																																																																																																			(II.21)	

The	higher	value	of	RM	and	the	limiting	molar	refraction	(ROM)	indicate	that	 the	

medium	is	more	compact	and	dense.	if	the	hydrophobic	interaction	between	the	

host	 and	 guest	 molecules	 increases,	 the	 molar	 refraction	 and	  limiting	 molar	

refraction values	also	increase.	

II.4.8. Hydration Number  

Hydration number	is	the	number	of	molecules	of	water	with	which	an	ion	can	

combine	in	an	aqueous	solution	of	given	concentration. The		number	 	of	 	water		

molecules		(nH)		hydrate		the		amino		acids		can		be		estimated		from	the	value	of	

measured	standard	partial	molar	volume.	The	values	of	ϕ0V	of	the	studied	amino	

acids	can	be	expressed	as	[21]	

ϕ0V	(amino	acid)		ϕ0V	(int)	+	ϕ0V	(elect)	 																																 	(II.22)													 					
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Here ϕ0V	(int)	is	intrinsic	partial	molar	volumes	of	amino	acids	and	ϕ0V	(elect)	is	

electrostriction	partial	molar	volume	as	a	result	of	hydration	of	the	amino	acids.		

The	ϕ0V	(int)	consists	of	two	terms,	e.g.,	van	der	Waals	volume	and	volume	due	to	

packing	effects.	The	values	of	ϕ0V	(int)	for	the	amino	acids	were	calculated	from	

their	crystal	molar	volume	by	using	the	following	relationship	[21],	

	ϕ0V	(int)	=	(0.7/0.634)	ϕ0V	(cryst)	 																																					 	 (II.23)		

	 			

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	 ϕ0V	 (cryst)	

was		calculated	using	the	crystal		densities		of		the		amino		acids		represented		by		

Berlin		and		Pallansch	[22].The	hydration	number	is	estimated	using	the	relation		

nH	=	ϕ0V	(elect)/(Veo	–	Vbo)			 	 	 	 	 	 	(II.24)	

where		Veo	is		the		molar		volume		of		the		electrostricted		water	and		Vbo	 	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	(Veo – Vbo).		The		value		of		(Veo – Vbo)	is	calculated	to		be		

-3.0		or		-3.3		at		298.15K		respectively.			

                                                            

II.4.9. UV-Visible Spectra 

The	 UV-Visible	 spectra	 can	 be	 termed	 as	 electronic	 spectroscopy	 as	 it	 involves	

the	promotion	of	electrons	from	the	ground	state	to	the	higher	energy	state.	It	is	

very	 useful	 to	 measure	 the	 number	 of	 conjugated	 double	 bonds	 and	 also	

aromatic	conjugation	within	the	various	molecules.	It	also	distinguishes	between	

conjugated	and	non-conjugated	systems.	For	visible	and	UV-spectrum,	electronic	

excitations	 occur	 in	 the	 range	 200-800mµ	 and	 involves	 the	 promotion	 of	

electrons	to	the	higher	energy	molecular	orbital.			
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The Absorption Law 

Beer Lambert Law: 

The	 change	 in	 intensity	 of	 light	 (dl)	 after	 passing	 through	 a	 sample	

proportionates	to	the	following:	

(i)	 Path	 length	 (b),	 the	 iarger	 the	 path,	 more	 number	 of	 photons	 should	 be	

absorbed.	

(ii)	Concentration	(c)	of	sample,	more	molecules	absorbing	means	more	photons	

Absorbed.	

	(iii)	Intensity	of	the	incident	light.		

Thus,	 dI is	 proportional	 to	 bcI or	 dI/I =	 -	 kbc (where	 k is	 a	 proportionality	

constant,	 the	 negative	sign	 indicates	 that	 there	 is	a	decrease	 in	 intensity	of	 the	

light,	 this	 makes	 b,	 c and	 I always	 positive.	 Integration	 of	 the	 above	 equation	

leads	to	Beer-Lambert’s	law	:	

-	ln	I/I0 =	kbc 		 	 	 	 	 	 	 	 (II.25)	

-	log	I/I0 =	2.303kbc         (II.26)	

ε =	2.303k 	 	 	 	 	 	 	 	 	 (II.27)	

A =	-	log	I/I0 	 	 	 	 	 	 	 	 	 (II.28)	

A =	εbc          (II.29)	

A is	reffered	as	absorbance	and	it	is	found	to	be	directly	proportional	to	the	path	

length,	 b and	 the	 concentration	 of	 the	 sample,	 c.	 The	 extinction	 coefficient	 is	

characteristic	 of	 the	 substance	 under	 study	 and	 of	 course	 is	 a	 function	 of	 the	

wavelength.	

Selection Rules: 

(i)	 The	 transitions	 which	 involve	 a	 change	 in	 the	 spin	 quantum	 number	 of	 an	

electron	during	the	transition	do	not	occur.	Thus	singlet	–triplet	transitions	are	

forbidden.	

(ii)	The	transitions	between	orbitals	of	different	symmetry	do	not	occur.	
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When	 the	 molecule	 absorbs	 UV	 or	 visible	 light,	 its	 electron	 get	 promoted	 from	

the	ground	state	to	the	higher	energy	state.	In	the	ground	state,	the	spins	of	the	

electrons	 are	 essentially	 paired.	 In	 the	 higher	 energy	 state,	 if	 the	 spins	 of	 the	

electrons	are	paired,	then	it	is	called	an	excited	singlet	state.	On	the	other	hand,	if	

the	spins	of	the	electrons	are	parallel	in	the	excited	state,	 it	 is	called	an	excited	

triplet	state.	The	excited	triplet	state	is	always	lower	in	energy	than	the	excited	

singlet	 state.	 Therefore	 triplet	 state	 is	 more	 stable	 than	 corresponding	 excited	

singlet	state.	In	the	excited	triplet	state	 the	electrons	are	far	apart	 in	space	and	

thus	 the	 repulsions	 between	 them	 is	 minimized.	 An	 excited	 singlet	 state	 is	

converted	 to	 excited	 triplet	 state	 with	 the	 emission	 of	 energy	 as	 light.	 The	

transition	 from	 singlet	 ground	 state	 to	 excited	 triplet	 state	 is	 symmetry	

forbidden.	The	higher	 energy	 states	are	 designated	as	higher	 energy	molecular	

orbitals	 and	 also	 called	 anti-bonding	 orbitals.	 In	 most	 of	 the	 cases	 several	

transitions	occur	resulting	in	the	formation	of	several	bands.	

	

Chromophore Concept:	

Chromophore	 is	 any	 isolated	 covalently	 bonded	 group	 that	 shows	 a	

characteristic	absorption	in	the	UV-visible	region.	

There	are	two	types	of	chromophores:	

a)	Cromophores	in	which	the	group	contains	п	electrons	and	they	undergo	п-п*	

transitions.	Such	chromophores	are	ethylene	and	acetylene	etc.	

b)	 Chromophores	 which	 contain	 both	 п	 electrons	 and	 n	 electrons.	 Such	

chromophores	 undergo	 п-п*	 and	 n-	 п*	 transitions.	 Examples	 are	 carbonyls,	

nitriles,	azo	compounds,	nitro	compounds	etc.	

Auxochrome:	

It	 may	 be	 defined	 as	 any	 group	 which	 does	 not	 itself	 act	 as	 chromophore	 but	

whose	presence	brings	about	a	shift	in	the	absorption	band	towards	the	red	end	

of	the	spectrum.	The	combination	of	a	chromophore	and	auxochrome	gives	rise	

to	another	chromophore.	Some	common	auxochromic	groups	are	–OH,	OR,	-NHR,	

-NH2,-SH	etc.	

Bathochromic Effect:	
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It	 is	 an	 effect	 by	 virtue	 of	 which	 the	 absorption	 maximum	 is	 shifted	 towards	

longer	 wavelength	 due	 to	 presence	 of	 an	 auxochrome	 or	 by	 the	 change	 of	

solvent.	Such	an	absorption	shift	towards	longer	wavelength	is	called	red	shift	or	

bathochromic	effect.	

Hypsochromic Effect:	

It	is	an	effect	by	virtue	of	which	the	the	absorption	maximum	is	shifted	towards	

shorter	wavelength.	The	absorption	shifted	towards	shorter	wavelength	is	called	

blue	shift	or	hypsochromic	shift.	It	may	be	caused	by	the	removal	of	conjugation	

and	change	in	polarity	of	the	solvent.	

Hyperchromic Effect: 

It	is	an	effect	by	virtue	of	which	the	intensity	of	absorption	maximum	increases.	

Hypochromic Effect:	

It	is	an	effect	by	virtue	of	which	the	intensity	of	absorption	maximum	decreases.	

	

II.4.10. Mass Spectra Study 

Mass	 spectrometry	 is	 the	most	 accurate	 method	 for	determining	 the	molecular	

mass	of	the	compound	and	its	elemental	position.	In	this	process	molecules	are	

bombarded	 with	 a	 beam	 of	 energetic	 electrons.	 The	 molecules	 are	 ionized	 and	

broken	up	into	many	fragments,	some	of	which	are	positive	ions.	Each	kind	of	ion	

has	a	particular	ratio	of	mass	to	charge	i.e.,	m/e	ratio.	For	most	ions,	the	chage	is	

one	and	thus	m/e	ratio	is	simply	the	molecular	mass	of	the	ion.	

A	parent	ion	results	when	one	electron	is	removed	from	the	parent	molecule	of	

the	substance	

M	(g)	+	e					 	M+	(g)	+2e	

The	m/e	value	of	the	parent	ion	is	equal	to	the	molecular	mass	of	the	compound.	

In	 a	 few	 cases,	 the	 parent	 ion	 peak	 may	 be	 the	 base	 peak	 and	 can	 be	 easily	

identified.	In	some	cases	the	parent	ion	peak	is	not	the	base	peak	and	present	in	

very	 small	 abundance.	 Many	 elements	 occur	 in	 nature	 as	 their	 isotope	 and	

among	them	the	lightest	form	generally	predominates.	
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The	mass	spectrometer	has	three	basic	functions:	

(i)	To	vapourise	compounds	of	varying	volatility.	

(ii)	To	produce	ions	from	the	neutral	compounds	in	the	vapor	phase.	

(iii)	 To	 separate	 ions	 according	 to	 their	 mass	 over	 charge	 ratio	 and	 to	 record	

them.	 The	 plot	 of	 m/e	 values	 taken	 along	 the	 abscissa	 and	 their	 relative	

intensities	along	the	ordinate	is	called	mass	spectrum.	

M+	(g)	→	m1+	+	m2	

		or															m1			+	m2+	

Neutral	particles	produced	in	the	process	of	fragmentation	cannot	be	detected	in	

the	mass	spectrometer.	

The	instrument	needed	to	produce	the	mass	spectrum	of	a	compound	consists	of	

the	following	compounds	

 Ion source 

The	first	step	to	obtain	mass	spectrum	is	to	ionize	the	sample	under	examination.	

The	minimum	energy	required	to	ionize	a	molecule	or	an	ion	is	called	ionization	

potential.	 The	 ions	 are	 generally	 produced	 in	 mass	 spectrometer	 by	

bombardment	 of	 electrons.	 The	 energetic	 electrons	 are	 produced	 from	 an	

electrically	heated	tungsten	filament.	Few	mg	of	the	substance	is	produced	as	the	

vapour	in	the	source.	The	vapour	is	allowed	to	pass	through	a	slit	in	the	chamber.	

It	 is	 bombarded	 by	 a	 stream	 of	 electrons.	 Due	 to	 bombardment	 the	 molecules	

generally	loss	one	electron	to	form	a	parent	ion	radical.	

 Mass analyser  

The	 positively	 charged	 ions	 produced	 in	 the	 ion	 chamber	 are	 accelerated	 by	

application	 of	 an	 potential.	 These	 ions	 enter	 the	 mass	 analyser.	 The	 fragment	

ions	 are	 differentiated	 according	 to	 their	 m/e	 ratio.	 The	 positive	 ions	 are	



81	|	Chapter	II 

 

directed	 through	 the	 slit.	The	 ions	 travel	 through	 the	 whole	analyser	with	high	

velocity	and	are	separated	according	to	their	m/e	ratio.	

The	positive	ions	travel	in	a	circular	path	through	180∘	under	a	magnetic	field	H.	

let	an	ion	having	a	charge	e	is	accelerated	through	a	voltage	V.	the	kinetic	energy	

of	the	ions	are	expressed	as:	

�

�
	mv2	=	e	V	

V=potential	applied	

v=	velocity	of	the	ions	after	acceleration.	

In	 a	 magnetic	 field	 H,	 any	 ion	 will	 experience	 force	 Hev.	 It	 produces	 an	

acceleration	of	v2/r	in	a	circular	path	of	radious	r.	

Hence,	from	Newton’s	second	law	of	motion	

Hev=	
���

�
																																																									 	 	 	 	 (II.30)	

Squaring	both	sides,	

H2e2v2		=	
����

��
	

H2e2=	�2�2/�2	

But	
�

�
	mv2	=	e	V	

Therefore				mv2	=	2eV	

Putting	the	value	of	mv2	in	equation		

		H2e2=m.2eV/r2	

H2e	=2mV/r2	

m/e=	H2r2/2V	
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From	 the	 above	 equation	 it	 is	 clear	 in	 a	 given	 magnetic	 field	 strength	 and	

accelerating	voltage,	the	ions	of	m/e	value	will	follow	a	circular	path	of	radious	r.	

the	 ions	of	various	m/e	values	reach	the	collector,	amplified	and	recorded.	The	

mass	spectrum	can	be	recorded	either	by	

(i)	Changing	H	at	constant	V	or	

(ii)	Changing	V	at	constant	H		

When	magnetic	field	is	varied,	the	method	is	called	magnetic	scanning.	It	is	called	

electric	voltage	scanning	when	potential	is	varied	at	constant	field	strength	H.	

The	mass	spectrum	of	the	parent	ion	gives	the	molecular	mass	of	the	sample.	In	

the	 mass	 spectrum	it	 is	 important	 to	 locate	 the	molecular	 ion	at	 the	high	mass	

regeion	 of	 the	 spectrum.	 The	 stability	 of	 the	 parent	 ion	 decides	 the	 relative	

abundance.	The	peak	intensity	of	the	molecular	 ion	differs	 from	one	compound	

to	another.	

Some	important	features	of	the	parent	ion	peak	are	as	follows:	

a)	The	molecular	ion	peak	in	aromatic	compounds	is	relatively	much	intense	due	

to	the	presence	of	�	electron	system.	

b)	Conjugated	olefins	show	more	intense	molecular	ion	peak	as	compared	to	the	

corresponding	 non	 conjugated	 olefins	 with	 the	 same	 number	 of	 unsaturation.	

Conjugated	 olefins	 are	 more	 stable	 than	 the	 corresponding	 non	 conjugated	

olefins.	

c)	 Unsaturated	 compounds	 give	 more	 intense	 peaks	 than	 saturated	 or	 cyclic	

compounds.	

d)	 The	 relative	 abundance	 of	 the	 saturated	 hydrocarbon	 is	 more	 than	 the	

corresponding	 branched	 chain	 compound	 with	 the	 same	 number	 of	 carbon	

atoms.	



83	|	Chapter	II 

 

e)	 The	 substituent	 groups	 like	 –OH,	 -OR,	 -NH2	etc	 which	 lower	 the	 ionization	

potential	 increase	 the	 relative	 abundance	 in	 case	 of	 aromatic	 compounds.	 Also	

the	groups	like	–NO2,-CN	etc	which	increase	the	ionization	potential	decrease	the	

relative	abundance	in	case	of	aromatic	compounds.	

f)	 Absence	 of	 molecular	 ion	 peak	 in	 the	 mass	 spectrum	 suggests	 that	 the	

compound	under	investigation	is	highly	branched	or	tertiary	alcohols.	

g)	 In	case	of	 chloro	or	bromo	compounds,	 isotope	peaks	are	also	 formed	along	

with	the	molecular	ion	peak.	

Metastable	peaks	can	be	easily	determined	in	the	mass	spectrum.	Some	features	

of	them	are	

a)	They	do	not	necessarily	occur	at	the	integral	m/e	values.	

b)	These	are	much	broader	than	normal	peaks	

c)	These	are	of	relatively	low	abundance.	

ESI-mass	spectrometric	analyses	were	used	to	detect	the	formation	of	IC	

synthesized	 by	 the	 method	 mentioned	 earlier	 in	 the	 solid	 state.	 The	 observed	

peaks	 are	 analysed	 which	 confirms	 that	 both	 α	 and	 β-CD	 forms	 inclusion	

complexes	 with	 guest	 molecules	 in	 the	 solid	 state.	 The	 stoichiometric	 ratio	 of	

host	CD	and	the	guest	is	1:1.	

II.4.11. Infra-Red Spectra Study 

Infra-	red	spectrum	is	an	important	study	that	gives	sufficient	information	about	

the	structure	of	the	molecule.	Unlike	UV-Spectrum,	it	provides	a	large	number	of	

absorption	bands	from	which	a	wealth	of	 information	can	be	derived	about	 the	

structure	 of	 an	 organic	 compound.	 The	 absorption	 of	 IR	 radiations	 causes	 the	

various	bonds	of	a	molecule	to	stretch	and	bend	with	respect	to	one	another.	The	

most	important	region	for	an	organic	chemist	is	2.5	µ	to	15µ	in	which	molecular	

vibrations	can	be	detected	and	measured	in	IR	spectrum.	



84 | Chapter	II 

 

The	absorptions	of	IR	radiations	can	be	expressed	either	in	terms	of	wavelength	

or	wave	number.	Band	intensity	 is	either	expressed	in	terms	of	absorbance	(A)	

or	transmittance	(T).	

A	=	log	1/T	

This	technique	can	be	employed	to	establish	the	identity	of	two	compounds	or	to	

determine	the	structure	of	new	compound.	

The	absorption	of	IR-	radiations	causes	an	excitation	of	molecule	from	a	lower	to	

a	higher	vibrational	 level.	Each	vibrational	 level	 is	associated	with	a	number	of	

closely	 spaced	 rotational	 levels.	 The	 IR-spectra	 is	 considered	 as	 vibrational-

rotational	 spectra.	 All	 the	 bons	 in	 a	 molecule	 are	 not	 able	 to	 absorb	 infra-red	

energy	 but	 only	 those	 bonds	 which	 are	 accompanied	 by	 a	 change	 of	 dipole	

moment	will	absorb	in	this	region.	These	vibrational	transitions	are	called	infra-

red	 active	 transitions.	 They	 are	 responsible	 for	 absorption	 of	 energy	 in	 this	

region.	 For	 example,	 vibrational	 transitions	 of	 C=O,	 N-H,	 O-H	 etc	 bands	 are	

accompanied	 by	a	change	of	dipole	moment	 and	 thus	absorbs	 in	 the	 IR-region.	

Transitions	in	carbon-carbon	bonds	in	symmetrical	alkenes	and	alkynes	are	not	

accompanied	by	the	change	in	dipole	moment	and	hence	do	not	absorb	in	the	IR	

region.	 Since	 the	 absorption	 in	 the	 IR	 region	 is	 quantized,	 a	 molecule	 of	 the	

organic	compound	will	show	a	number	of	peaks	in	the	IR	region.	

In	the	infra-red	spectroscopy,	the	absorbed	energy	brings	predominant	changes	

in	the	vibrational	energy	which	depends	upon	

a)	Masses	of	the	atoms	present	in	a	molecule		

b)	Strength	of	the	bonds	

c)	The	arrangement	of	the	atoms	within	the	molecule.	

Two	types	of	fundamental	vibrations	are-a)	stretching	and	b)	bending.	

Types	of	stretching	vibration:	
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(i)Symmetric	Stretching			(ii)	Assymetric	stretching	

Types	of	bending	vibration:	

(i)Scissoring	(ii)	Rocking	(iii)	Wagging	(IV)	Twisting	

The	 infra-red	 light	 is	 absorbed	 when	 the	 oscillating	 dipole	 moment	 interacts	

with	 the	 oscillating	 electric	 vector	 of	 an	 IR	 beam.	 For	 this	 interaction	 or	

absorption	to	occur,	it	is	important	that	the	dipole	moment	at	one	extreme	of	the	

vibration	must	be	different	from	the	dipole	moment	at	the	other	extreme	of	the	

vibration	 in	a	molecule.	For	IR	absorption,	the	vibrations	should	not	be	centro-

Symmetric.	Only	those	vibrations	are	IR	active	which	are	not	centro-symmetric.	

As	most	of	the	functional	groups	in	organic	chemistry	are	not	centro-symmetric,	

this	technique	is	informative	to	organic	chemists.	The	IR	spectrum	of	a	molecule	

results	 due	 to	 transitions	 between	 two	 different	 vibrational	 energy	 levels.	 The	

vibrational	energy	of	a	chemical	bond	is	quantized.	

Selection Rules: 

a) If	 a	 molecule	 has	 a	 centre	 of	 symmetry,	 then	 the	 vibrations	 are	

centrosymmetric	and	are	inactive	in	the	Infra-Red.	

b)	The	vibrations	which	are	not	centrosymmetric	are	active	in	Infra-red.	

Factors influencing vibrational frequencies: 

Electronic effects: electronic	 effects	 include	 inductive,	 mesomeric	 and	 field	

effects	etc.	under	the	influence	of	these	effects	the	bond	strength	changes	and	as	

a	the	absorption	frequency	shifts	from	the	normal	value.	The	+I	effect	causes	the	

wave	number	of	equation	to	decrease	whereas	the	groups	which	have	–I	effect	

increase	the	wave	number	of	absorption.	Conjugation	also	lowers	the	absorption	

frequency.	

Hydrogen Bonding: hydrogen	 bonding	 brings	 about	 remarkable	 downward	

frequency	shifts.	Stronger	the	hydrogen	bonding,	greater	is	the	absorption	shift	

towards	lower	wave	number	than	normal	value.	Two	types	of	hydrogen	bonding	
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can	 be	 readily	 distinguished	 in	 infra-red	 technique.	 Intermolecular	 hydrogen	

bonds	 give	 rise	 to	 broad	 bands	 whereas	 bands	 arising	 from	 intramolecular	

hydrogen	bonds	are	sharp	and	well	defined.	Intermolecular	hydrogen	bonds	are	

concentration	dependent.	

The	formation	of	inclusion	complex	of	various	guest	molecules	with	α	and	

β-CD	is	supported	by	FT-IR	study.	There	are	many	changes	in	the	FT-IR	spectra	

of	solid	inclusion	complexes	due	to	the	loss	of	bending	and	vibrating	peaks	of	the	

guest	molecule	after	complexation.	The	IR	spectra	of	the	guest	are	charecterised	

by	 various	 distinct	 peaks	 of	 different	 functional	 groups.	 Broad	 characteristic	

peaks	 of	 –OH	 at	 about	 3412.10	 cm 1	 and	 3349.84	 cm 1	 are	 present	 in	 the	

spectrum	 for	 α	 and	 β-CD.	 But	 if	 we	 examine	 the	 IR-spectra	 of	 the	 inclusion	

complex,	 it	 has	 been	 found	 that	 many	 peaks	 of	 the	 guest	 are	 either	 absent	 or	

shifted.	 The	 reason	 may	 be	 that	 after	 inclusion	 in	 the	 cavity	 of	 CD	 the	

environment	of	the	guest	is	changed.	The	–O-H	frequency	of	both	α	and	β-CD	are	

shifted	 to	 lower	region	 probably	due	 to	 involvement	 of	 the	–O-H	 groups	of	 the	

host	 molecules	 in	 hydrogen	 bonding	 with	 the	 guest	 molecule.	 No	 additional	

peaks	are	recognized	in	the	solid	 inclusion	complexes	which	mean	no	chemical	

reaction	occurred	between	the	guest	molecule	and	CD.	

II.4.12. 1H-NMR : 

The	 nucleus	 of	 a	 hydrogen	 atom	 behaves	 as	 a	 spinning	 bar	 magnet	 because	 it	

possesses	both	electric	and	magnetic	spin.	Nuclear	magnetic	resonance	involves	

the	 interaction	 between	 an	 oscillating	 magnetic	 field	 of	 electromagnetic	

radiation	and	the	magnetic	energy	of	the	hydrogen	nucleus	or	some	other	type	of	

nuclei	 when	 these	 are	 placed	 in	 an	 external	 static	 magnetic	 field.	 The	 sample	

absorbs	 electromagnetic	 radiation	 in	 radiowave	 region	 at	 different	 frequencies	

since	absorption	depends	upon	the	type	of	protons	or	certain	nuclei	contained	in	

the	sample.		

It	has	been	found	that		
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ω	=	γ	H∘	

ω=	 angular	 precessional	 velocity,	 γ=	 gyromagnetic	 ratio,	 H∘	=	 applied	 field	 in	

gauss	

According	 to	 the	 fundamental	 NMR	 equation	 which	 correlates	 electromagnetic	

frequencies	with	the	magnetic	field,	

γ	H∘	=2пυ	

υ=	frequency	of	electromagnetic	radiation.	

Therefore,	ω	=2пυ	

The	 precessional	 frequency	 may	 be	 defined	 as	 the	 number	 of	 revolutions	 per	

second	made	by	the	magnetic	moment	vector	of	the	nucleus	around	the	external	

field	H∘	.	All	nuclei	carry	a	charge.	So	they	will	possess	spin	angular	momentum.	

The	 moment	 of	 the	 spin	 angular	 momentum	 is	 quantized.	 The	 spin	 quantum	

number	 I	 is	 associated	 with	 mass	 number	 and	 atomic	 number	 of	 nuclei.	 The	

circulation	 of	 the	 nuclear	 charge	 generates	 a	 magnetic	 moment	 along	 the	 axis.	

The	 intrinsic	 magnitude	 of	 the	 generated	 dipole	 is	 expressed	 in	 terms	 of	

magnetic	moment	µ.	

If	 a	 proton	 is	 placed	 in	 a	 magnetic	 field,	 then	 it	 starts	 precessing	 at	 a	 certain	

frequency	in	the	radiowave	region	and	thus	will	be	capable	of	taking	up	one	of	

the	two	orientations	with	respect	to	the	axis	of	the	external	field.	

a)	Alignment	with	the	field	

b)	Alignment	against	the	field.	

If	a	proton	is	precessing	in	the	aligned	orientation,	it	can	pass	into	the	opposed	

orientation	 by	 absorbing	 energy.	 The	 transition	 from	 one	 energy	 state	 to	 the	

other	 is	 called	 flipping	 of	 the	 proton.	 The	 transition	 between	 the	 two	 energy	

states	can	be	brought	about	by	the	absorption	of	a	quantum	of	electromagnetic	

radiation	in	the	radiowave	region	with	energy	hυ.	
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Relaxation Process: 

(i)	 Spin-Spin Relaxation:	 it	 is	 due	 to	 the	 mutual	 exchange	 of	 spins	 by	 two	

precessing	 nuclei	 which	 are	 in	 close	 proximity	 to	 each	 other.	 Each	 precessing	

nucleus	 is	 associated	 with	 a	 magnetic	 vector	 component	 rotating	 in	 a	 plane	

perpendicular	 to	 the	 field.	 The	 spread	 of	 energy	 among	 the	 nuclei	 concerned	

results	 in	 line	 broadening	 which	 makes	 nmr	 spectra	 of	 solids	 comparatively	

more	interesting.	

(ii)	Spin-Lattice Relaxation:	it	involves	the	transfer	of	energy	from	the	nucleus	

from	higher	energy	state	to	molecular	 lattice.	The	energy	 is	 transformed	to	the	

components	of	 lattice	as	 the	 additional	 translational,	 vibrational	 and	 rotational	

energy.	The	total	energy	of	the	system	remains	the	same.	An	efficient	relaxation	

process	involves	a	short	time	and	results	in	the	broadening	of	absorption	peaks.		

(iii)	 Quadrupole Relaxation:	 it	 is	 a	 prominent	 relaxation	 process	 for	 nuclei	

having	I	>	½.	 	The	nuclei	due	to	anisotropic	 interaction	between	non	spherical,	

electrically	 quadruple	 nuclei	 and	 the	 electric	 field	 gradients	 at	 the	 nucleus	

caused	 by	 electric	 environments	 possess	 an	 asymmetric	 positive	 charge	

distribution	 on	 the	 nuclei.	 Hence	 these	 nuclei	 exhibit	 electric	 quadruple	

moments	and	relax	rapidly	and	display	very	broad	signals.	

Chemical shift:	

When	a	molecule	is	placed	in	a	magnetic	field,	its	electron	is	caused	to	circulate	

and	 thus	 they	 produce	 secondary	 magnetic	 field	 or	 induced	 magnetic	 field.	

Rotation	of	electrons	about	the	proton	itself	generates	a	way	that	at	the	proton,	it	

opposes	the	applied	field.	Thus	the	field	felt	by	the	proton,	is	diminished	and	the	

proton	is	said	to	be	shielded.	But	if	the	induced	field	reinforces	the	applied	field,	

the	 proton	 feels	 a	 higher	 field	 strength	 and	 thus	 the	 proton	 is	 said	 to	 be	

deshielded.	 Shielding	 shifts	 the	 proton	 upfield	 and	 deshieleding	 shifts	 the	

absorption	 downfield	 to	 get	 effective	 field	 strength	 necessary	 for	 absorption.	

Such	 shifts	 in	 the	 position	 of	 nmr	 absorptions	 is	 called	 chemical	 shift.	 For	



89	|	Chapter	II 

 

measuring	chemical	shift	of	various	protons	in	a	molecule,	tetramethyl	silane	is	

taken	as	a	reference.	The	difference	in	the	absorption	position	of	the	proton	with	

respect	to	TMS	signal	is	called	chemical	shift	(δ	value).	

Factors	influencing	chemical	shift	

(i)	Inductive	effect	

(ii)	Van	Der	Waal’s	deshielding	

(iii)	Anisotropic	effects	

(iv)	Hydrogen	bonding	

II.4.13. 2D ROESY NMR: 

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	
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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.	
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CHAPTER III 

 

EXPERIMENTAL SECTION 

 

 III. 1. NAME, STRUCTURE, PHYSICAL PROPERTIES, 

PURIFICATION AND APPLICATIONS OF THE COMPOUNDS USED 

IN THE RESEARCH WORK 

III.1.1: α-Cyclodextrin: 

α-Cyclodextrin, a cyclic oligosachharide, is well known in supramolecular 

chemistry as molecular host.[1] They have a shape of truncated cone with a 

hydrophobic cavity and hydrophilic exterior rim. Primary hydroxyl groups are 

situated at narrow end and secondary hydroxyl groups are placed around the 

wider end. α-CD is composed of six glucopyranose units linked through α (1-4) 

bond. 

 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of the chemical is 98.0%. 

CAS Number 10016-20-3 

Chemical formula C36H60O30 

Molar mass 972.84 g mol 1 

Appearance White powder 

Solubility in water 145 g L 1 
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Application: Cyclodextrins have vast applications in the field of 

pharmaceuticals, pesticides, foodstuffs, toilet articles, textile processing industry, 

supramolecular host-guest chemistry, molecular encapsulation etc.[2] CDs form 

stable host-guest Inclusion Complexes with essential amino acids e.g., arginine, 

histidine, lysine, phenyl alanine, glutamic acid ionic liquids e.g., 1-butyl-4-

methylpyridinium iodide, RNA nucleosides etc. as guest molecules. 

III.1.2: β-Cyclodextrin: 

β-Cyclodextrin, a cyclic oligosachharide, is well known in supramolecular 

chemistry as molecular host. They have a shape of truncated cone with a 

hydrophobic cavity and hydrophilic exterior rim. Primary hydroxyl groups are 

situated at narrow end and secondary hydroxyl groups are placed around the 

wider end. β-CD is composed of seven glucopyranose units[3] linked through α 

(1-4) bond. 

 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of the chemical is 98.0%. 

CAS Number 7585-39-9 

Chemical formula C42H70O35 

Molar mass 1134.98 g mol 1 

Appearance White powder 

Solubility in water 18.5 g L 1 
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Application: Cyclodextrins have vast applications in the field of 

pharmaceuticals, pesticides, foodstuffs, toilet articles, textile processing industry, 

supramolecular host-guest chemistry, molecular encapsulation etc. CDs form 

stable host-guest Inclusion Complexes with essential amino acids e.g., arginine, 

histidine, lysine, phenyl alanine, glutamic acid ionic liquids e.g., 1-butyl-4-

methylpyridinium iodide, RNA nucleosides etc. as guest molecules. 

III.1.3: L- Leucine: 

L-Leucine is an essential amino acid. Its appearance is white powder. It is soluble 

in water. It consists of one α-amino group (which is in the protonated –NH3+ 

form under biological conditions), an α-carboxylic acid group( which is in the 

deprotonated –COO- form under biological conditions) and an isobutyl side 

chain, classifying it as a non polar amino acid. an. Molecular formula of this acid 

is C6H13NO2. It is essential in humans-meaning the body cannot synthesize it. It 

must be obtained from the diet. 

 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of the chemical is 98.0%. 

 

CAS Number 61-90-5 

Chemical formula C6H13NO2 

Molar mass 131.17 

Appearance White Powder 

Melting point 293∘C 

Solubility in water 21.5g/L 

pKa 2.35 
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Application: L-Leucine is helps in the biosynthesis of various important 

proteins and therefore considered as essential in humans, which means  our body 

is not able to produce it and thus it have to be integrated from some other 

source, this may be possible using α and β-Cyclodextrins as carriers. It helps to 

form a part of the subunits in ferritin, astacin etc. proteins. L-Leucine is also 

activates mTOR; the later can be explained as the only nutritional amino acid 

that has the capability to immediately kindle muscle protein synthesis. It is also 

present in the liver, adipose tissue and mussle tissue.[4] Adipose and mussle 

tissue uses L-Leucine in the creation of sterols. This amino acid is quickly 

reached in the brain and the astrocytes present there translate it to alpha-

ketoisocaproate through the path of transmission of alpha-ketoglutarate to 

glutamate. 

III.1.4: L-Isoleucine: 

L-isoleucine is an essential amino acid. Its appearance is white powder. It is 

soluble in water. It contains an α-amino group (which is in the protonated –NH3+ 

 form under biological conditions), an α-carboxylic acid group (which is in the 

deprotonated COO  form under biological conditions), and a hydrocarbon side 

chain, classifying it as a non-polar, uncharged (at physiological 

pH), aliphatic amino acid. It is essential in humans, meaning the body cannot 

synthesize it, and must be ingested in our diet. Isoleucine is synthesized 

from pyruvate employing leucine biosynthesis enzymes in other organisms such 

as bacteria.Molecular formula of this acid is C6H13NO2. 

 

 

Source: Sigma Aldrich, Germany. 
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Purification: Used as purchased. The purity of the chemical is 98.0%. 

 

CAS Number 73-32-5 

Chemical formula C6H13NO2 

Molar mass 131.17 

Appearance White Powder 

Melting point 285.5∘C 

Solubility in water 34.4g/L 

pKa 2.37 

 

Application: L-Isoleucine helps in biosynthesis of proteins in human and 

considered as essential in humans. L-Isoleucine is prepared using pyruvate 

utilizing leucine biosynthesis enzymes in various microorganisms such as 

bacteria.[5] Isoleucine is known to be  a glucogenic and a ketogenic amino acid. 

The process of trans amination with alpha-ketoglutarate, the carbon skeleton has 

a tendency to convert into either succinyl CoA, and become a part of the TCA 

cycle for oxidation or can be transformed to oxaloacetate and used in 

gluconeogenesis. The same process can be done by transforming into acetyl 

CoA and enter into the TCA cycle by condensation with oxaloacetate 

forming citrate. For mammals Acetyl CoA is unable to transform again to 

carbohydrate but helps in the synthesis of ketone bodies or fatty acids, and that’s 

why considered as ketogenic. Biotin, commonly known as vitamin B7 or vitamin 

H, is a necessary obligation for the complete catabolism of isoleucine (also 

for leucine). Without sufficient biotin, the humans are not able to fully break 

down isoleucine molecules. 

III.1.5. Trihexyltetradecylphosphonium chloride: 

It is a phosphonium based ionic liquid. Trihexyltetradecylphosphonium chloride 

is liquid at room temperature and appears as colourless. It is dense and freely 

soluble in water. It contains four long hydrocarbon chains among them three are 

hexyl chain and other is tetradecyl chain which helps it to incorporate in the 
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hydrophobic cavity of  cyclodextrin.[6] Molecular formula of this ionic liquid is 

C32H68ClP. 

 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of the chemical is 99.0%. 

CAS Number 258864-54-9 

Chemical formula C32H68ClP 

Molar mass 519.32 

Appearance Colourless Liquid 

Melting point -50∘C 

Solubility in water Soluble 

 

 

Application: Ionic liquids are generally constituted with a large organic 

cataion and a small anion. They have vast applications in various chemical 

industries because of their green nature. They produce less hazardous 

compounds during their use.Phosphonium based ionic liquids are less toxic and 

more thermally stable than nitrogen based ionic liquids. This ionic liquid is 

highly used in separation of different dyes including methylene blue from 

aqueous media. This has also application as additives to improve the yield of 

essential oils in the hydrodistillation process.[7] 

III.1.6: Asparagine: 

Asparagine or 2-amino-3-carbamoylpropanoic acid is a natural amino acid. Its 

appearance is white powder. It is soluble in water. It contains an α-amino group 

(which is in the protonated NH3+ form under biological conditions), an α-
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carboxylic acid group (which is in the deprotonated COO  form under biological 

conditions), and a side chain carboxamide, classifying it as a polar (at 

physiological pH), aliphatic amino acid. It is non-essential in humans, meaning 

the body can synthesize it. Molecular formula of this amino acid is C4H7N2O3.  

 

 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of the chemical is 99.0%. 

CAS Number 70-47-3 

Chemical formula C4H8N2O3 

Molar mass 132.11 

Appearance White Powder 

Melting point 234-235∘C 

Solubility in water 29.4 g/L 

pKa 2.02 

 

Application: It helps in biosynthesis of proteins in humans. L-Asparagine is also 

necessary for the improvement of brain and has a vital role in the preparation of 

ammonia. Usually the reaction between asparagine and some reducing 

carbohydrates or other compounds using carbonyls fabricates acrylamide in 

food after heating to optimum temperature. The products thus formed are 

present in baked goods such as French fries, potato chips, and toasted bread. 

The asparagine amino acids form long chains by the  hydrogen bond interactions 

with the peptide backbone, this amino acid residues are commonly  found at the 

starting  of alpha-helices as asx turns and asx motifs, and in similar turn motifs, 

or as amide rings, in beta sheets. Its main function is to cap the hydrogen bond 
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communications that can be also fulfilled by the polypeptide backbone. The 

Glutamines having an extra methylene group have higher entropy due to 

conformation and hence they are less capable for capping. Asparagine also 

helpful providing free sites for N-linked glycosylation, amendment of the protein 

chain with the accumulation of carbohydrate chains. Naturally, a carbohydrate 

side chain can exclusively be summed up to an asparagine residue if it is edged 

on the C side by X-serine or X-threonine, here X is any amino acid with the 

exception of proline.[8] 

III.1.7: Aspartic Acid: 

L-Aspartic acid or 2-aminobutanedioic acid is a natural amino acid. Its 

appearance is white powder. It is soluble in water. It is a α-amino acid that is 

used in the biosynthesis of proteins. Similar to all other amino acids it contains 

an amino group and a carboxylic acid. Its α-amino group is in the protonated –

NH3+ form under physiological conditions, while its α-carboxylic acid group is 

deprotonated COO  under physiological conditions. Aspartic acid has an acidic 

side chain (CH2COOH) which reacts with other amino acids, enzymes and 

proteins in the body. Under physiological conditions (pH 7.4) in proteins the side 

chain usually occurs as the negatively charged aspartate form, COO  .It is a non-

essential amino acid in humans, meaning the body can synthesize it as needed. 

Molecular formula of this amino acid is C4H6NO4. 

 

Source: Sigma Aldrich, Germany.  

Purification: Used as purchased. The purity of the chemical is 99.0%. 

CAS Number 56-84-8 

Chemical formula C4H7NO4 

Molar mass 133.10 
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Appearance White Powder 

Melting point 270∘C 

Solubility in water 5.3g/L 

pKa 2.01 

 

Application: It helps in biosynthesis of proteins. L-Aspartic acid is the 

precursor of many essential amino acids and plays a vital role in gluconeogenesis 

process in animals.[9] aspartate is usually prepared in humans  all the way 

through the transamination process of oxaloacetate. The biological synthesis of 

aspartate is favoured by an aminotransferase enzyme which can be explained as 

the transport of an amine group from another molecule namely alanine or 

glutamine forming aspartate and an alpha-keto acid. Aspartate is again produced 

in the urea cycle. 

Aspartate is the precursor of many amino acids, for plants and bacterias. It also 

synthesis four amino acids that are essential for 

humans: methionine, threonine, isoleucine, and lysine. Before conversion of 

aspartate to other amino acids there is reduction of it to "semialdehyde," having 

formula O2CCH(NH2)CH2CHO. Besides those this amino acid has many other 

biochemical roles. It acts as a metabolite in the urea cycle and plays important 

role in gluconeogenesis. It carries reducing equivalents in the malate-aspartate 

shuttle, which utilizes the ready interconversion of aspartate and oxaloacetate, 

which is the oxidized (dehydrogenated) derivative of malic acid. Aspartate 

donates one nitrogen atom in the biosynthesis of inosine, the precursor to 

the purine bases. In addition, aspartic acid acts as hydrogen acceptor in a chain 

of ATP synthase. 

III.1.8. chloroquine diphosphate: 

Chloroquine diphosphate is a medicine that is primarily used to prevent and 

treat malaria. It is freely soluble in water. It appears as white powder. It is a 

member of drug class 4-aminoquinoline. It comprises of quinoline moiety. The 

molecular formula of this drug is C18H32ClN3O8P2. 
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Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of the chemical is 99.0%. 

 

CAS Number 50-63-5 

Chemical formula C18H32ClN3O8P2 

Molar mass 515.86 

Appearance White Powder 

Melting point 87∘C 

Solubility in water 0.14mg/L 

pKa 10.1 

 

Application: Chloroquine diphosphate is mostly used to treat malaria. 

Many categories of complex cases of malaria characteristically need some special 

medication.[10] This drug is frequently used for the treatment of amebiasis, 

rehumatoid artharitis and lupus erythematosus. Women can safely take this 

during pregnancy time. It is useful to prevent the asexual type of malaria within 

the red blood cell. Chloroquine is widely used in along the field of medicines, this 

can be supplied to the materialization and extend of resistance. There is still 

recommendation to verify whether chloroquine is helpful in the province prior 

to using it. However in areas where conflict is present, additional antimalarials, 

as for example mefloquine or atovaquone, can be used . The Centers for Disease 

Control and Prevention suggest in the healing of malaria with chloroquine alone 

owing to higher efficient combinations. In order to cure amoebic liver abscess, 

this drug may be used with other efficient medications in case of failure of 

development with metronidazole or another nitroimidazole with a time limit of 5 
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days or bigotry to metronidazole or a nitroimidazole. This drug have the 

capability to mildly restrain the immune system, it has use in some autoimmune 

disorders, namely rheumatoid arthritis and lupus erythematosus.[11] 

 

III.1.9: Probenecid: 

The chemical name of probenecid is 4-(dipropylsulfamoyl) benzoic acid. It is a 

drug which helps to lower uric acid level in human. It is insoluble in water but 

freely soluble in basic solution. It appears as white powder. Probenecid 

comprises of an aromatic moiety, carboxyl acid group, sulpher and nitrogen 

atoms. The molecular formula of this drug is C13H19O4SN. 

 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of the chemical is 99.0%. 

CAS Number 57-66-9 

Chemical formula C13H19NO4S 

Molar mass 285.36 

Appearance White Powder 

Melting point 381-385∘C 

Solubility in water 27.1mg/L 

pKa 3.4 

 

Application: Probenecid is a vital drug which is particularly used to 

prevent gout and hyperurecemia. Besides this the drug is also helpful to restrain 

renal secretion of some other drugs, resulting an increase in the concentration of 

plasma and extending their functions. Probenecid is often employd to enhance 
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the attentiveness of some antibiotics and also defend the kidneys by giving 

with cidofovir. Particularly, a few evidences support the employ of 

intravenous cefazolin only one time inspite of using it three times a day in 

combined with probenecid. The other function of probenecid is masking 

agent, particularly assisting athletes by performing as enhancing substances to 

shun recognition by drug tests. 

Probenecid perhaps has various pharmacological functions, such as 

blocking pannexins. Probenecid is very efficient in the treatment of gout and the 

method of action is considerd to be centered on the kidney. Probenecid has the 

main action on kidneys' organic anion transporter (OAT),that regains uric acid 

from the urine and precedes it to the plasma. If this drug is present, the OAT is 

attached particularly to it (without binding to uric acid), it prevent the 

reaccumulation of the uric acid. Consequently, the urine contains more uric acid, 

decreasing uric acid concentration in the cell fluid.  

III.1.10: 1-butyl-3-methylimidazolium chloride: 

It is an ionic liquid. 1-butyl-3-methylimidazolium chloride is liquid at room 

temperature and appears as colourless. It contains an imidazolium ring and butyl 

group as side chain and a methyl group at 1and 3 positions respectively of the 

imidazolium ring. Molecular formula of this ionic liquid is C7H15N2Cl. 

 

 

 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of the chemical is 99.0%. 

CAS Number 79917-90-1 

Chemical formula  C8H15ClN2 
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Molar mass 174.67 

Appearance Colourless Liquid 

Melting point 70∘C 

Solubility in water Soluble 

 

Application: This ionic liquid has vast applications in chemical reactions, 

synthesis, cellulose processing, nuclear fuel reprocessing, waste recycling, metal 

air batteries etc. They are considered as green solvents as they do not produce 

any environmental hazards.[13] Because of its distinctive properties they are 

attracting increasing attention in many fields such as organic chemistry, 

electrochemistry, catalysis, physical chemistry and applied supramolecular 

chemistry. 

III.1.11: 1-butyl-1-methylpyrolidinium chloride: 

It is an ionic liquid. 1-butyl-1-methylpyrolidinium chloride is liquid at room 

temperature and appears as colourless. It contains a pyrolidinium group and 

butyl group as side chain and a methyl group at 1 position of the pyrolidinium 

ring. Molecular formula of this ionic liquid is C9H20ClN. 

 

 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of the chemical is 99.0%. 

CAS Number  479500-35-1 

 

Chemical formula  C9H20ClN 

 

Molar mass  177.71 

 

Appearance Molten powder 



104 | Chapter III 

 

Solubility in water Soluble 

pH 8 

 

Application: The ionic liquid are good examples of neoteric solvents, new 

types of solvents, or older materials that are finding new applications as 

solvents, which is environmentally friendly (or eco-friendly) because they are 

less hazardous for human body as well as less toxic for living organisms, used as 

recyclable solvents for organic reactions and separation processes,  lubricating 

fluids, heat transfer fluids for processing biomass and electrically conductive 

liquids as electrochemical device in the field of electrochemistry (batteries and 

solar cells)[14]. 

 

III.2. EXPERIMENTAL METHODS 

III. 2. 1. Preparation of Solutions 

The stock solutions for different solid compounds were prepared by mass. The 

uncertainty of molarity of different salt solutions was approximately ± 0.0003 

mol·dm-3. The research works described in this thesis was generally carried out 

with binary or ternary solution systems taking water as primary solvent and 

host cyclodextrin molecules as co-solvent. The guest ionic liquid molecules, 

amino acid molecules and drug molecules were dissolved in the above 

mentioned solvent systems.  

Pure solid compounds were taken in glass stoppered bottles and thermostated at 

the experimental temperature to prepare solution mixtures. After attainment of 

thermal equilibrium, the required volumes of each solution were transferred in a 

different volumetric flask 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. The mixed contents of the stoppered volumetric flask were shaken 

well before use in any experiment. Same procedure was followed in making 
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different solvent mixtures in the entire research work. The physical properties of 

different pure and mixed solvents have been mentioned before in this chapter. 

III. 2. 2. Preparation of Solid Inclusion Complexes 

Solid inclusion complexes are also prepared for some of the experimental works 

described in the thesis. For this purpose 1:1 molar ratio of the guest molecules 

(i.e., ionic liquids 1-butyl-1-methylpyrolidinium chloride, 1-butyl-3-

methylimidazolium chloride and Trihexyltetradecylphosphonium chloride, drug 

molecules probenecid and chloroquine diphosphate) and cyclodextrin( α-CD and 

β-CD) were taken. For each solid inclusion complex 1.0 millimole guest 

molecules and 1.0 millimole CD were dissolved in 20 mL water separately and 

stirred for 4 hours. After that the aqueous solution of the guest molecules were 

gradually added drop by drop to the aqueous solutions of the CD. The mixture 

was allowed to stir for 48 hrs at 50–55oC and filtered at this hot condition. It was 

then cooled to 5oC and kept for 24 hrs. The resulting suspension was filtered to 

get white polycrystalline powder, which was washed with ethanol and dried in 

air. 

 

III.2.3. MASS MEASUREMENT 

All the stock solutions are prepared by mass. The chemicals are weighed in 

digital electronic analytical balance (Mettler Toledo, AG 285, Switzerland).  
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Measurement using this device has high accuracy and precision. The weighing 

pan with high precision of 0.0001g is placed inside a transparent enclosure. The 

doors do not allow any dust.  So no air current in the room effect the balance’s 

operation. 

III.2.4. SURFACE TENSION 

Surface tension of a series of solutions required for experiment was measured by 

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

 

 

The precision of the measurement was within ±0.1 mN m 1. Temperature during 

various mexperiments is controlled by circulating auto-thermostated water 

(within ± 0.01K) through a double-wall glass vessel containing the solution.  

III.2.5. CONDUCTIVITY MEASUREMENT 

Systronics Conductivity TDS meter-308 is used for measuring specific 

Conductivity of various solutions. It can provide both automatic and manual 

temperature compensation. 

 



 

The conductivity measurements were done on this conductivity bridge using a 

dip-type immersion conductivity cell of cell constant 1.11cm

data are taken at 1 KHz and was found to be ±0.3 % precise.

standardized using 0.1(M) KCl solution. 

method of Lind and co-

glass fitted with a side arm was taken and the above mentioned conductivity ce

was attached with the side of it.

in order to prevent insertion of air into the cell when solvent or solution was 

added. The experiments and measurements were done in a thermostatic water 

bath maintained at the required temperature with an accuracy of 

the help of mercury in glass thermo regulator.

Several solutions were prepared by weight with precision of ± 0.02 %.

weights were taken on a Mettler

Switzerland). The molarity is converted to molality with requirements. Due 

correction was made for the specific conductance of the solvents at desired 

temperatures. 

III. 2. 6. Magnetic Stirrer for 

Inclusion Complexes

The different solutions of 

on magnetic stirrer. The solid inclusion complexes have also been prepared on 

the  magnetic stirrer cum hot plate made by IKA.

107

 

The conductivity measurements were done on this conductivity bridge using a 

type immersion conductivity cell of cell constant 1.11cm-1. The conductance 

data are taken at 1 KHz and was found to be ±0.3 % precise. The instrument was 

standardized using 0.1(M) KCl solution. Calibration of the cell was done by the 

-workers.[15] A 500 cm3 conical flask closed by a ground 

glass fitted with a side arm was taken and the above mentioned conductivity ce

was attached with the side of it. Dry and pure nitrogen gas was passed through it 

in order to prevent insertion of air into the cell when solvent or solution was 

The experiments and measurements were done in a thermostatic water 

t the required temperature with an accuracy of 

the help of mercury in glass thermo regulator.[16]  

Several solutions were prepared by weight with precision of ± 0.02 %.

weights were taken on a Mettler electronic analytical balance (AG 285, 

The molarity is converted to molality with requirements. Due 

correction was made for the specific conductance of the solvents at desired 

III. 2. 6. Magnetic Stirrer for Preparation of Solution and Solid 

Inclusion Complexes 

solutions of guest 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. 
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The conductivity measurements were done on this conductivity bridge using a 

. The conductance 

The instrument was 

Calibration of the cell was done by the 

conical flask closed by a ground 

glass fitted with a side arm was taken and the above mentioned conductivity cell 

Dry and pure nitrogen gas was passed through it 

in order to prevent insertion of air into the cell when solvent or solution was 

The experiments and measurements were done in a thermostatic water 

 0.01 K with 

Several solutions were prepared by weight with precision of ± 0.02 %. The 

electronic analytical balance (AG 285, 

The molarity is converted to molality with requirements. Due 

correction was made for the specific conductance of the solvents at desired 

tion and Solid 

molecules and cyclodextrins have been prepared 

on magnetic stirrer. The solid inclusion complexes have also been prepared on 
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III.2.7. DENSITY MEASUREMENT 

The density of different solutions were measured by Anton Paar density-

meter (DMA 4500M) with an accuracy of 0.0005 g.cm-3. 

 

 

A U-shaped tube mechanically oscillates in this density meter and 

electromagnetically it is transformed into an alternate voltage of same frequency. 

The period τ can be measured with high resolution. The relationship between 

density ρ and period can be expressed as 

ρ = A  τ2 - B 

where A and B indicate instrument constants of each oscillator 

respectively. The values of A and B can be calculated by calibration of two 
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substances of the precisely known densities ρ1 and ρ2. In modern instruments 

the calculation of this constants are usually done air and water. They employ 

suitable measures to compensate various influences on the measuring result, e.g. 

the influence of the sample’s viscosity and the non-linearity caused by the 

measuring instrument’s finite mass. The instrument was calibrated by double-

distilled water and dry air.   

 

III.2.8. VISCOSITY MEASUREMENT 

The viscosities (η) of the solutions were measured with a Brookfield DV-III 

Ultra Programmable Rheometer having spindle size-42. Viscosity can be 

calculated by the following equation 

η = (100 / RPM) × TK × torque × SMC                            

Here RPM, TK (0.09373) and SMC (0.327) represent the speed, viscometer torque 

constant and spindle multiplier constant, respectively. Calibration of the above 

mentioned rheometer was done standard viscosity samples supplied with the 

instrument, water and aqueous CaCl2 solutions. The temperature was 

maintained to within ± 0.01°C using Brookfield Digital TC-500 thermostat bath. 

The accuracy of the instrument was around ± 1 %. Each measurement reported 

herein is an average of triplicate reading with a precision of 0.3 %. 
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III.2.9. TEMPERATURE CONTROLLER 

For this research work all the experiments were done with in thermostatic water 

bath (Science India, Kolkata) at the required temperature(accuracy   0.01 K). 

 

 

The material used in the experiment is placed in a vessel and it is placed in the 

water bath. These instruments are available in different shapes and volumes. 

Both digital and analogues controls are used. The chambers of water bath lab 

products are manufactured using rugged, leak proof and highly resistant 

stainless steel and other lab supplies. 

 

III.2.10. Water Distiller (Borosil Glass Works Limited, India):   
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Ordinary water is inserted in the distiller unit’s boiling chamber. A heating 

system in the boiling chamber heats the water until it boils. The steam rises from 

the boiling chamber. The impurities that are volatile are discarded through a 

built-in vent. Non volatile components such as Minerals and salts are present in 

the boiling chamber as hard deposits or scale. The steam passes through a coiled 

tube (condenser), which is kept cool by cold water. Water droplets appear as 

condensation occurs. The distilled water is collected in a storage vessel. 

III.2.11. REFRACTIVE INDEX MEASUREMENT 

Refractive index for various experiments was measured with the help of Digital 

Refractometer (Mettler Toledo 30GS). 

 

We calibrate the above mentioned machine by various standard solvents 

namely double distilled water, toluene, cyclohexane, and carbon tetrachloride at 

room temperature (accuracy +/- 0.0005). Few drops of the aqueous solution of 

various samples are added in the cell and reading was taken. Refractive index of 

sample is a function of temperature. System determines the temperature during 

experiment and accurate the refractive index to a temperature as preferred by 

the user.  
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III.2.12. UV-VIS SPECTRA MEASUREMENT 

Compounds that have chromophores and auxochromes  show absorbance in the 

ultra-violet and visible regeion. Characteristic peaks as a function of wavelength 

appears for this compounds. 

 

 

The light source used in the UV-VIS spectrophotometer are of two types- a 

deuterium (D2) lamp for ultraviolet light and a tungsten (W) lamp for visible 

light. The light beam bounces in a mirror and then passes through a slit collides 

with a diffraction grating. The diffraction grating can have rotation to allow a 

selected specific wave length. Only monochromatic (single wavelength) are able 

to pass the silt for any orientation of the grating. Unwanted higher orders of 

diffraction are removed by filtration. Next the light beam collides a second 

mirror before it gets split by a half mirror (half of the light is reflected, the other 

half passes through). One of the beam passes through a reference cuvette 

containing the solvent, the other is passed through the sample cuvette. The 

intensities of the light beams are then measured at the end. The Beer-Lambert 

law has been mentioned below in this connection. 

 

Beer-Lambert Law 

The change in intensity of light (dl) after passing through a sample 

proportionates to the following: 
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(i) Path length (b), the iarger the path, more number of photons should be 

absorbed 

(ii) Concentration (c) of sample, more molecules absorbing means more photons 

Absorbed  

(iii) Intensity of the incident light. Thus, dI is proportional to bcI or dI/I = - kbc 

(where k is a proportionality constant, the negative sign indicates that there is a 

decrease in intensity of the light, this makes b, c and I always positive. 

Integration of the above equation leads to Beer-Lambert’s law: 

- ln I/I0 = kbc  

- log I/I0 = 2.303kbc  

ε = 2.303k  

A = - log I/I0  

A = εbc  

A is reffered as absorbance and it is found to be directly proportional to the path 

length, b and the concentration of the sample, c. The extinction coefficient is 

characteristic of the substance under study and of course is a function of the 

wavelength. 

III.2.13. FT-IR MEASUREMENT 

Infrared spectra were taken in 8300 FT-IR spectrometer (Shimadzu, 

Japan).  

 

 

Resolution of the system is ± 0.25 cm-1. The region of absorption is 400-4000 cm-

1 at room temperature (25 0C) with a humidity level of 49-54 %. The instrument 
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is able to record data in various ways such as KBr pellets, Nujol mull, and non-

aqueous solutions. 

 At first light passes through a blank sample and the intensity (I0) of it is 

measured. The intensity is proportional to the number of photons passing per 

second. The blank sample contains the solution that does not absorb light. The 

intensity of light (I) passing through the sample solution is measured. (Actually, 

instrument measures the power rather than the intensity of the light. The power 

is defined as the energy per second, which is the product of the intensity 

(photons per second) and the energy per photon. The experimental data is used 

to evaluate two quantities: the transmittance (T) and the absorbance (A).  

 

The transmittance can be defined as the fraction of light in the original beam that 

passes through the sample and reaches the detector.  

 

III. 2. 14. Solution pH Measurement 

The pH values of the amino acid solutions are measured with Mettler Toledo 

Seven Multi pH meter having uncertainty 0.009. All the experiments were done 

in a thermostated water bath maintaining the required temperature. 

SevenMulti™ S47 - dual meter pH / conductivity 

Reproducible results 

Automatic, manual or timed endpoint formats with 3 selectable stability criteria 

allow rapid and accurate measurement value determinations with reproducible 

results. 

 Linear & non-linear temperature correction 

 Selectable reference temperature (20°C or 25°C) 

 Procedure for automatic α -coefficient determination 

Professional calibration  
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 User-definable buffers and standards including their temperature 

dependence  

 Up to 5 calibration points with linear or segmented algorithms  

 Multipoint conductivity calibration  

 Automatic buffer recognition within the 8 predefined pH buffer groups  

 Automatic standard recognition of the 5 predefined conductivity 

standards  

 Entry and display of cell constant  

 

Electrode test  

 An integrated pH electrode test checks the slope, offset, drift and response 

time of your electrodes without changing your current calibration. 

 Complying with USP/EP standards  

 SevenMulti™ provides a special mode for measuring conductivity 

according to USP and EP (United States / European Pharmacopeia) 

methods. 

III. 2. 15. 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 
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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 dynamics of biological, organic and 

inorganic substances in solid and liquid phases. Configured for high resolution 

NMR experiments, it will be invaluable to chemists (for structural elucidation 

and kinetics), molecular biologists (protein structure) and material scientists 

(solid state NMR). 

500 MHz Avance III HD NMR Spectrometer The 500 MHz NMR 

Spectrometer’s specifications include an 11.746 Telsa Ascend superconducting 

54 mm bore magnet system; 3-Channel Magic Angle Spinning(MAS) probe for 

biomolecular 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 (useful for protein characterization), cryogenic probe 

and a sample automation system for up to 24 samples. The NanoBay 

incorporates the highly sophisticated AVANCE III HD electronics, which delivers 
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unprecedented RF switching speed and flexibility, making it ideal for both simple 

and highly advanced NMR experiments. 

III. 2. 16. High Resolution Mass Spectrometry Measurement 

The high performance high resolution MS/MS system designed for routine use. 

Sensitivity to easily detect maximum residue levels. 

Resolving power to remove interference from complex matrices. 

Linearity to quantify over up to 4 orders of magnitude. 

Mass accuracy to identify compounds following regulatory guidelines. 
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CHAPTER	IV	

Probing	inclusion	complexes	of	cyclodextrins	with	

amino	acids	by	physicochemical	approach	

Formations	of	host-guest	inclusion	complexes	of	two	natural	amino	acids,	viz.,	L-

Leucine	 and	 L-Isoleucine	 as	 guests	 with	 α and	 β-cyclodextrins	 have	 been	

investigated	 which	 include	 diverse	 applications	 in	 modern	 science	 such	 as	

controlled	 delivery	 in	 the	 field	of	pharmaceuticals,	 food	processing	etc.	Surface	

tension	and	conductivity	studies	establish	the	formation	of	inclusion	complexes	

with	1:1	stoichiometry.	The	interactions	of	cyclodextrins	with	amino	acids	have	

been	 supported	 by	 density,	 viscosity,	 refractive	 index,	 hydration	 and	 solvation	

number	 measurements	 indicating	 higher	 degree	 of	 inclusion	 in	 case	 of	 α-

cyclodextrin.	 L-Leucine	 interacts	 more	 with	 the	 hydrophobic	 cavity	 of	

cyclodextrin	than	its	isomer.		With	the	help	of	stability	constant	by	NMR	titration,	

hydrophobic	 effect,	 H-bonds	 and	 structural	 effects	 the	 formations	 of	 inclusion	

complexes	have	been	explained.	
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IV.	1.	Introduction	

Cyclodextrins	 (CD)	 are	 the	 members	 of	 cyclic	 oligosaccharide	 family	

containing	six	(α-CD),	seven	(β-CD)	and	eight	(γ-CD)	glucopyranose	units,	which	

are	bound	by	α-(1–4)	linkages	[1,	2].	CDs	have	a	torus-shaped	ring	structure	with	

polar	hydrophilic	rims	and	relatively	hydrophobic	inner	cavity	(Scheme	IV.1)	[3].	

Due	 to	 this	 type	 of	 unique	 structure	 they	 can	 build	 up	 host–guest	 inclusion	

complexes	 (ICs)	 with	 various	 small	 molecules	 having	 hydrophobic	 moiety,	 e.g.,	

vitamins,	amino	acids,	ionic	liquids	etc	[4,	5].	The	hydrophobic	part	of	the	guest	

molecule	is	accommodated	into	the	hydrophobic	cavity	of	CD	whereas	the	polar	

part	 of	 the	 guest	 (if	 present)	 makes	 association	 with	 the	 polar	 rims	 resulting	

stabilisation	of	the	IC	[6].	For	this	reasons	CDs	have	vast	applications	in	the	field	

of	 pharmaceuticals,	 pesticides,	 foodstuffs,	 toilet	 articles,	 textile	 processing	

industry,	 supramolecular	 host-guest	 chemistry,	 molecular	 encapsulation	 etc	 [7,	

8].	 CDs	 form	 stable	 host-guest	 ICs	 with	 essential	 amino	 acids	 e.g.,	 arginine,	

histidine,	lysine,	phenyl	alanine,	glutamic	acid	[9,	10]	ionic	liquids	e.g.,	1-butyl-4-

methylpyridinium	iodide	[11,	12],	RNA	nucleosides	[13]	etc.	as	guest	molecules.	

In	the	present	study	we	have	attempt	to	ascertain	the	nature	of	formation	

of	ICs	of	α	and	β-CD	with	two	natural	α-amino	acids,	i.e.,	L-Leucine	(L-Leu)	and	L-

Isoleucine	(L-Ile)	in	0.001,	0.003,	0.005	mass	fractions	of	α and β-cyclodextrins	in	

aqueous	 media.	 Aim	 of	 this	 work	 is	 to	 explore	 the	 formation,	 carrying	 and	

controlled	release	of	the	two	essential	amino	acids	by	forming	IC	with	host	CDs	

without	chemical	&	biological	modification	of	the	guests.	

L-Leu	 is	used	 in	 the	 biosynthesis	 of	proteins	 and	 is	 essential	 in	humans,	

i.e.,	our	body	cannot	synthesize	it	and	thus	it	must	be	incorporated	from	outside,	

which	may	be	done	using	α	and	β-CD	as	carriers	[14,	15].	It	is	a	major	component	

of	the	subunits	in	ferritin,	astacin	etc.	proteins	and	L-Leu	is	an	activator	of	mTOR;	

it	is	the	only	dietary	amino	acid	that	has	the	capacity	to	directly	stimulate	muscle	

protein	synthesis	[16,	17].	On	the	other	hand	L-Ile	is	used	in	the	biosynthesis	of	

proteins	 and	 it	 is	 also	 essential	 in	 humans.	 L-Ile	 is	 synthesized	 from	 pyruvate	
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employing	leucine	biosynthesis	enzymes	in	other	organisms	such	as	bacteria	[18,	

17].	

Here,	 the	 nature	 of	 the	 ICs	 and	 their	 interactions	 have	 been	 studied	 by	

surface	 tension,	 conductivity,	 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	 two	 amino	

acids.	 NMR	 titrations	 have	 also	 been	 done	 by	 1H	 NMR	 spectroscopy	 to	 confirm	

the	inclusion	phenomenon	and	the	binding	constants	have	been	calculated	from	

the	titration	by	using	Benesi–Hildebrand	method	[19].	

IV.	2.	Experimental	Section	

IV.	2.	1.	Source	and	Purity	of	Samples	

The	 above	 mentioned	 two	 amino	 acids	 and	 CDs	 of	 puriss	 grade	 were	

purchased	 from	 Sigma-Aldrich,	 Germany	 and	 used	 as	 it	 was.	The	mass	 fraction	

purity	 of	 L-Leu,	 L-Ile,	 α-CD	 and	 β-CD	 were	 ≥	 0.98,	 0.98,	 0.98	 and	 0.98	

respectively.	

IV.	2.	2.	Apparatus	and	Procedure	

Solubilities	 of	 the	 two	 CDs	 and	 that	 of	 the	 above	 two	 α-amino	 acids	 in	

aqueous	CDs	have	been	verified	in	triply	distilled,	deionized	and	degassed	water.	

It	 was	 detected	 that	 these	 were	 quite	 soluble	 in	 aqueous	 CDs.	 All	 the	 stock	

solutions	of	L-Leu	and	L-Ile	were	prepared	by	mass	(Mettler	Toledo	AG-285	with	

uncertainty	 0.0001	 g)	 and	 the	 working	 solutions	 were	 got	 by	 mass	 dilution	 at	

298.15	K.	 Changes	of	 molarity	 to	molality	were	done	using	 the	 densities	 of	 the	

solutions	 [20].	 Sufficient	 precautions	 were	 made	 to	 decrease	 the	 evaporation	

during	mixing.	

pH	values	were	measured	by	Mettler	Toledo	Seven	Multi	pH	meter	having	

uncertainty	±0.001.	 It	was	studied	in	a	water	bath	with	thermostat	maintaining	

the	temperature	at	298.15	K,	having	uncertainty	in	temperature	±0.01	K.	
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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	 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.	

The	densities	(ρ)	of	the	solutions	were	studied	by	vibrating	U-tube	Anton	

Paar	digital	density	meter	(DMA	4500M)	having	precision	±0.00005	g	cm-3 and	

uncertainty	 in	 temperature	 was	 ±0.01K.	 The	 density	 meter	 was	 calibrated	 by	

standard	method	[20].	

Viscosities	(η)	were	determined	by	Brookfield	DV-III	Ultra	Programmable	

Rheometer	 with	 spindle	 size	 42.	 The	 detail	 has	 already	 been	 depicted	 before	

[20].	

Refractive	 indexes	 of	 the	 solutions	 were	 studied	 with	 a	 Digital	

Refractometer	from	Mettler	Toledo	having	uncertainty	±0.0002	units.	The	detail	

has	already	been	described	before	[20].	

1H	 NMR	 spectra	 were	 recorded	 in	 D2O	 at	 300	 MHz	 using	 Bruker	

ADVANCE	300	MHz	instrument	at	298	K.	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.	 In	 each	 titration	 initially	0.5	 mL	 1.0	

mM	amino	acid	solution	was	taken	and	then	10	µL	10	mM	CD	solution	was	added	

into	it	at	five	several	times.	
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IV.	3.	Result	and	Discussion	 	

IV.	 3.1.	 Surface	 tension	 study	 illustrates	 the	 inclusion	 and	 the	

stoichiometric	ratio	of	the	inclusion	complexes		

Surface	 tension	 (γ)	 measurement	 can	 be	 used	 to	 obtain	 valuable	

information	about	the	formation	of	inclusion	complex	in	CDs	[9,	21].	It	is	known	

that	 γ	 for	 aqueous	 solutions	 of	 pure	 α	 and	 β–CD	 don’t	 show	 any	 remarkable	

change	 with	 increasing	 concentrations	 [13].	 The	 pH	 data	 of	 both	 these	 amino	

acids	show	the	existence	of	NH3+	and	COO-	in	their	zwitterionic	forms.	Thus	the	

side	groups	being	nonpolar,	both	the	amino	acids	show	surfactant	like	behavior,	

i.e.,	there	is	considerable	decrease	in	surface	tension	of	their	aqueous	solutions.	

Therefore	 while	 amino	 acids	 make	 ICs	 with	 CDs	 remarkable	 change	 in	 surface	

tension	should	be	observed	[10].	

Here	 γ	 of	 aqueous	 amino	 acids	 has	 been	 measured	 with	 increasing	

concentration	 of	 α	 and	 β-CD	 at	 298.15K	 (Table	 IV.1-IV.4).	 Both	 L-Leu	 and	 L-Ile	

showed	 increasing	 trend	 of	 γ	 with	 increasing	 concentration	 of	 α	 and	 β-CD	

(Figure.	 IV.1)	may	 be	 because	 of	 removal	 of	 the	 amino	 acid	 molecules	 (surface	

active)	from	the	surface	of	the	solution	into	the	hydrophobic	cavity	of	α	and	β-CD	

forming	 host-guest	 inclusion	 complexes	 (Scheme	 IV.	 2)	 [22].	 Each	 plot	 also	

indicates	 that	 there	 is	 single	 break	 point	 at	 certain	 concentrations.	 Finding	 of	

break	point	in	surface	tension	curve	not	only	 indicates	formation	of	IC	but	also	

gives	 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	IV.3)	[23,	8].	

The	values	of	γ	with	corresponding	concentrations	of	α	and	β-CD	and	the	

concentration	of	amino	acid	at	each	break	have	been	listed	in	table	IV.5	and	the	

overall	variation	of	γ	value	is	shown	in	table	IV.1-IV.4,	which	clearly	reveal	that	

the	 breaks	 have	 been	 found	 at	 certain	 concentrations	 of	 amino	 acids	 and	 CD	

where	 their	 concentration	 ratio	 in	 the	 solution	 was	 almost	 1:1,	 thus	 this	 study	

proves	formation	of	1:1	ICs	of	the	studied	amino	acids	with	both	α	and	β-CD.	
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IV.	 3.2.	 Conductivity	 study	 explains	 the	 inclusion	 process	 and	 their	

stoichiometric	ratio	

With	the	help	of	conductivity	(κ)	study	the	inclusion	phenomenon	can	be	

confirmed	 [24,	 25].	 It	 also	 suggests	 the	 stoichiometry	 of	 the	 inclusion	 complex	

formed	 [10].	 As	 found	 from	 pH	 data	 the	 amino	 acids	 exist	 in	 ionic	 form	 in	

aqueous	solution,	thus	show	considerable	value	of	κ.	As	aqueous	CD	solution	was	

added	 to	 the	 aqueous	 solution	 of	 an	 amino	 acid	 (table	 IV.1-IV.4),	 the	 κ	 was	

observed	 to	 show	 decreasing	 trend	 probably	 because	 of	 encapsulation	 of	 the	

amino	 acid	 molecules	 inside	 the	 cavity	 of	 CD	 (Scheme	 IV.	 2).	 At	 certain	

concentrations	of	both	CD	and	amino	acid	single	break	was	found	in	each	of	the	

conductivity	curve	(Figure.	IV.2),	which	indicates	the	formation	of	ICs.	The	values	

of	κ	and	corresponding	concentrations	of	both	α	and	β-CD	with	the	concentration	

of	each	amino	acid	at	each	break	have	been	listed	in	table	IV.5,	which	reveal	that	

the	ratio	of	the	concentrations	of	each	amino	acid	and	CD	at	the	break	point	was	

found	to	be	approximately	1:1,	suggesting	the	host-guest	ratio	to	be	1:1	[10].	In	

this	study	of	all	the	four	cases	of	L-Leu	and	L-Ile	with	α	and	β-CD	similar	results	

are	found,	but	the	conductivity	near	the	break	is	found	to	be	a	little	lower	for	α-

CD	 than	 β-CD,	 which	 is	 might	 be	 due	 to	 the	 former	 is	 better	 host	 for	 the	 two	

studied	guests	than	the	later.	

IV.	3.4.	Density	study:	group	contributions	and	interactions	between	amino	

acids	and	cyclodextrins	

The	 interactions	 between	 amino	 acids	 and	 cyclodextrins	 can	 be	 studied	

from	the	apparent	molar	volume	(ϕv)	and	limiting	apparent	molar	volume	(ϕvo)	

[9].	The	apparent	molar	volume	is	the	measure	of	the	sum	of	geometric	volume	

of	 the	 central	 solute	 molecule	 and	 changes	 in	 the	 solvent	 volume	 due	 to	 the	

interactions	with	the	solute	around	the	co-sphere	[26].	ϕv	can	be	calculated	from	

the	density	of	the	solutions	at	298.15	K	(Table	IV.8)	using	the	provided	equation.	

The	magnitude	of	ϕv	is	found	to	be	positive	for	both	the	two	amino	acids	in	both	

aqueous	 α	 and	 β-CD	 and	 this	 suggests	 strong	 solute–solvent	 interactions.	 ϕv	

varies	 linearly	with	the	square	root	of	molal	concentration	(m)	and	 is	fitted	to	
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the	masson	equation,	from	where	ϕvo	has	been	determined	(Table	IV.11,	Figure.	

IV.3)	[27].	The	values	of	ϕvo	increase	with	the	increase	of	mass	fractions	of	α	and	

β-CD	 for	 both	 L–Leu	 and	 L-Ile	 indicating	 that	 the	 ion-hydrophilic	 group	

interactions	 are	 stronger	 than	 ion-hydrophobic	 group	 interactions.	 In	 the	

present	 ternary	 system	 (amino	 acid	 +	 aq.	 CD)	 the	 interactions	 of	 the	 charged	

groups	 (COO-	 and	 NH3+)	 of	 the	 amino	 acids	 is	 localized	 with	 -OH	 groups	 of	

cyclodextrins.	 Due	 to	 this	 interaction	 the	 electostriction	 of	 water	 results	 an	

increase	in	volume.	In	this	study	the	ϕvo	are	measured	for	glycine,	L–Leu	and	L-

Ile	at	298.15K	for	different	mass	fractions	(0.001,	0.003,	0.005	M)	of	α	and	β-CD.	

From	Figure.	IV.3	it	can	be	observed	that	ϕvo	for	L-Leu	is	greater	than	that	of	L-

Ile.	This	can	be	explained	on	the	basis	of	their	structures.	The	side	group	of	L-Ile	

is	relatively	more	spherical	 than	that	of	L-Leu,	creating	 less	surface	area	of	 the	

former	 than	 the	 later.	 Thus,	 because	 of	 more	 surface	 area	 of	 the	 side	

hydrophobic	 group	 of	 L-Leu,	 it	 interacts	 better	 with	 the	 hydrophobic	 cavity	 of	

CD,	which	is	reflected	in	the ϕvo	values	in	figure	IV.3.	

The	 structures	 of	 L-Leu	 and	 L-Ile	 can	 be	 obtained	 by	 replacing	 of	 the	H	

atom	 of	 glycine	 by	 and	 	 groups	 respectively.	 Due	

to	the	similarity	in	structure	of	the	two	amino	acids	there	must	be	a	correlation	

in	their	ϕvo	values.	The	contributions	of	different	groups	present	in	L-Leu	and	L-

Ile	 towards	 ϕvo	 in	 different	 mass	 fractions	 of	 α	 and	 β-CD	 have	 been	 estimated	

(Table	IV.12)	[28,	26].The	contribution	of	zwitterionic	group	(NH3+,COO	 	 	 )	 is	 in	

the	range	of	25.36–26.88	10-6	m3	mol	-1	and	25.68–27.06		10-6	m3	mol	-1	for	α	

and	 β-CD	 respectively.	 The	 higher	 value	 in	 case	 of	 β-CD	 suggests	 that	 the	

interaction	of	the	zwitterionic	groups	of	two	amino	acids	is	more	with	β-CD	than	

α-CD,	probably	because	of	more	number	of	–OH	groups	in	β-CD	than	α-CD.	The	

contribution	of	the	hydrophobic	side	group	(R)	of	both	L-Leu	and	L-Ile	is	found	

grater	 for	 α-CD	 than	 that	 for	 β-CD,	 which	 suggests	 that	 the	 inclusion	

phenomenon	 is	better	 in	α-CD	than	that	 in	β-CD.	This	may	be	explained	on	the	



126	|	Chapter	IV	

 

 	Published	in	Carbohydrate	Polymers,	2016,	151,	458	–	466 

basis	of	more	compact	structure	of	the	IC	in	case	of	α-CD	than	that	in	β-CD	due	to	

smaller	cavity	size	of	the	former	than	the	later	[10].	

IV.	3.5.	Viscosity	study:	group	contributions	

The	viscosity	of	aqueous	cyclodextrin	solution	 increases	 with	 increasing	

mass	fraction	of	α	or	β-CD	(Table	IV.6)	due	to	structure	making	contribution	of	

cyclodextrins	with	water	molecules.	For	the	ternary	system	(amino	acid+aq.	CD)	

the	viscosity	of	the	solution	increases	with	the	increasing	molarity	of	amino	acids	

(Table	IV.7).	The	viscosity	B-coefficient	indicates	the	solute-solvent	interactions,	

which	 are	 found	 to	 be	 all	 positive	 and	 increase	 with	 the	 increasing	

concentrations	 of	 α	 and	 β-CD	 (Table	 IV.11,	 Figure.	 IV.4).	 This	 is	 considered	 to	

arise	 due	 to	 increasing	 amino	 acid–CD	 interaction	 [9].	 The	 viscosity	 B-

coefficients	for	L-Leu	is	higher	than	L-Ile	because	in	case	of	the	former	the	solute	

solvent	interaction	is	more	than	the	later.	

In	the	present	study	the	contributions	of	the	zwitterionic	groups	and	the	

side	 groups	 towards	 the	 viscosity	 B-coefficient	 for	 the	 two	 amino	 acids	 L–Leu	

and	L-Ile	of	different	mass	fractions	of	α	and	β-CD	have	been	determined	(Table	

IV.12)	 [26].	 The	 contributions	 of	 the	 zwitterionic	 group	 (NH3+,	 COO	 	 )	 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	 and 	 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.	The	contribution	of	viscosity	

B-coefficient	for	the	side	group	(R)	is	found	to	be	grater	for	L–Leu	than	that	for	L-

Ile,	which	may	be	explained	on	the	basis	of	more	surface	area	of	the	former	than	

the	later,	thereby	making	grater	hydrophobic	interactions	with	the	hydrophobic	

inner	surface	of	CD.	
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IV.	3.6.	pH	measurement	proves	the	ionic	states	of	the	amino	acids	

Existence	of	zwitterionic	forms	of	amino	acids	in	aqueous	solution	can	be	

understood	with	the	help	of	pH	measurement	[10].	The	values	of	pH	for	L-Leu	in	

aqueous α	 and	 β-CD	 ranges	 from	 5.89	 to	 5.14	 and	 5.75	 to	 5.13	 respectively	 at	

298.15	K,	while	for	L-Ile	it	ranges	from	6.14	to	5.39	and	5.85	to	5.38	for	α	and	β-

CD	 respectively	 at	 the	 same	 temperature	 (Table	 IV.6,	 IV.7).	 The	 pH	 value	

decreases	 with	 the	 increasing	 concentration	 of	 the	 respective	 amino	 acids	 and	

also	 with	 the	 increase	 of	 concentration	 of	 α	 and	 β-CD	 for	 both	 the	 two	 amino	

acids.	These	values	clearly	show	the	variation	in	their	zwitterionic	forms,	i.e.,	the	

amine	 and	 carboxylic	 acid	 groups	 exist	 in	 ionic	 forms	 –NH3+	 and	 –COO-	

respectively.	

IV.	3.7.	Refractive	index	show	the	compactness	of	the	inclusion	complexes	

The	 molecular	 interactions	 taking	 place	 in	 solution	 systems	 can	 be	

studied	with	the	help	of	refractive	index	(nD)	and	molar	refraction	(RM)	[9].	The	

higher	 value	 of	 RM	 and	 the	 limiting	 molar	 refraction	 (ROM)	 indicate	 that	 the	

medium	 is	 more	 compact	 and	 dense	 (Table	 IV.11)	 [10].	 In	 this	 study	 the	 ROM	

value	 increases	with	 increasing	concentration	 of	α	and	 β-CD.	 It	 is	evident	 from	

fig.	IV.5	that	the	ICs	of	L-Leu	with	both	α	and	β-CD	are	denser	or	closely	packed	

than	 those	 of	 L-Ile,	 may	 be	 due	 to	 greater	 hydrophobic	 interaction	 between	 L-

Leu	and	both	the	cyclodextrins.	These	data	obtained	from	refractive	index	study	

are	 in	 good	 agreement	 which	 have	 been	 found	 from	 density	 and	 viscosity	

measurements.	

IV.	3.8.	Hydration	number	and	solvation	number:	solvation	by	cyclodextrin	

molecule	

In	the	present	ternary	system	effect	of	the	solvent	is	a	key	feature.	Here,	

water	act	 only	as	 the	medium	for	the	amino	acids	and	CDs	to	 interact	between	

them.	Thus,	CDs	have	crucial	role	and	it	is	termed	as	the	co-solvent.	The	effect	of	

this	co-solvent	is	studied	in	terms	of	solvation	number	(Sn),	which	is	the	measure	
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of	the	solvation	taking	place	between	the	primary	or	secondary	hydroxyl	groups	

of	 cyclodextrins	 and	 zwitterionic	 groups	 of	 amino	 acids;	 and	 the	 order	 of	

encapsulation	 of	 the	 side	 group	 by	 CD	 molecule	 [9,	 13].The	 hydration	 number	

(nH)	is	the	order	of	hydration	by	water	molecules	surrounding	the	amino	acids	in	

the	 free	 state.	 It	 can	 be	 observed	 from	 table	 IV.13	 that	 the	 values	 of	 hydration	

number	decreases	whereas	the	solvation	number	increases	with	increasing	mass	

fraction	of	α	and	β-CD	for	both	L-Leu	and	L-Ile.	The	trend	in	the	Sn	and	nH	value	

suggests	 that	 in	 the	 ternary	 solution	 system	 the	 electrostriction	 of	 water	

diminishes	with	 increasing	mass	fraction	of	CD	[26].	 In	this	study	the	solvation	

number	is	more	for	L-Leu	than	L-Ile	due	to	more	hydrophobic	part	of	the	former	

than	the	later.	L–Leu	is	more	solvated,	i.e.,	the	encapsulation	of	hydrophobic	part	

inside	the	cavity	of	CD	is	greater.	Lower	hydration	numbers	as	well	as	higher	the	

solvation	 numbers	 in	 α-CD	 than	 β-CD	 for	 the	 two	 studied	 amino	 acids	 further	

suggests	that	α-CD	is	more	fascinated	for	solvation	than	β-CD.	

IV.	3.9.	1H	NMR	titration:	determination	of	binding	constant	

Inclusion	of	a	guest	molecule	into	the	cavity	of	CD	results	in	the	chemical	

shift	of	the	guest	and	CD	in	the	1H	NMR	spectra	due	to	the	interaction	of	the	CD	

with	the	guest	molecule	[19].	 	 In	the	structure	of	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	CD	molecule	(Scheme	IV.1)	[29,30].	

Here,	we	have	titrated	the	amino	acid	molecules	by	adding	CD	and	observed	the	

chemical	shift	changes	(Δδ)	of	the	concerned	protons	[31,	32].	The	chemical	shift	

(δ)	of	the	H3	of	CD	was	found	to	be	shifted	in	each	of	the	four	cases,	 indicating	

the	guest	amino	acid	molecules	enter	into	the	cavity	of	CD	through	the	wider	rim	

[33].	But	for	simplicity	and	to	find	the	binding	constant	with	the	help	of	reliable	

Benesi–Hildebrand	method	for	1:1	host-guest	ICs	(equation	1),	[19,	34].	we	used	

the	Δδ	of	the	CH3	groups	which	are	situated	at	the	terminal	of	the	hydrophobic	

moiety	of	the	amino	acids	(Scheme	IV.1).	
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Fig.	IV.6	and	IV.	7	shows	the	titration	spectra	of	L-Leu	and	L-Ile	with	α-CD	

respectively	(Figure.	IV.8	and	Figure.	IV.9	for	β-CD).	Each	titration	spectra	clearly	

shows	the	shift	of	signals	arising	from	H3	of	CD	and	that	of	the	CH3	of	the	amino	

acids.	 The	 details	 of	 the	 titration	 and	 finding	 out	 of	 binding	 constant	 (Kb)	 are	

shown	in	table	IV.14-IV.17.	The	values	of	Kb	for	each	of	the	ICs	were	evaluated	by	

dividing	 the	 intercept	 by	 the	 slope	 of	 the	 straight	 line	 of	 the	 double	 reciprocal	

plot	 (Figure.	 IV.10),	 [35].	 The	 binding	 constants	 indicate	 that	 L-Leu	 forms	

stronger	IC	than	L-Ile	and	α-CD	forms	stronger	IC	than	β-CD	(Table	IV.13).		

IV.	3.10.	Structural	influence	of	cyclodextrins	

Cyclodextrin	 is	 extensively	 used	 as	 host	 molecules	 because	 of	 its	

hydrophobic	 cavity	 and	 hydrophilic	 rims	 which	 provide	 an	 appropriate	

environment	 for	 the	 apolar	 part	 of	 a	 guest	 molecule	 to	 reside	 inside	 the	 cavity	

and	the	polar	part	makes	association	with	the	polar	rims,	thereby	stabilizing	the	

whole	IC	[1,7].	 	The	lipophilic	cavity	diameter	of	α and	β-CD	is	4.7-5.3Å	and	6.0-

6.5Å	 respectively	 [16].	 The	 two	 studied	 amino	 acid	 molecules	 L-Leu	 and	 L-Ile	

have	the	diameter	within	this	range	and	can	be	encapsulated	inside	the	cavity	of	

CD	 [34].	 No	 covalent	 bonds	 are	 broken	 or	 formed	 during	 formation	 of	 the	 ICs.	

Another	factor	responsible	for	the	formation	of	ICs	is	that	polar	water	molecules	

are	 present	 inside	 the	 slightly	 apolar	 cavity	 of	 cyclodextrin.	 This	 is	 generally	

energetically	unfavoured	 [4].So,	 the	 water	 molecules	are	readily	substituted	by	

the	hydrophobic	moiety	of	 the	amino	acids.	This	results	 in	a	more	stable	lower	

energy	state.	The	stoichiometry	of	the	inclusion	complex	is	found	as	1:1,	which	is	

supported	by	both	surface	tension	and	conductivity	measurements.	This	may	be	

explained	 as	 after	 inclusion	 of	 one	 amino	 acid	 molecule	 the	 zwitterionic	 part	

blocks	the	rim,	so,	it	would	be	difficult	for	a	second	molecule	to	be	inserted	into	

the	cavity	[16].	Insertion	of	the	guest	amino	acid	molecule	was	found	through	the	
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wider	 rim	 of	 the	 CD,	 so	 as	 to	 make	 maximum	 contact	 of	 the	 hydrophobic	 side	

groups	of	the	amino	acids	with	the	hydrophobic	cavity	of	α and	β-CD	[19].	

IV.	4.	Conclusion	

The	 two	 amino	 acids	 viz.,	 L-Leu	 and	 L-Ile	 form	 host-guest	 inclusion	 complexes	

with	both	α	and	β-CD	with	1:1	stoichiometry	which	is	confirmed	by	NMR,	surface	

tension	 and	 conductivity	 measurement.	 The	 amino	 acid-CD	 interactions	 in	 the	

solution	 have	 been	 interpreted	 by	 density,	 viscosity,	 refractive	 index	 and	

solvation	 number	 measurements.	 	 Thus	 the	 present	 work	 adds	 a	 dimension	 in	

the	field	of	contemporary	science	of	controlled	delivery	of	these	two	amino	acids	

by	using	α	and	β-CD.		
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Tables:	

Table	 IV.	 1.	 Data	 for	 surface	tension	and	conductivity	study	of	aqueous	L-

Leucine-α-CD	system	at	298.15Ka	

Volm	of	

α-CD	

(mL)	

Total	

volm	

(mL)	

Conc	of	

L-Leucine	

(mM)	

Conc	of	α-CD	

(mM)	

Surface	

tension	

(mN	m-1)	

Conductuvity	

(µS	m-1)	

0	 10	 10.000	 0.000	 65.0	 170.2	

1	 11	 9.091	 0.909	 66.0	 163.8	

2	 12	 8.333	 1.667	 66.9	 159.5	

3	 13	 7.692	 2.308	 67.6	 156.1	

4	 14	 7.143	 2.857	 68.3	 153.1	

5	 15	 6.667	 3.333	 68.9	 150.6	

6	 16	 6.250	 3.750	 69.4	 148.4	

7	 17	 5.882	 4.118	 69.9	 146.2	

8	 18	 5.556	 4.444	 70.3	 144.8	

9	 19	 5.263	 4.737	 70.7	 143.7	

10	 20	 5.000	 5.000	 71.1	 142.7	

11	 21	 4.762	 5.238	 71.2	 142.4	

12	 22	 4.545	 5.455	 71.3	 142.1	

13	 23	 4.348	 5.652	 71.4	 141.7	

14	 24	 4.167	 5.833	 71.5	 141.5	

15	 25	 4.000	 6.000	 71.6	 141.2	

16	 26	 3.846	 6.154	 71.7	 140.9	

17	 27	 3.704	 6.296	 71.8	 140.7	

18	 28	 3.571	 6.429	 71.9	 140.4	

19	 29	 3.448	 6.552	 71.9	 140.3	

20	 30	 3.333	 6.667	 71.9	 140.1	

a Standard	uncertainties	in	temperature	u	are:	u(T)	=	±0.01	K.	
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Table	 IV.	 2.	 Data	 for	 surface	tension	and	conductivity	study	of	aqueous	L-

Leucine-β-CD	system	at	298.15Ka	

Volm	of	

β-CD	

(mL)	

Total	

volm	

(mL)	

Conc	of	

L-Leucine	

(mM)	

Conc	of	β-CD	

(mM)	

Surface	

tension	

(mN	m-1)	

Conductuvity	

(µS	m-1)	

0	 10	 10.000	 0.000	 65.0	 170.1	

1	 11	 9.091	 0.909	 65.9	 164.7	

2	 12	 8.333	 1.667	 66.8	 161.3	

3	 13	 7.692	 2.308	 67.5	 158.5	

4	 14	 7.143	 2.857	 68.2	 155.7	

5	 15	 6.667	 3.333	 68.8	 153.7	

6	 16	 6.250	 3.750	 69.3	 151.6	

7	 17	 5.882	 4.118	 69.8	 149.9	

8	 18	 5.556	 4.444	 70.2	 148.9	

9	 19	 5.263	 4.737	 70.5	 147.7	

10	 20	 5.000	 5.000	 70.9	 146.7	

11	 21	 4.762	 5.238	 71.2	 146.2	

12	 22	 4.545	 5.455	 71.4	 145.8	

13	 23	 4.348	 5.652	 71.5	 145.4	

14	 24	 4.167	 5.833	 71.6	 145.1	

15	 25	 4.000	 6.000	 71.7	 144.8	

16	 26	 3.846	 6.154	 71.8	 144.6	

17	 27	 3.704	 6.296	 71.8	 144.3	

18	 28	 3.571	 6.429	 71.9	 144.0	

19	 29	 3.448	 6.552	 71.9	 143.7	

20	 30	 3.333	 6.667	 71.9	 143.5	

a Standard	uncertainties	in	temperature	u	are:	u(T)	=	±0.01	K.	

	

Table	 IV.	 3.	 Data	 for	 surface	tension	and	conductivity	study	of	aqueous	L-

Isoleucine-α-CD	system	at	298.15Ka	

Volm	of	

α-CD	

(mL)	

Total	

volm	

(mL)	

Conc	of	

L-Isoleucine	

(mM)	

Conc	of	α-CD	

(mM)	

Surface	

tension	

(mN	m-1)	

Conductuvity	

(µS	m-1)	

0	 10	 10.000	 0.000	 65.2	 152.3	

1	 11	 9.091	 0.909	 66.3	 147.2	
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2	 12	 8.333	 1.667	 67.2	 142.9	

3	 13	 7.692	 2.308	 67.9	 138.4	

4	 14	 7.143	 2.857	 68.6	 135.0	

5	 15	 6.667	 3.333	 69.1	 131.8	

6	 16	 6.250	 3.750	 69.6	 129.1	

7	 17	 5.882	 4.118	 70.1	 126.2	

8	 18	 5.556	 4.444	 70.5	 123.7	

9	 19	 5.263	 4.737	 70.9	 121.8	

10	 20	 5.000	 5.000	 71.2	 120.1	

11	 21	 4.762	 5.238	 71.3	 119.6	

12	 22	 4.545	 5.455	 71.4	 119.3	

13	 23	 4.348	 5.652	 71.5	 119.0	

14	 24	 4.167	 5.833	 71.6	 118.6	

15	 25	 4.000	 6.000	 71.7	 118.4	

16	 26	 3.846	 6.154	 71.7	 118.0	

17	 27	 3.704	 6.296	 71.8	 117.7	

18	 28	 3.571	 6.429	 71.8	 117.5	

19	 29	 3.448	 6.552	 71.9	 117.3	

20	 30	 3.333	 6.667	 71.9	 117.0	

a Standard	uncertainties	in	temperature	u	are:	u(T)	=	±0.01	K.	

	

Table	 IV.	 4.	 Data	 for	 surface	tension	and	conductivity	study	of	aqueous	L-

Isoleucine-β-CD	system	at	298.15Ka 

Volm	of	

β-CD	

(mL)	

Total	

volm	

(mL)	

Conc	of	

L-Isoleucine	

(mM)	

Conc	of	β-CD	

(mM)	

Surface	

tension	

(mN	m-1)	

Conductuvity	

(µS	m-1)	

0	 10	 10.000	 0.000	 65.2	 152.1	

1	 11	 9.091	 0.909	 66.2	 146.8	

2	 12	 8.333	 1.667	 67.1	 142.8	

3	 13	 7.692	 2.308	 67.8	 139.5	

4	 14	 7.143	 2.857	 68.6	 137.0	

5	 15	 6.667	 3.333	 69.1	 134.4	

6	 16	 6.250	 3.750	 69.6	 132.0	

7	 17	 5.882	 4.118	 70.0	 129.9	

8	 18	 5.556	 4.444	 70.5	 128.0	

9	 19	 5.263	 4.737	 70.8	 126.5	
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10	 20	 5.000	 5.000	 71.2	 125.0	

11	 21	 4.762	 5.238	 71.3	 124.7	

12	 22	 4.545	 5.455	 71.4	 124.2	

13	 23	 4.348	 5.652	 71.5	 123.8	

14	 24	 4.167	 5.833	 71.6	 123.5	

15	 25	 4.000	 6.000	 71.6	 123.2	

16	 26	 3.846	 6.154	 71.7	 122.9	

17	 27	 3.704	 6.296	 71.7	 122.6	

18	 28	 3.571	 6.429	 71.8	 122.3	

19	 29	 3.448	 6.552	 71.8	 122.0	

20	 30	 3.333	 6.667	 71.8	 121.8	

	

Table	 IV.	 5.	 Values	 of	 surface	 tension	 (γ)	 at	 the	 break	 point	 with	

corresponding	concentrations	of	cyclodextrins	and	amino	acids	and	values	

of	conductivity	(κ)	at	the	break	point	with	corresponding	concentrations	of	

cyclodextrins	and	amino	acids	at	298.15	K	a	

	 Conc	of	α-CD	
/mM	

Conc	of	amino	acid	
/mM	

γ	a	
/mN·m-1	

L-Leucine	 5.01	 4.99	 71.1	

L-Isoleucine	 5.06	 4.94	 71.2	

	 Conc	of	β-CD	
/mM	

Conc	of	amino	acid	
/mM	

γ	a	
/mN·m-1	

L-Leucine	 5.13	 4.87	 71.2	

L-Isoleucine	 5.17	 4.83	 71.3	

	 Conc	of	α-CD	
/mM	

Conc	of	amino	acid	
/mM	

κ	a	

/µS·m-1	
L-Leucine	 4.78	 5.22	 143	

L-Isoleucine	 5.01	 4.99	 120	

	 Conc	of	β-CD	
/mM	

Conc	of	amino	acid	
/mM	

κ	a	

/µS·m-1	

L-Leucine	 4.82	 5.18	 147	

L-Isoleucine	 5.03	 4.97	 125	

	

a	Standard	uncertainties	(u):	temperature:	u(T)	=	±0.01	K,	surface	

tension:	u(γ)	=	±0.1	mN m 1	,	conductivity:	u(κ)	=	±1.0	µS·m-1.	
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Table	 IV.6.	 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 

	

Aqueous	solvent	

mixture	

ρ×10-3	

/kg m-3	

η 

/mP s	
nD	 pH 

aq.	α-CD	

w1	=	0.001	 0.99735	 1.29	 1.3329	 6.65	

w1	=	0.003	 0.99802	 1.30	 1.3332	 6.61	

w1	=	0.005	 0.99868	 1.31	 1.3335	 6.56	

aq.	β-CD	

w2	=	0.001	 0.99755	 1.30	 1.3328	 6.57	

w2	=	0.003	 0.99819	 1.31	 1.3331	 6.53	

w2	=	0.005	 0.99895	 1.32	 1.3334	 6.51	

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.	

Table	 IV.	 7.	 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	

L-Leucine	

w1	=	0.001b	 w2	=	0.001b	

0.010037	 0.99766	 1.30	 1.3336	 5.89	 0.010036	 0.99776	 1.320	 1.3334	 5.90	

0.025121	 0.99845	 1.31	 1.3337	 5.83	 0.025130	 0.99809	 1.330	 1.3335	 5.83	

0.040241	 0.99925	 1.32	 1.3339	 5.73	 0.040274	 0.99844	 1.350	 1.3336	 5.72	

0.055384	 1.00028	 1.34	 1.3341	 5.62	 0.055467	 0.99879	 1.360	 1.3337	 5.61	

0.070550	 1.00138	 1.35	 1.3343	 5.52	 0.070709	 0.99916	 1.380	 1.3338	 5.51	

0.085742	 1.00250	 1.36	 1.3346	 5.41	 0.086000	 0.99952	 1.400	 1.3339	 5.41	

w1	=	0.003b	 w2	=	0.003b	

0.010030	 0.99830	 1.32	 1.3339	 5.77	 0.010030	 0.99837	 1.33	 1.3338	 5.76	
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0.025105	 0.99910	 1.33	 1.3340	 5.65	 0.025116	 0.99867	 1.36	 1.3339	 5.61	

0.040203	 1.00020	 1.35	 1.3343	 5.53	 0.040251	 0.99901	 1.38	 1.3340	 5.56	

0.055334	 1.00118	 1.36	 1.3345	 5.44	 0.055434	 0.99938	 1.38	 1.3341	 5.41	

0.070482	 1.00235	 1.39	 1.3348	 5.39	 0.070667	 0.99975	 1.40	 1.3342	 5.37	

0.085660	 1.00345	 1.40	 1.3349	 5.34	 0.085948	 1.00012	 1.43	 1.3343	 5.32	

w1	=	0.005b	 w2	=	0.005b	

0.010024	 0.99890	 1.33	 1.3339	 5.58	 0.010021	 0.99917	 1.35	 1.3339	 5.58	

0.025089	 0.99975	 1.34	 1.3342	 5.47	 0.025091	 0.99964	 1.37	 1.3340	 5.43	

0.040182	 1.00072	 1.36	 1.3345	 5.35	 0.040203	 1.00020	 1.39	 1.3341	 5.32	

0.055313	 1.00156	 1.38	 1.3347	 5.28	 0.055344	 1.00100	 1.41	 1.3342	 5.26	

0.070453	 1.00275	 1.40	 1.3345	 5.19	 0.070519	 1.00182	 1.44	 1.3343	 5.12	

0.085616	 1.00395	 1.41	 1.3347	 5.15	 0.085724	 1.00270	 1.45	 1.3344	 5.14	

L-Isoleucine	

w1	=	0.001b	 w2	=	0.001b	

0.010036	 0.99770	 1.31	 1.3330	 5.82	 0.010035	 0.99778	 1.33	 1.3330	 6.19	

0.025120	 0.99850	 1.33	 1.3332	 5.80	 0.025129	 0.99813	 1.35	 1.3331	 5.97	

0.040234	 0.99944	 1.35	 1.3334	 5.76	 0.040273	 0.99848	 1.36	 1.3332	 5.91	

0.055367	 1.00058	 1.36	 1.3338	 5.71	 0.055464	 0.99884	 1.39	 1.3333	 5.88	

0.070533	 1.00162	 1.38	 1.3341	 5.69	 0.070706	 0.99920	 1.40	 1.3334	 5.85	

0.085724	 1.00270	 1.39	 1.3345	 5.64	 0.085997	 0.99956	 1.43	 1.3335	 5.74	

w1	=	0.003b	 w2	=	0.003b	

0.010030	 0.99835	 1.32	 1.3335	 5.82	 0.010029	 0.99839	 1.34	 1.3335	 5.86	

0.025104	 0.99914	 1.34	 1.3336	 5.80	 0.025115	 0.99871	 1.37	 1.3336	 5.82	

0.040207	 1.00009	 1.36	 1.3339	 5.76	 0.040249	 0.99905	 1.39	 1.3337	 5.79	

0.055338	 1.00110	 1.38	 1.3341	 5.71	 0.055433	 0.99940	 1.41	 1.3338	 5.72	

0.070471	 1.00250	 1.39	 1.3347	 5.69	 0.070664	 0.99978	 1.43	 1.3339	 5.67	

0.085642	 1.00365	 1.40	 1.3350	 5.64	 0.085945	 1.00015	 1.44	 1.3340	 5.59	

w1	=	0.005b	 w2	=	0.005b	

0.010024	 0.99891	 1.34	 1.3337	 5.63	 0.010021	 0.99924	 1.35	 1.3336	 5.62	

0.025087	 0.99982	 1.36	 1.3340	 5.61	 0.025080	 1.00010	 1.37	 1.3338	 5.65	

0.040184	 1.00068	 1.38	 1.3342	 5.59	 0.040152	 1.00145	 1.38	 1.3341	 5.57	

0.055308	 1.00165	 1.40	 1.3345	 5.55	 0.055258	 1.00254	 1.41	 1.3344	 5.53	

0.070453	 1.00275	 1.43	 1.3347	 5.49	 0.070382	 1.00375	 1.43	 1.3346	 5.47	

0.085625	 1.00385	 1.44	 1.3349	 5.40	 0.085536	 1.00488	 1.45	 1.3349	 5.39	

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.	
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Table	IV.8.	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	 0.99765	 1.31	 0.0100	 0.99778	 1.31	

0.0252	 0.99821	 1.31	 0.0252	 0.99835	 1.32	

0.0402	 0.99875	 1.32	 0.0402	 0.99890	 1.33	

0.0553	 0.99929	 1.32	 0.0553	 0.99946	 1.33	

0.0705	 0.99985	 1.33	 0.0705	 1.00003	 1.34	

0.0855	 1.00042	 1.33	 0.0855	 1.00061	 1.35	

w1	=	0.003b	 w2	=	0.003b	

0.0100	 0.99825	 1.32	 0.0100	 0.99851	 1.33	

0.0251	 0.99881	 1.33	 0.0251	 0.99905	 1.34	

0.0401	 0.99932	 1.34	 0.0401	 0.99955	 1.35	

0.0552	 0.99988	 1.34	 0.0552	 1.00011	 1.35	

0.0703	 1.00047	 1.35	 0.0703	 1.00070	 1.36	

0.0855	 1.00108	 1.35	 0.0854	 1.00132	 1.37	

w1	=	0.005b	 w2	=	0.005b	

0.0100	 0.99892	 1.33	 0.0100	 0.99924	 1.34	

0.0251	 0.99950	 1.34	 0.0251	 0.99980	 1.35	

0.0401	 1.00005	 1.35	 0.0401	 1.00036	 1.36	

0.0552	 1.00063	 1.36	 0.0552	 1.00091	 1.37	

0.0703	 1.00121	 1.37	 0.0703	 1.00153	 1.38	

0.0854	 1.00182	 1.38	 0.0854	 1.00214	 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.	
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Table	IV.	9.	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	

/m3	mol-1	

molality	

/mol kg-1	

ϕV	×106	

/	m3	mol-1	

(ηr-1)/√m 

/kg1/2mol-1/2	

RM	

/m3	mol-1	

L-Leucine	

w1	=	0.001b	 w2	=	0.001b	

0.010037	 100.44	 0.077	 27.0886	 0.010036	 110.44	 0.154	 27.0711	

0.025121	 87.40	 0.098	 27.0745	 0.025130	 109.84	 0.146	 27.0695	

0.040241	 83.89	 0.116	 27.0675	 0.040274	 109.19	 0.192	 27.0674	

0.055384	 78.10	 0.165	 27.0544	 0.055467	 108.89	 0.196	 27.0653	

0.070550	 73.79	 0.175	 27.0393	 0.070709	 108.44	 0.231	 27.0626	

0.085742	 70.77	 0.185	 27.0311	 0.086000	 108.26	 0.262	 27.0602	

w1	=	0.003b	 w2	=	0.003b	

0.010030	 103.37	 0.154	 27.0933	 0.010030	 113.38	 0.152	 27.0840	

0.025105	 88.14	 0.146	 27.0790	 0.025116	 112.17	 0.241	 27.0833	

0.040203	 76.82	 0.192	 27.0712	 0.040251	 110.87	 0.266	 27.0814	

0.055334	 73.86	 0.196	 27.0594	 0.055434	 109.73	 0.227	 27.0787	

0.070482	 69.45	 0.261	 27.0498	 0.070667	 109.08	 0.258	 27.0761	

0.085660	 67.42	 0.263	 27.0275	 0.085948	 108.66	 0.312	 27.0734	

w1	=	0.005b	 w2	=	0.005b	

0.010024	 109.31	 0.152	 27.0770	 0.010021	 109.28	 0.227	 27.0697	

0.025089	 88.49	 0.145	 27.0761	 0.025091	 103.68	 0.239	 27.0643	

0.040182	 80.28	 0.190	 27.0718	 0.040203	 100.03	 0.264	 27.0565	

0.055313	 78.91	 0.227	 27.0638	 0.055344	 94.00	 0.290	 27.0423	

0.070453	 73.12	 0.259	 27.0170	 0.070519	 90.26	 0.342	 27.0275	

0.085616	 69.26	 0.261	 26.9994	 0.085724	 87.14	 0.336	 27.0111	

L-Isoleucine	

w1	=	0.001b	 w2	=	0.001b	

0.010036	 96.43	 0.155	 27.0433	 0.010035	 108.44	 0.230	 27.0411	

0.025120	 85.40	 0.196	 27.0363	 0.025129	 108.24	 0.243	 27.0390	

0.040234	 79.13	 0.232	 27.0256	 0.040273	 108.19	 0.230	 27.0369	

0.055367	 72.64	 0.231	 27.0242	 0.055464	 107.98	 0.294	 27.0345	

0.070533	 70.36	 0.263	 27.0182	 0.070706	 107.86	 0.289	 27.0321	

0.085724	 68.41	 0.265	 27.0184	 0.085997	 107.79	 0.341	 27.0297	

w1	=	0.003b	 w2	=	0.003b	
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0.010030	 98.36	 0.154	 27.0625	 0.010029	 111.37	 0.229	 27.0614	

0.025104	 86.54	 0.194	 27.0485	 0.025115	 110.57	 0.289	 27.0601	

0.040207	 79.58	 0.230	 27.0448	 0.040249	 109.87	 0.304	 27.0583	

0.055338	 75.32	 0.262	 27.0322	 0.055433	 109.37	 0.324	 27.0561	

0.070471	 67.30	 0.261	 27.0384	 0.070664	 108.65	 0.345	 27.0532	

0.085642	 65.06	 0.263	 27.0294	 0.085945	 108.31	 0.339	 27.0505	

w1	=	0.005b	 w2	=	0.005b	

0.010024	 108.31	 0.229	 27.0620	 0.010021	 102.28	 0.227	 27.0457	

0.025087	 85.68	 0.241	 27.0595	 0.025080	 85.26	 0.239	 27.0372	

0.040184	 81.28	 0.267	 27.0509	 0.040152	 68.74	 0.227	 27.0228	

0.055308	 77.27	 0.292	 27.0467	 0.055258	 65.97	 0.290	 27.0154	

0.070453	 73.12	 0.345	 27.0317	 0.070382	 62.66	 0.314	 26.9974	

0.085625	 70.44	 0.339	 27.0167	 0.085536	 61.47	 0.337	 26.9890	

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	 IV.10.	 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	 0.071	 0.0100	 41.17	 0.081	

0.0252	 40.38	 0.079	 0.0252	 40.35	 0.093	

0.0402	 39.95	 0.082	 0.0402	 39.66	 0.101	

0.0553	 39.56	 0.087	 0.0553	 39.38	 0.105	

0.0705	 39.20	 0.093	 0.0705	 38.91	 0.107	

0.0855	 38.94	 0.097	 0.0855	 38.60	 0.109	

w1	=	0.003b	 w2	=	0.003b	

0.0100	 41.17	 0.091	 0.0100	 41.17	 0.115	

0.0251	 40.37	 0.101	 0.0251	 40.37	 0.120	

0.0401	 39.65	 0.107	 0.0401	 39.63	 0.131	

0.0552	 39.15	 0.112	 0.0552	 38.97	 0.133	

0.0703	 38.75	 0.115	 0.0703	 38.46	 0.136	

0.0855	 38.37	 0.120	 0.0854	 37.95	 0.144	

w1	=	0.005b	 w2	=	0.005b	
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0.0100	 41.14	 0.123	 0.0100	 41.14	 0.129	

0.0251	 39.95	 0.131	 0.0251	 39.94	 0.138	

0.0401	 39.11	 0.134	 0.0401	 39.10	 0.145	

0.0552	 38.59	 0.139	 0.0552	 38.37	 0.151	

0.0703	 38.02	 0.143	 0.0703	 37.67	 0.153	

0.0854	 37.54	 0.149	 0.0854	 37.12	 0.160	

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	IV.11.	Limiting	apparent	molar	volume	(ϕVo),	experimental	slope	(SV*),	

viscosity	A and	B-coefficient	and	limiting	molar	refraction	(RM
o)	of	amino	acids	in	

different	mass	fractions	of	aqueous	α	and	β-cyclodextrin	mixtures	at	298.15	Ka	

Aq.	solvent	

mixture	

ϕ0
V 106

 

/	m3	mol-1	

S*
V 106

 

/m3mol-	3/2kg1/2	

B 

/kg	mol-1	

A 

/kg1/2	mol-1/2	

RM
O 

/m3	mol-1	

Glycine	

w1	=	0.001b	 41.25	 -9.32	 0.150	 0.0028	 	

w1	=	0.003b	 41.69	 -10.85	 0.160	 0.0030	 	

w1	=	0.005b	 42.13	 -12.05	 0.170	 0.0032	 	

L-Leucine	

w1	=	0.001b	 113.3	 -149.8	 0.613	 0.0079	 27.122	

w1	=	0.003b	 118.8	 -186.9	 0.649	 0.0663	 27.129	

w1	=	0.005b	 123.8	 -194.6	 0.678	 0.0642	 27.135	

L-Isoleucine	

w1	=	0.001b	 109.7	 -148.3	 0.578	 0.1026	 27.057	

w1	=	0.003b	 115.0	 -174.3	 0.608	 0.1001	 27.076	

w1	=	0.005b	 120.8	 -182.9	 0.655	 0.1486	 27.092	

Glycine	

w2	=	0.001b	 41.81	 -10.26	 0.160	 0.0030	 	

w2	=	0.003b	 42.08	 -12.07	 0.170	 0.0033	 	

w2	=	0.005b	 42.31	 -14.49	 0.180	 0.0035	 	

L-Leucine	

w2	=	0.001b	 111.6	 -111.7	 0.580	 0.0754	 27.078	

w2	=	0.003b	 116.0	 -125.8	 0.630	 0.1112	 27.091	

w2	=	0.005b	 121.9	 -117.6	 0.648	 0.1477	 27.108	

L-Isoleucine	

w2	=	0.001b	 108.7	 -113.4	 0.539	 0.1586	 27.048	

w2	=	0.003b	 113.0	 -116.2	 0.576	 0.1844	 27.068	
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w2	=	0.005b	 119.7	 -117.1	 0.600	 0.1471	 27.081	

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	IV.	12.	Contributions	of	zwitter	ionic	group	(NH3+),	(COO			);	(CH)	and	

side	group	(R)	to	the	limiting	apparent	molar	volume	(ϕ0V)	and	viscosity	B-

coefficient	for	the	amino	acids	in	different	mass	fraction	of	aqueous	α	and	

β-cyclodextrin	respectively	at	298.15	K	a 

Groups	

ϕ0V	×106	

/	m3	mol-1	

w1=0.001b	 w1=0.003b	 w1=0.005b	 w2=0.001b	 w2=0.003b	 w2=0.005b	

(NH3+),	(COO			)	 25.36	 26.16	 26.88	 25.68	 26.52	 27.06	

(CH)	 7.95	 7.77	 7.63	 8.07	 7.78	 7.63	

CH2 CH

CH3

CH3

R =

	

80.00	 84.88	 89.30	 77.86	 81.70	 87.22	

	

76.40	 81.08	 86.30	 74.96	 78.70	 85.02	

Groups	

B 

/	kg	mol	-1	

w1=0.001b	 w1=0.003b	 w1=0.005b	 w2=0.001b	 w2=0.003b	 w2=0.005b	

(NH3
+),	(COO			)	 0.098	 0.101	 0.104	 0.100	 0.103	 0.106	

(CH)	 0.026	 0.030	 0.033	 0.030	 0.034	 0.037	
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CH2 CH

CH3

CH3

R =

	

0.489	 0.519	 0.541	 0.450	 0.494	 0.505	

	

0.454	 0.478	 0.518	 0.409	 0.440	 0.457	

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.	

Table	 IV.13.	 Hydration	 number	 (nH),	 solvation	 number	 (Sn)	 of	 the	 amino	

acids	 at	 different	 mass	 fraction	 of	 aqueous	 α	 and	 β-cyclodextrin	

respectively	and	binding	constant (Kb)	of	different	amino	acid-cyclodextrin	

inclusion	complexes	at	298.15	Ka	

	

nH	 Sn	 KbE10-3	

/M-1 0.001	 0.003	 0.005	 0.001	 0.003	 0.005	

Aqueous	α-CD	(w1)b	

L-Leucine	 5.24	 5.02	 4.83	 5.41	 5.46	 5.48	 0.56	

L-Isoleucine	 5.31	 5.13	 4.91	 5.27	 5.29	 5.32	 0.54	

Aqueous	β-CD	(w2)b	

L-Leucine	 5.34	 5.16	 4.93	 5.20	 5.32	 5.43	 0.52	

L-Isoleucine	 5.44	 5.21	 4.99	 4.96	 5.01	 5.10	 0.50	

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.	E Mean	error	in	Kb	=	±0.0110-3	M-1	



143	|	Chapter	IV	 

 

Published	in	Carbohydrate	Polymers,	2016,	151,	458	–	466	

Table	 IV.14.	 Data	 for	 the	 Benesi-Hildebrand	 double	 reciprocal	 plot	

performed	by	1H	NMR	spectroscopy	for	aqueous	L-Leucine-α-CD	system	at	

298	K	(concentration	of	L-Leucine	=	500	µM)	

[α-CD]	

/µM	
δo	 δ	 Δδ	

1/[α-CD]	

/M-1	

1/Δδ	 Intercept	 Slope	

Kb
E	

/M-1	

196	

0.9574	

0.9682	 0.0108	 5100	 92.6	

9.2349886	 0.0164781	 560.44	

385	 0.9760	 0.0186	 2600	 53.8	

566	 0.9829	 0.0255	 1767	 39.2	

741	 0.9908	 0.0334	 1350	 29.9	

909	 0.9944	 0.0370	 1100	 27.0	

E Mean	error	in	Kb	=	±0.01	M-1	

Table	IV.15.	Data	for	the	Benesi-Hildebrand	double	reciprocal	plot	performed	by	
1H	NMR	spectroscopy	for	aqueous	L-Leucine-β-CD	system	at	298	K	(concentration	

of	L-Leucine	=	500	µM)	

[β-CD]	

/µM	
δo	 δ	 Δδ	

1/[β-CD]	

/M-1	

1/Δδ	 Intercept	 Slope	

Kb
E	

/M-1	

196	

0.9574	

0.9668	 0.0094	 5100	 106.4	

10.143918	 0.0194092	 522.63	

385	 0.9720	 0.0146	 2600	 68.5	

566	 0.9801	 0.0227	 1767	 44.1	

741	 0.9868	 0.0294	 1350	 34.0	

909	 0.9918	 0.0344	 1100	 29.1	

E Mean	error	in	Kb	=	±0.01	M-1	

Table	IV.16.	Data	for	the	Benesi-Hildebrand	double	reciprocal	plot	performed	by	
1H	 NMR	 spectroscopy	 for	 aqueous	 L-Isoleucine-α-CD	 system	 at	 298	 K	

(concentration	of	L-Isoleucine	=	500	µM)	

[α-CD]	

/µM	
δo	 δ	 Δδ	

1/[α-CD]	

/M-1	

1/Δδ	 Intercept	 Slope	

Kb
E	

/M-1	

196	 0.9385	 0.9456	 0.0071	 5100	 140.8	 13.404553	 0.0249846	 536.51	
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385	 0.9512	 0.0127	 2600	 78.7	

566	 0.9561	 0.0176	 1767	 56.8	

741	 0.9600	 0.0215	 1350	 46.5	

909	 0.9624	 0.0239	 1100	 41.8	

E Mean	error	in	Kb	=	±0.01	M-1	

 

Table	IV.	17.	Data	for	the	Benesi-Hildebrand	double	reciprocal	plot	performed	by	
1H	 NMR	 spectroscopy	 for	 aqueous	 L-Isoleucine-β-CD	 system	 at	 298	 K	

(concentration	of	L-Isoleucine	=	500	µM)	

[β-CD]	

/µM	
δo	 δ	 Δδ	

1/[β-CD]	

/M-1	

1/Δδ	 Intercept	 Slope	

Kb
E	

/M-1	

196	

0.9385	

0.9444	 0.0059	 5100	 169.5	

15.332567	 0.0304047	 504.28	

385	 0.9489	 0.0104	 2600	 96.2	

566	 0.9526	 0.0141	 1767	 70.9	

741	 0.9566	 0.0181	 1350	 55.2	

909	 0.9597	 0.0212	 1100	 47.2	

E Mean	error	in	Kb	=	±0.01	M-1	
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Figures:	

Figure	IV.	1.	Variation	of	surface	tension	of	aqueous	(a)	

L-Leu-β-CD	and	(d)	L-Ile-
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Variation	of	surface	tension	of	aqueous	(a)	L-Leu-α-CD,	(b)	L

-β-CD	systems	respectively	at	298.15	K.	
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Figure	IV.2.	Variation	of	conductivity	of	aqueous	(a)	

Leu-β-CD	and	(d)	L-Ile-β-CD	systems	respectively	

Figure	 IV.3.	 Plot	 of	 limiting	 molar	 volume	 (

(yellow	 &	 blue)	 in	 different	 mass	 fractions	 (

respectively	at	298.15	K.	

Figure	IV.	4.	Plot	of	viscosity	B-coefficient

in	different	mass	fractions	(w)	of aq

K.	
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Variation	of	conductivity	of	aqueous	(a)	L-Leu-α-CD,	(b)	L-Ile-α-CD,	(c)	

systems	respectively	at	298.15	K.	

Plot	 of	 limiting	 molar	 volume	 (ϕ0V)	 for	 L-Leu	 (green	 &	 red)	 and	

blue)	 in	 different	 mass	 fractions	 (w)	 of aqueous α-CD	 and	 aqueous

coefficientL-Leu	(green	&	red)	and	L-Ile	(yellow	&
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Figure	IV.	5.	Plot	of	 limiting	molar	refraction	(

(yellow	 &	 blue)	 in	 different	 mass	 fractions	 (

respectively	at	298.15	K.	

Figure	IV.6.	1H	NMR	titration	spectra	of	L

K.	
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Plot	of	 limiting	molar	refraction	(R0M)	 for	L-Leu	(green	&	red

blue)	 in	 different	 mass	 fractions	 (w)	 of aqueous α-CD	 and	 aq

	

H	NMR	titration	spectra	of	L-Leucine	with	α-CD	in	D2O	at	300	MHz	at	298	

0.001
Leucine L-Isoleucine L-Leucine L-Isoleucine

Cyclodextrin
β-Cyclodextrin

mass fraction (w) 
of cyclodextrin
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Figure	IV.7.	 1H	NMR	titration	spectra	of	L

298	K.	

Fig.	IV.8.	1H	NMR	titration	spectra	of	L

Published	in	Carbohydrate	Polymers,	2016,	151,	458	–	466 

H	NMR	titration	spectra	 of	L-Isoleucine	 with	α-CD	 in	 D2O	 at	 300	MHz	at	

H	NMR	titration	spectra	of	L-Leucine	with	β-CD	in	D2O	at	300	MHz	at	298	K.

 

	

O	at	 300	MHz	 at	

	

O	at	300	MHz	at	298	K.	
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Fig.	IV.	9	1H	NMR	titration	spectra	of	L
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H	NMR	titration	spectra	of	L-Isoleucine	with	β-CD	in	D2O	at	300	MHz	at	298	K.
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Fig	IV.10.	Benesi-Hildebrand	double	reciprocal	plot	for	the	effect	of	α	and	β-CD	on	the	

chemical	shift	of	L-Leucine	and	L-Isoleucine.	

	

Schemes	

	

Scheme	IV.	1.	Molecular	structure	of	L-Leu,	L-Ile	in	aqueous	solution	and	cyclodextrin	

molecule	with	interior	and	exterior	protons.	
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Scheme	 IV.	 2.	 Schematic	 representation	 of	 mechanism	 for	 the	 formation	 of	 1	 :	 1	

inclusion	complex	of	L-Leu	and	L-Ile	with	both	α	and	β-cyclodextrin.	

 

Scheme.	 IV.	 3.	 (a)	 Proposed	 schemes	 of	 different	 possibilities	 of	 host-guest	 ratio	 for	

inclusion	complex.	(b)	Proposed	schemes	of	feasible	and	restricted	inclusion	of	the	guest	

into	the	host	molecule.	
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CHAPTER V 

Cage to cage study of Ionic liquid and cyclic oligosachharides to 

form inclusion complexes 

The inclusion complexation behaviour, charecterization and binding ability of 

Trihexyltetradecylphosphonium chloride with α and β-Cyclodextrin have been 

investigated both in aqueous and solid state by means of 1H-NMR, surface 

tension, conductivity, density, viscosity,refractive index, FT-IR,HRMS study. The 

shifts in the NMR spectra reveals that part of the ionic liquid is inserted in the 

cyclodextrin molecules. Surface tension and conductivity study approves the 1:1 

stoichiometry of the inclusion complex while density,viscosity and refractive 

index shows the interaction of the ionic liquid with host molecules. FT-IR and 

HRMS confirms the inclusion phenomenon. Binding constants have been 

evaluated using a non linear programme indicating a higher degree of 

encapsulation in case of β-cyclodextrin compared to α-cyclodextrin. 
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V. 1. Introduction 

The field of Ionic liquids draws the attention of modern chemists because of their 

unusual properties such as low vapour pressure, high thermal and chemical 

stability, large liquid temperature range and high solvation ability towards 

inorganic, organic, complex salts and biopolymers.[1] These properties make 

them completely different from molecular liquids. Ionic liquids are generally 

constituted with a large organic cataion and a small anion.[2] They have vast 

applications in various chemical industries because of their green nature. They 

produce less hazardous compounds during their use.[3] Phosphonium based 

ionic liquids are less toxic and more thermally stable than nitrogen based ionic 

liquids.1 In this research article the phosphonium based hydrophobic ionic liquid 

Trihexyltetradecylphosphonium chloride(TTP)(Scheme 1)has been used. This 

ionic liquid is highly used in separation of different dyes including methylene 

blue from aqueous media. This has also application as additives to improve the 

yield of essential oils in the hydrodistillation process.[4] 

Cyclodextrin(CD), a cyclic oligosachharide, is well known in supramolecular 

chemistry as molecular host because of their ability of inclusion of a range of 

guest molecules through non covalent interaction in their hydrophobic cavity.[5] 

α, β and γ cyclodextrins consists of 6,7 and 8 glucose units respectively linked by 

α-1,4 glucosidic linkage.[6] They can be described as a shallow truncated cone 

having primary and secondary hydroxyl groups in the rims (Scheme 2).[5] They 

can form stable inclusion complex with drugs,vitamins,ionic liquids, amino acids, 

neurotransmitters etc guest molecules.7 The weak intermolecular forces acting 

between the guest and host includes Vanderwaal’s force, dipole-dipole 

interaction, electrostatic and hydrogen bonding interactions.[8] CD’s are non-

toxic and considered safe to humans. Formation of inclusion complex is the best 

method to improve the physicochemical properties of the guest molecule. Due to 

the enormous application of the inclusion complexes formed by them they are 

used in cosmetic, food and pharmaceutical industeries.[9] 
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In the present study we attempt to ascertain the formation and nature of IC of α 

and β-CD with TTP in aqueous environment by spectroscopic and 

physicochemical studies.  Our aim is to explore the formation, carrying and 

controlled release of this ionic liquid by forming IC with CD without any chemical 

and biological modification of the guest molecule. Thus it will find better utility 

in the dye industry and also in the hydrodistillation process of oils. To the best of 

our knowledge no theoretical investigations concerning inclusion complex 

formation between α and β-CD and TTP have been perform so far. 

V. 2. Experimental Section 

V.2.1. Source and Purity of Samples 

Trihexyltetradecylphosphoniumchloride, α-cyclodextrin and β-cyclodextrin of 

puriss grade were bought from SigmaAldrich, Germany. The chemicals are used 

in the experiment in the same condition as purchased. The mass fraction purity 

of TTP, α-cyclodextrin and β-cyclodextrin ≥ 0.98, ≥ 0.99 and ≥ 0.98 respectively. 

V.2.2. Apparatus and Procedure 

The above mentioned ionic liquid trihexyltetradecylphosphonium chloride and 

the two CDs are freely soluble in triply distilled, deionized and degassed water. 

The stock solutions of TTP and aqueous CD were prepared by mass at 298.15 K. 

Mettler Toledo AG-285(uncertainty 0.0001 g) was used for weighing. 

1H NMR spectra were taken in D2O at 300 MHz with help of Bruker Advance 

instrument at 

298.15 K. Signals are mentioned as δ values in ppm. The internal standard is D2O 

(protonated signal at 4.79ppm). Data are cited as chemical shift. 

The surface tension study was performed with platinum ring detachment 

technique usinga Tensiometer (K9, KRSS; Germany). The temperature is 

maintained at 298.15 K by circulation of thermostated water through a double 
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wall glass vessel containing the solution. The accuracy of the instrument is about 

±0.1mN m-1. 

The conductivity study was carried out using a Mettler Toledo Seven Multi 

conductivity meter (uncertainty ±1.0 µSm-1) in a thermostated waterbath at 

298.15 K. HPLC grade water was used with a specific conductance of 6.0mSm-1. 

Calibration of the conductivity cell was done with 0.01 M aqueous KCl solution. 

Uncertainty of temperature was ±0.01 K. 

The densities (r) of the series of solutions were measured by vibrating U-tube 

Anton Paar digital density meter (DMA 4500 M) (precision ±0.00005 g cm-3). 

Calibration of the density meter was carried out by standard method. 

Uncertainty of temperature was ±0.01 K. 

The viscosities (η) of the solutions are measured with Brookfield DV-III Ultra 

Programmable Rheometer(spindle size 42). Other informations have already 

mentioned. 

Digital Refractometer from Mettler Toledo has been used to measure the 

refractive index of the solutions (uncertainty ±0.0002 units). Other informations 

have already mentioned. 

The two inclusion complexes of the ionic liquid TTP with both CD molecules 

(TTP+α-CD, TTP+β-CD) have been prepared in 1:1 molar ratio. 1.0mmol α-CD 

and 1.0mmol TTP were separately dissolved in 30 ml water. The two solutions 

were separately stirred for 4 hours. Then the aqueous solution of the TTP was 

dropwise added to aqueous α-CD solution. The mixture is stirred for 72 hours at 

about 60∘ c. The solution is filtered at 60∘ c and allowed to cool to 10∘ c. It was 

kept for 12 hours. After that the suspension was filtered and white crystalline 

powder was found. It was washed with ethanol and dried in air. 

The solid inclusion complexes are dissolved in methanol. HRMS spectra were 

recorded with a Q-TOF high resolution instrument by positive mode electro-

spray ionization. 
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FT-IR spectra were taken by Perkin Elmer FT-IR spectrometer by KBr disk 

technique. For preparation of KBr disk 1mg of the solid inclusion complex and 

100mg KBr were mixed. The scanning range of the spectra is 4000–400 cm-1 at 

room temperature. 

V. 3. Result and discussion 

V.3.1. 1H-NMR spectra 

1H-NMR study confirms the formation of inclusion complex of TTP with α and β-

CD.[9,10] Insertion of ionic liquid molecule into the hydrophobic cavity of CD 

molecules consequences the chemical shift of both the guest and host molecule. 

The TTP molecule results dimagnetic shielding of the protons as a result of 

interaction with the CD protons after inclusion. The position of different protons 

in the CD molecules are shown in scheme 3. The H3 and H5 protons are situated 

inside the cavity near the wider rim and narrower rim respectively. The other 

protons H1,H2 and H4 are situated outside the CD molecule.[11,12] The 

respective δ values of the ionic liquid TTP, α-CD, β-CD and inclusion complexes 

are reported in table V.1. The protons  of CD and TTP show considarable upfield 

shift in 1:1 inclusion complex of the ionic liquid and CD (Figure 1,2). It can be 

concluded from chemical shift that the protons of the hydrocarbon chain of TTP 

interacts more with the H3 protons than H5 suggesting the TTP molecule enters 

in the hydrophobic cavity from wider end. The shift in δ value of both the CD 

perhaps due to change of environment after inclusion complex formation. The 

H6 proton of α and β-CD remain uneffected after inclusion which again supports 

the fact that the guest molecule inserts from wider end. 

V.3.2. Surface Tension Study 

The formation and stoichiometry of the inclusion complexes can be interpreted 

with surface tension study.[13,14] Adding CD to water does not change the 

surface tension (γ)of water as it is hydrophobic in nature. This fact also 

illustrates that CD is surface inactive compounds.[15] The ionic liquid TTP 
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contains many long hydrocarbon chains and acts as strong surface active agent. 

The γ value of TTP is lower than pure water. Here the γ value of a series of 

solutions of TTP with increasing concentration of α-CD and β-CD have been 

measured at 298.15K (Table V.2-V.3). The γ value is found to increase for both 

the CD molecules. This is probably due to insertion of the hydrocarbon chain of 

the ionic liquid from the solution to the hydrophobic cavity of the host CD 

molecules. A single distinguisable break appears in the two surface tension plots 

depicted in figure V.3  which suggests the formation of IC.[16,17] The 

concentrations of TTP and the CD molecules at the break point (Table V.4)is 

approximately 1:1 which further confirms the stoichiometric ratio of the two ICs 

as 1:1. More number of breaks in the plot suggests complex stoichiometry of the 

complex such as 1:2,2:1,2:2 etc. the surface tension at the break point is slightly 

higher for  β-CD indicating it a better host compared to α-CD. 

V.3.3. Conductivity Study 

Conductivity study also supports the formation and stoichiometry of the two 

inclusion complexes formed.[18,19] The aqueous solution of the ionic liquid TTP 

shows considarable conductivity as it exsists as a charged structure. In this study 

the conductivity of a series of solutions of TTP with increasing concentration of 

α-CD and β-CD have been measured at 298.15K (Table V.2-V.3). The conductivity 

value shows regular decrease and after a sharp break point the conductivity 

value almost becomes constant. Similar results obtained in case of both host CD 

molecules. The decrease in the κ value probably due to the encapsulation of the 

long hydrocarbon chain of the guest TTP molecules in the hydrophobic cavity of 

CD. The values of κ and corresponding concentration of the host CD molecules 

are reported in table 1 which suggests that the ratio of concentration of TTP and 

the CD at the break point is almost 1:1.The appearance of sharp break( Figure 

V.4) points suggest the formation of inclusion complex and also the 

stoichiometry as 1:1.[20] 
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The break point indicates certain concentration where maximum number of TTP 

molecules are inserted in CD molecule ever before. [11]A dynamic equilibrium 

exsists between the guest ionic liquid and host CD molecules. 

Ionic liquid + cyclodextrin  Inclusion complex 

Maximum inclusion takes place at break point, after it the concentration of CD is 

higher than the concentration of TTP and the equilibrium shifts more towards 

the formation of IC. 

V.3.4. Density study: illustrates the interaction 

The interaction between the ionic liquid and the host molecules can be nicely 

explained with the help of density study. The apparent molar volume (φv) and 

limiting aparent molar volume (φv∘) have been calculated to explain the 

interaction. φv can be defined as the summation of volume of the central solute 

molecule and changes in the solvent volume as a result of interaction of the 

solute around its co-sphere.[21] The TTP forms a ternary solution system with 

aqueous CD molecules. Here TTP acts as solute and the CD plays the role of co-

solvent. φv∘ illustrates the interaction between them in the following system. φv 

values have been determined from the solvent density (measured at 

298.15K)(Table V.6) using  Masson Equation (Table V.7). φv∘ values were 

calculated by applying least square treatments to the plots of φv versus √m with 

the help of Masson Eqn.[22,23] The limiting aparent molar volumes are depicted 

in figure V.5. φv and φv∘ values shows decreaseing and increasing trend 

respectively for TTP with the increase of concentration of CD molecules. This 

trend clearly indicates that for this ionic liquid the ion-hydrophilic group 

interactions are more than ion –hydrophobic interactions. The limiting aparent 

molar volume increases regularly with increasing mass fraction of CD molecules. 

The value is slightly higher for β-CD indicating that it is a better host for TTP. The 

probable reason behind the assumption is that the hydrocarbon chains are 

encapsulated in the hydrophobic cavity of host CD and the positively charged P 

atoms interacts with the hydrophilic –OH groups of the CD present in the rim. 
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The larger cavity of β-CD helps to form more stable inclusion complexes with 

TTP as it contains more number of polar –OH groups. 

V.3.5. Viscosity 

The inclusion of of the ionic liquid TTP in the CD molecule can be also explained 

with the help of viscosity study.[24,25] The viscosity of the solution increases 

with the increase of the molarity of TTP in this ternary system due to structure 

making contribution of CD with water molecules (Table V.6). The viscosity B 

coefficient have been determined (table V.7) which explains the solute solvent 

interactions based upon the size and shape of solvent molecules. This parameter 

is found to be positive and depicted in the figure 6 . The rising value of B signifies 

the increasing interaction of TTP with CD and higher solvation.[21] The long 

hydrophobic decyl chain is encapsulated in the CD cavity. Again the B value is 

higher for β-CD than α-CD as the former is better host due to larger diameter 

than the latter. The viscosity result shows similarity with that of density study 

and it can be concluded that the structure of CDs and TTP are responsible for this 

kind of interaction. 

V.3.6. Refractive Index 

The refractive index( ηD)  also explains the interaction between the ionic liquid 

TTP with CD molecules.[20,21] It also supports the data obtained from density 

and viscosity data.The ηD values for a series of solutions are measured(Table V.6) 

with increasing molarity of TTP. The molar refraction (RM)  and limiting molar 

refraction (RM ∘) of the solutions were also determined ( V.7 and V.8). The plot 

(Figure V.7) shows that  the RM∘ value increases with the increase of mass 

fraction of TTP. The increasing values of both RM and RM∘ signify the ternary 

solution becomes more compact and dense. This means the inclusion complex of 

TTP with both the CD molecules are closely packed than TTP probably due to 

greater hydrophobic and ion-hydrophilic interactions. The higher RM∘ value for 

β-CD illustrates that it can better accommodate the ionic liquid in comparison to 

α-CD. 
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V.3.7. FT-IR spectra 

The encapsulation of TTP in the hydrophobic cavity of CD was confirmed from 

FT-IR spectroscopy as the band resulted from the inserted part of TTP showed a 

shift or their intensities are changed.[26,27] FT-IR spectra of TTP, α-CD, β-CD 

and the inclusion complexes were represented in figure V.8 and V.9. The various 

frequencies of the above mentioned compounds are reported in table V.8. The IR 

spectrum of the ionic liquid can be characterized by principal absorption peaks 

at 3372.75(Symmetrical Stretching of –C-H from CH3), 2941.63(Symmetrical 

Stretching of -C-H from –CH2), 1454.58(Stretching of P-CH2-) etc. The broad –O-H 

stretching frequency for α-CD and β-CD was observed at 3412.10 and 3349.84 

cm-1 respectively. In the two IC’s the –O-H frequency shifted to lower regeion i.e.; 

3378.08 and 3335.76 cm-1 for α-CD and β-CD respectively. The reason behind the 

fact is the involvement of the –O-H groups of both the CDs in hydrogen bonding 

with the guest TTP molecule.[28,29] The prominent peaks of the ionic liquid for 

–P-CH2, -CH3,-CH2- of the hydrocarbon chains are shifted in both the IC’s. The 

changes in the FT-IR spectra of TTP are due to the restriction of the vibration of 

free TTP molecules as the hydrocarbon chains are inserted in the cavity of CD 

molecules. No additional peaks are obtained in the spectra of IC’s. This fact again 

suggests that only non covalent interaction exsists between the CDand TTP, only 

Vanderwaal’s interaction are present. [30,31] 

V.3.8. Mass Spectra 

The charecterisation of the two inclusion complexes can also be done by ESI-MS 

study.[32,33] Although it is difficult to interpret sometimes but m/z value helps 

to charecterise the inclusion complexes formed. Figure V.9 and V.10 shows the 

MS spectra of the two inclusion complexes TTP+α-CD, TTP+β-CD respectively. 

The intense peaks at m/z 1491.80 and 1653.85 indicates the proton adduct of 

TTP-α-CD IC and TTP-β-CD IC. No other significant peaks are observed at higher 

values. This study confirms the formation of two inclusion complexes with 1:1 

stoichiometry. [34, 35] 
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V.3.9. Binding Constants: Non linear isotherms 

Association constants(Kb) of the two inclusion complexes have been determined 

from conductivity study.[25] The insertion of the ionic liquid molecule into the 

hydrophobic cavity of the two CD molecule results the change in conductivity of 

the aqueous solution. A non linear programme was used to determine the 

binding constants depending upon this fact.[36,37] There exsists an equilibrium 

between guest TTP and host CD molecules leading to the formation of 1:1 

inclusion complex. The equilibrium can be represented as 

TTP� 	+	CD�			
K�			IC                                                       (1) 

The expression of the binding constant can be obtained from the above equation 

as 

K� = 	
[��]

[���]�[��]�
                                                              (2) 

In the above equation, [IC],[TTP]f and [CD]f expresse the equilibrium 

concentration of the inclusion complex, free TTP and cyclodextrin molecule 

respectively. The binding constant Kb can be expressed in terms of conductivity κ 

as 

K� = 	
[��]

[���]�[��]�
= 	

(�������)

(������)[��]�
                                          (3) 

where, [CD]� = 	 [CD]�� 	
[���]��(�������)

(����)
                         (4) 

Where κo, κobsand κ represent the conductivity of TTP initially, during addition of 

host and final state respectively. [TTP]ad and [CD]ad are the concentrations of IL 

and the added CD respectively.  Application of the non linear programme to the 

binding isotherms gives the value of Kb (Table V.10 ). The association constant 

for TTP is slightly higher in case of β-CD probably due to the reason that it can 



163 | Chapter V 

 

Published in RSC Advances, 2017, 7, 40803-40812 
 

better accommodate the ionic liquid due to its more larger dimension compared 

to α-CD. 

V.4. Conclusion 

The present article confirms that the above mentioned ionic liquid 

Trihexyltetradecylphosphonium chloride forms inclusion complex with both α 

and β-CD in aqueous medium and in solid state. These two IC’s can be used for 

controlled release of this ionic liquid. 1H-NMR study confirms the inclusion 

phenomenon whereas surface tension and conductivity study reveal the 1:1 

stoichiometry of the complexes. Density ,viscosity and refractive index study 

show the interaction between the guest and host CD’s. FT-IR spectra and mass 

spectra also supported the formation of IC. The binding constants for the 

formation of the two IC’s have been evaluated from non linear isotherms using 

conductivity study. It is found to be higher for β-CD. These two IC’s have 

application in various industrial processes to make them greener. 

. 
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Tables 

Table V.1. 1H NMR data of TTP, α-CD, β-CD and inclusion complexes 

α-Cyclodextrin: (500 MHz, Solv: D2O) δ=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) 

 

β-Cyclodextrin: (500 MHz, Solv: D2O) δ=3.49-3.54 (6H, t,  J = 9.2 Hz), 3.57-3.60 

(6H, dd, J = 9.6, 3.2 Hz), 3.79-3.84 (18H, m), 3.87-3.92 (6H,t, J = 9.2 Hz), 5.00-

5.01 (6H, d, J = 3.6 Hz) 

 

TTP: (400 MHz, Solv: D2O) δ=0.71-0.77(9H,d,J=), 1.0-1.61(48H,m), 2.0-
2.07(2H,d,J=), 2.29(6H,s) 
 
TTP-α-CD: (1:1 molar ratio, 300 MHz, Solv: D2O) : δ= 0.90-1.22(54H,m), 3.22-

3.26(6H, t, J= Hz),3.30-3.32(6H, dd,J=)3.47-3.57(18H, m),3.59-3.62(6H, t, J =  Hz) 

TTP-β-CD: (1:1 molar ratio, 300 MHz, Solv: D2O) : 0.88-1.20(54H,m),1.35-

1.37(2H,d,J=),3.18-3.22(6H, t, J=),3.28-3.30(6H, dd,J=), 3.42-3.52(18H, m), 3.52-

3.67(6H, t, J =  Hz) 

Table V.2. Data for surface tension and conductivity study of aqueous TTP-

α-CD system at 298.15Ka 

Volm of 

α-CD 

(mL) 

Total 

volm 

(mL) 

Conc of 

TTP (mM) 

Conc of α-CD 

(mM) 

Surface 

tension 

(mN m-1) 

Conductuvity 

(mS m-1) 

0 10 10.000 0.000 25.5 5.81 

1 11 9.091 0.909 28.4 5.29 

2 12 8.333 1.667 31.3 4.77 

3 13 7.692 2.308 33.6 4.34 

4 14 7.143 2.857 35.9 3.98 

5 15 6.667 3.333 37.7 3.64 

6 16 6.250 3.750 39.5 3.35 
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7 17 5.882 4.118 40.8 3.14 

8 18 5.556 4.444 42.1 2.93 

9 19 5.263 4.737 43.5 2.75 

10 20 5.000 5.000 45.0 2.60 

11 21 4.762 5.238 45.4 2.54 

12 22 4.545 5.455 45.9 2.51 

13 23 4.348 5.652 46.2 2.48 

14 24 4.167 5.833 46.5 2.45 

15 25 4.000 6.000 46.8 2.43 

16 26 3.846 6.154 47.0 2.41 

17 27 3.704 6.296 47.2 2.39 

18 28 3.571 6.429 47.4 2.37 

19 29 3.448 6.552 47.6 2.35 

20 30 3.333 6.667 47.8 2.33 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table V.3. Data for surface tension and conductivity of aqueous TTP-β-CD 

system at 298.15Ka 

Volm of 

β-CD 

(mL) 

Total 

volm 

(mL) 

Conc of 

TTP (mM) 

Conc of β-CD 

(mM) 

Surface 

tension 

(mN m-1) 

Conductuvity 

(mS m-1) 

0 10 10.000 0.000 25.5 5.81 

1 11 9.091 0.909 28.8 5.27 

2 12 8.333 1.667 31.7 4.74 

3 13 7.692 2.308 34.1 4.31 

4 14 7.143 2.857 36.4 3.95 

5 15 6.667 3.333 38.3 3.61 

6 16 6.250 3.750 39.9 3.31 
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7 17 5.882 4.118 41.2 3.10 

8 18 5.556 4.444 42.5 2.89 

9 19 5.263 4.737 43.9 2.71 

10 20 5.000 5.000 45.4 2.56 

11 21 4.762 5.238 45.8 2.51 

12 22 4.545 5.455 46.2 2.48 

13 23 4.348 5.652 46.6 2.45 

14 24 4.167 5.833 46.9 2.42 

15 25 4.000 6.000 47.2 2.40 

16 26 3.846 6.154 47.4 2.38 

17 27 3.704 6.296 47.6 2.36 

18 28 3.571 6.429 47.8 2.34 

19 29 3.448 6.552 48.0 2.32 

20 30 3.333 6.667 48.2 2.30 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

 

Table V.4.Values of Surface Tension (γ) and Conductance (κ) data the break 

point with corresponding concentration of α and β-CD at 298.15K. 

TTP 

α-CD β-CD 

Surface Tension 

Concentration(mM) 

5.30 

γ mNm-1 

45.57 

Surface Tension 

Concentration(mM) 

5.24 

γ mNm-1 

45.84 
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Conductivity 

Concentration(mM) 

4.97 

κ mSm-1 

2.59 

Conductivity 

Concentration(mM) 

4.95 

 

κ mSm-1 

2.56 

 

 

 

Table V.5. Experimental values of density (ρ), viscosity (η) and refractive 

index (nD) of different mass fractions of aqueous α and β-cyclodextrin 

mixtures at 298.15 Ka 

 

Aqueous solvent 

mixture 

ρ×10-3 

/kg m-3 

η 

/mP s 
nD 

aq. α-CD 

w1 = 0.001 0.99735 1.29 1.3329 

w1 = 0.003 0.99802 1.30 1.3332 

w1 = 0.005 0.99868 1.31 1.3335 

aq. β-CD 

w2 = 0.001 0.99755 1.30 1.3328 

w2 = 0.003 0.99819 1.31 1.3331 

w2 = 0.005 0.99895 1.32 1.3334 

a Standard uncertainties u are: u(ρ) = 5×10-5 g cm-3, u(η) = 

0.003 mP s, u(nD) =0.0002,  and u(T) = ±0.01K. 
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Table V.6. Experimental values of density (ρ), viscosity (η) and refractive 

index (nD) of selected ionic liquid in different mass fractions of aqueous α 

and β-cyclodextrin mixtures at 298.15 Ka 

molality 

/mol kg-1 

ρ×10-3 

/kg m-3 

η 

/mP s 

nD molality 

/mol kg-1 

ρ×10-3 

/kg m-3 

η 

/mP s 

nD 

TTP 

                                     w1 = 0.001b                                                                        w2 = 0.001b 
0.010073 0.99791 1.31 1.3335 0.010073 0.99795 1.33 1.3341 

0.025352 0.99911 1.33 1.3336 0.025361 0.99876 1.35 1.3342 

0.040821 1.00066 1.34 1.3338 0.040859 0.99974 1.37 1.3343 

0.056485 1.00228 1.36 1.3339 0.056567 1.00086 1.39 1.3344 

0.072328 1.00416 1.37 1.3340 0.072482 1.00211 1.41 1.3345 

0.088371 1.00599 1.38 1.3342 0.088605 1.00345 1.43 1.3347 

                                      w1 = 0.003b                                                                        w2 = 0.003b 
0.010068 0.99841 1.33 1.3346 0.010066 0.99859 1.34 1.3349 

0.025349 0.99921 1.35 1.3347 0.025340 0.99955 1.37 1.3350 

0.040841 1.00017 1.37 1.3348 0.040816 1.00077 1.39 1.3352 

0.056546 1.00122 1.39 1.3349 0.056491 1.00216 1.41 1.3354 

0.072462 1.00237 1.40 1.3350 0.072362 1.00371 1.43 1.3356 

0.088593 1.00358 1.42 1.3351 0.088440 1.00524 1.45 1.3359 

                                          w1 = 0.005b                                                                        w2 = 0.005b 
0.010062 0.99902 1.341 1.3353 0.010060 0.99925 1.35 1.3357 

0.025335 0.99975 1.365 1.3354 0.025328 1.00003 1.38 1.3358 

0.040821 1.00065 1.384 1.3355 0.040807 1.00099 1.40 1.3359 

0.056526 1.00156 1.403 1.3356 0.056492 1.00215 1.43 1.3362 

0.072434 1.00275 1.421 1.3358 0.072387 1.00337 1.44 1.3364 

0.088559 1.00395 1.440 1.3360 0.088500 1.00459 1.46 1.3367 
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Table V.7. Apparent molar volume (ϕV), (ηr-1)/√m and molar refraction 

(RM) of selected ionic liquid TTP 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 

TTP 

                                                                  w1 = 0.001b                                                 w2 = 0.001b 

0.010073 464.54 0.162 106.5855 0.010073 480.49 0.230 107.3600 

0.025352 450.10 0.180 107.1893 0.025361 472.07 0.261 107.3020 

0.040821 437.72 0.200 107.0897 0.040859 465.70 0.278 107.2260 

0.056485 430.82 0.212 106.9820 0.056567 460.26 0.294 107.1350 

0.072328 423.15 0.225 106.8381 0.072482 455.28 0.314 107.0304 

0.088371 418.77 0.235 106.6671 0.088605 451.00 0.328 106.9455 

                                                                  w1 = 0.003b                                                 w2 = 0.003b 

0.010068 481.26 0.222 107.4476 0.010066 480.18 0.251 107.5027 

0.025349 472.65 0.246 107.3874 0.025340 465.75 0.293 107.4167 

0.040841 466.48 0.259 107.3167 0.040816 455.63 0.310 107.3450 

0.056546 462.04 0.278 107.2364 0.056491 447.94 0.331 107.2659 

0.072462 458.07 0.294 107.1488 0.072362 441.25 0.346 107.1774 

0.088593 454.80 0.305 107.0592 0.088440 437.16 0.359 107.1095 

                                                                  w1 = 0.005b                                                 w2 = 0.005b 

0.010062 485.95 0.236 107.5943 0.010060 489.82 0.249 107.6730 

0.025335 477.14 0.264 107.5448 0.025328 476.61 0.286 107.6149 

0.040821 470.68 0.280 107.4772 0.040807 468.80 0.315 107.5428 

0.056526 467.56 0.299 107.4085 0.056492 461.61 0.338 107.5129 

0.072434 461.78 0.315 107.3390 0.072387 456.65 0.349 107.4454 

0.088559 457.91 0.333 107.2686 0.088500 453.43 0.367 107.4049 
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. 

 

 

 



170 | Chapter V 

 

Published in RSC Advances, 2017, 7, 40803-40812 
 

Table V.8. Limiting apparent molar volume (ϕVo), experimental slope (SV*), 

viscosity A and B-coefficient and limiting molar refraction (RMo) of ionic 

liquid TTP in different mass fractions of aqueous α and β-cyclodextrin 

mixtures at 298.15 Ka 

Aq. solvent 

mixture 

ϕ0
V ×106

 

/ m3 mol-1 

S*
V ×106

 

/m3mol- 3/2kg1/2 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

RM
O ×106 

/m3 mol-1 

TTP 

w1 = 0.001b 
487.4 -236.5 0.376 0.122 107.59 

w1 = 0.003b 
494.2 -134.3 0.423 0.178 107.68 

w1 = 0.005b 
499.7 -140.2 0.483 0.185 107.79 

TTP 

w2 = 0.001b 
495.7 -149.9 0.492 0.180 107.61 

w2 = 0.003b 
501.3 -221.3 0.540 0.201 107.72 

w2 = 0.005b 
507.1 -186.3 0.596 0.191 107.82 

 

Table V.9. Frequencies at FTIR spectra of PB,α-CD, β-CD and solid inclusion 

complexes 

 Wave Number / cm-1 Group 

TTP 

3372.75  Symmetrical Stretching of –

C-H from CH3 

2941.63 Symmetrical Stretching of -

C-H from –CH2 

1624.43 Bending of -C-H from –CH2 

1454.58 Stretching of P-CH2-  

1215.23 Bending of P-CH2- 
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1111.34 Weak Stretching of -C-C- 

989.76 Weak bending of -C-C- 

 

α-Cyclodextrin 

3412.10 stretching of O-H 

2930.79 
stretching of –C-H from –

CH2 

1406.76 
bending of –C-H from –

CH2 and bending of O-H 

1154.39 bending of C-O-C 

1030.39 stretching of C-C-O 

952.36 

skeletal 

vibration  involving 

α-1,4linkage 

β-Cyclodextrin 

3349.84 stretching of O-H 

2921.52 
stretching of –C-H from –

CH2 

1412.36 

 

bending of –C-H from –

CH2 and bending of O-H 

1157.57 bending of C-O-C 

1033.51 stretching of C-C-O 

938.53 
skeletal vibration  

involving α-1,4linkage 

TTP+α-CD 

3378.08 
Stretching of –O-H of α-CD 

2927.03 
Stretching of –C-H from –

CH2 of TTP  

2364.96 
Stretching of –C-H from –

CH2 of TTP 

1626.46 
Bendingof –C-H from –CH2 

of TTP 

1148.51 Bending of –C-O-C of α-CD 

1017.64 
Stretching of –C-C-O of α-

CD 

TTP+β-CD 
3335.76 

Stretching of –O-H of β-CD 
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2916.86 
Stretching of –C-H from –

CH2 of TTP 

1646.96 
Bending of –C-H from –CH2 

of TTP 

1385.73 
Stretching of P-CH2 from 

TTP 

1156.87 
Bending of –C-O-C- from β-

CD 

1080.34 
Weak stretching of C-C of 

TTP 

1021.32 
Stretching of –C-C-O of β-

CD 

 

Table V.10. Binding constants (Kb) of various ionic liquid–cyclodextrin 

inclusion complexes 

Binding constantb  Kb×10-3/M-1 

Temperature a/K TTP-α-CD TTP-β-CD 

293.15 2.35 2.47 

298.15 2.14 2.27 

303.15 1.98 2.02 

a standard uncertainties in temperature u are: u(T)=±0.01K. 

 b Mean errors in Kb=±0.01×10-3M-1 
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Figures 

 

Figure V.1. 1H NMR Spectra of (a) α-CD (b) TTP and (c) 1:1 molar ratio of α-CD + 

TTP in D2O in 298.15 K. 



174 | Chapter V 

 

Published in RSC Advances, 2017, 7, 40803-40812 
 

 

Figure V.2. 1H NMR Spectra of (a) β-CD (b) TTP and (c) 1:1 molar ratio of β-CD + 

TTP in D2O in 298.15 K. 
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Fig V.3. variation of surface tension of aqueous TTP solution with increasing 

concentration of (a) α-CD (b)

 

Fig V.4. variation of conductivity of aqueous TTPsolution with increasing 

concentration of (a) α-CD (b)
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variation of surface tension of aqueous TTP solution with increasing 

CD (b)β-CD respectively at 298.15K. 

variation of conductivity of aqueous TTPsolution with increasing 

CD (b)β-CD respectively at 298.15K. 
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Fig V.5: Plot of limiting molar volume (φ

α-CD and β-CD for TTP( α-CD Blue, β

Fig V.6. Plot of viscosityB-coefficient against mass fraction

and aqueous β-CD for TPP( blue and green respectively) at 298.15K

Fig V.7. Plot of limiting molar refraction(R

of aqueous α-CD and β-CD at 298.15K
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molar volume (φv∘) against mass fraction (w) of aqueous

CD Blue, β-CD Brown) at 298.15 K 

 

coefficient against mass fraction(w) of aqueous

CD for TPP( blue and green respectively) at 298.15K 

 

Plot of limiting molar refraction(RM∘) for TPP in different mass fraction 

CD at 298.15K 
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Fig V.8. FTIR spectra of (a) TTP (b) α-CD and (c) TTP-α-CD inclusion complex. 
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Fig V.9. FTIR spectra of (a) TTP (b) β-CD and (c) TTP-β-CD inclusion complex. 
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Fig V.10. ESI mass spectra of TTP-α-CD inclusion complex. 

 

Fig V.11: ESI mass spectra of TTP-β-CD inclusion complex. 
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Schemes 

 

Scheme V.1: Two dimentional molecular structure of the ionic liquid 

Trihexyltetradecylphosphonium chloride. 

                          

                        α-CD                                                                    β-CD 

                          (a)                                                                         (b) 

                                                                      

                                                                                      (c) 

Scheme V.2: Structure of (a) α-CD (b) β-CD and (c) cone structure of cyclodextrin 

molecule 
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Scheme V.3. Location of different protons in truncated conical structure of α and β-

cyclodextrin 

                                    

Scheme V.4. Plausible mechanism of formation of inclusion complex between TTP and 

CD molecule. 
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Study	to	explore	host-guest	inclusion	complexes	of	cyclodextrins	

with	biologically	active	molecules	in	aqueous	environment

of	two	natural	amino	acids,	viz.,	L-asparagine	and	L

into	 the	 host	 cavity	 of	 α	 and	 β-cylodextrins	 in	 aqueous	 solution	

which	 have	 various	 applications	 in	 the	 field	 of	

for	controlled	delivery	of	 necessary	amount	of	 the	guest	

targeted	 site	 for	 a	 period	 of	 time	 efficiently	 and	 precisely.	 Surface	 tension	 and	

conductivity	 studies	 establish	 the	 formation	 of	 inclusion	 complexes	 wi

inclusion	 complexes	 have	 been	 characterized	

	basing	upon	density	and	viscosity	studies.	Contribut

s	of	the	guest	amino	acid	molecules	toward	the	limiting	apparent	

molar	 volume	 and	 viscosity	 B-coefficient	 have	 been	 calculated,	 as	 well	 as	 the	

solvation	 and	 hydration	 numbers	 are	 determined	 to	 support	 the	 inclusion	

Formations	 of	 the	 inclusion	complexes	have	been	explained

p	 of	 hydrophobic	 effect,	 H-bonding,	 electrostatic	 forces	 and	 structural	
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VI.1.	Introduction	

Cyclodextrins	 (CDs)	 have	 enormous	 applications	 in	 the	 modern	 science	

for	controlled	release	of	various	compounds	due	to	their	special	ability	to	form	

inclusion	 complexes	 with	 diverse	 guest	 molecules	 [1].	 They	 are	 cyclic	

oligosaccharides	having	six	(α-CD),	seven	(β-CD)	and	eight	(γ-CD)	glucopyranose	

units,	 bound	 together	 by	 α-(1-4)	 linkages	 [2].	 CDs	 are	 formed	 during	 bacterial	

digestion	 of	 cellulose	 and	 have	 shape	 like	 a	 truncated	cone	 rather	 than	perfect	

cylinders.	 They	 have	 unique	 structural	 features,	 i.e.,	 polar	 hydrophilic	 rims	

having	 primary	 and	 secondary	 –OH	 groups	 and	 hydrophobic	 inner	 cavity	

(Scheme	V.1)	[3].	Due	to	this	type	of	structure	CDs	can	act	as	molecular	hosts	for	

various	 biological,	 pharmaceutical,	 organic	 and	 inorganic	 guest	 molecules	 by	

forming	 host–guest	 inclusion	 complexes	 [4,	 5].	 Advantageous	 changes	 in	 the	

physical	properties	of	the	guest	molecules	may	occur	after	encapsulation	by	CD,	

which,	 hence,	 are	 used	 for	 stability,	 solubility,	 bioavailability	 and	 as	carrier	 for	

the	bio-active	molecules	through	the	formation	of	inclusion	complexes	[6,	7].	

L-Asparagine	 (L-Asn)	 or	 2-amino-3-carbamoylpropanoic	 acid	 and	 L-

Aspartic	 acid	 (L-Asp)	 or	 2-aminobutanedioic	 acid	 are	 two	 natural	 amino	 acids	

that	are	used	in	the	biosynthesis	of	proteins	(Scheme	V.1).	L-Asn	is	required	for	

the	 development	 of	 brain	 and	 plays	 an	 important	 role	 in	 the	 synthesis	 of	

ammonia	 [8].	 L-Asp	 is	 the	 precursor	 of	 many	 essential	 amino	 acids	 and	

participates	in	gluconeogenesis	process	in	mammals	[9].	In	this	present	work	we	

have	 attempted	 to	 ascertain	 the	 nature	 of	 formation	 of	 inclusion	 complexes	 of	

the	 above	 two	 α-amino	 acids	 viz.	 L-Asn	 and	 L-Asp	 in	 0.001,	 0.003,	 0.005	 mass	

fractions	of	α and β-CDs	in	aqueous	media	with	the	help	of	the	various	important	

properties	such	as	surface	tension,	conductivity,	density,	viscosity	and	pH.	

VI.	2.	Experimental	Section	

VI.	2.1.	Source	and	Purity	of	Samples	

The	 above	 mentioned	 two	 amino	 acids	 and	 CDs	 of	 puriss	 grade	 were	

purchased	 from	 Sigma-Aldrich,	 Germany	 and	 used	 as	 it	 was.	The	mass	 fraction	



185	|	Chapter	VI 

 

Published	in	Fluid	Phase	Equilibria,	2016,	425,	252	–	258	

purity	 of	 L-Asn,	 L-Asp,	 α-CD	 and	 β-CD	 were	 ≥	 0.99,	 0.99,	 0.98	 and	 0.98	

respectively.	

VI.2.2.	Apparatus	and	Procedure	

Solubilities	 of	 the	 two	 CDs	 and	 that	 of	 the	 above	 two	 α-amino	 acids	 in	

aqueous	CDs	have	been	verified	in	triply	distilled,	deionized	and	degassed	water.	

It	 was	 detected	 that	 these	 were	 quite	 soluble	 in	 aqueous	 CDs.	 All	 the	 stock	

solutions	 of	 L-Asn	 and	 L-Asp	 were	 prepared	 by	 mass	 (Mettler	 Toledo	 AG-285	

with	uncertainty	0.0001	g)	and	the	working	solutions	were	got	by	mass	dilution	

at	298.15	K.	Changes	of	molarity	to	molality	were	done	using	the	densities	of	the	

solutions	 [10].	 Sufficient	 precautions	 were	 made	 to	 decrease	 the	 evaporation	

during	mixing.	

pH	values	were	measured	by	Mettler	Toledo	Seven	Multi	pH	meter	having	

uncertainty	±0.001.	 It	was	studied	in	a	water	bath	with	thermostat	maintaining	

the	temperature	at	298.15	K,	having	uncertainty	in	temperature	±0.01	K.	

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	 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.	

The	densities	(ρ)	of	the	solutions	were	studied	by	vibrating	U-tube	Anton	

Paar	digital	density	meter	(DMA	4500M)	having	precision	±0.00005	g	cm-3 and	

uncertainty	 in	 temperature	 was	 ±0.01K.	 The	 density	 meter	 was	 calibrated	 by	

standard	method	[10].	
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Viscosities	(η)	were	determined	by	Brookfield	DV-III	Ultra	Programmable	

Rheometer	 with	 spindle	 size	 42.	 The	 detail	 has	 already	 been	 depicted	 before	

[10].	

VI.	3.	Result	and	Discussion	

VI.3.1.	pH	measurement	proves	the	ionic	structures	of	the	amino	acids	

pH	study	is	an	important	technique	to	get	clue	about	the	existence	of	zwitterionic		

states	of	amino	acids	in	aqueous	media	[11,	12].	The	range	of	pH	values	for	L-Asn	

in	both	aqueous	α	and	β-CD	was	from	7.12	to	6.11	whereas	for	L-Asp	it	ranged	

from	3.53	 to	2.74	 in	the	same	system	at	298.15K.	The	pH	value	decreases	with	

increasing	 concentration	 of	 the	 two	 amino	 acids,	 also	 with	 increasing	

concentration	of	α	and	β-CD	respectively	(Table	V.8).	These	may	be	attributed	as	

the	 –OH	 groups	 at	 the	 rims	 of	 CD	 molecules	 interact	 with	 the	 amino	 acids	 by	

making	H-bonds	or	by	 ion-dipolar	 interactions,	the	proton	releasing	ability	and	

proton	accepting	ability	of	–COOH	and	–NH2	groups	respectively	vary	in	presence	

of	different	amount	of	CD	in	solution.	As	the	β-CD	has	one	more	glucopyranose	

unit,	 it	 has	 more	 number	 of	 –OH	 groups,	 thus	 interaction	 with	 amino	 acids	 is	

more	in	case	of	β-CD	than	in	case	of	α-CD.	Consequently	the	pH	values	of	the	two	

amino	 acid	 solutions	 are	 different	 in	 α	 and	 β-CD.	 Hence,	 these	 pH	 values	

evidently	illustrate	the	existence	and	difference	in	the	zwitterionic	states	of	 the	

amino	acids,	i.e.,	the	amine	and	carboxylic	acid	groups	exist	in	ionic	forms	–NH3+	

and	 –COO-	 respectively	 (Scheme	 V.1)	 and	 the	 carboxylic	 acid	 group	 in	 the	 side	

chain	of	L-Asp	exists	as	-COO-.	The	lower	pH	in	case	of	L-Asp	is	due	to	liberation	

of	an	H+	ion	from	–COOH	group	at	the	side	chain.	

VI.3.2.	 Surface	 tension	 measurement	 proves	 inclusion	 and	 shows	 the	

stoichiometry	of	the	inclusion	complexes	

Surface	 tension	 (γ)	 study	 may	 be	 applied	 to	 acquire	 important	

information	 about	 the	 formation	 of	 inclusion	 complex	 inside	 CDs	 [13,	 14].	

Because	of	existence	of	polar	groups	in	the	side	chain	of	the	two	studied	amino	
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acid	 molecules,	 they	 show	 substantial	 increase	 in	 γ	 of	 their	 aqueous	 solutions,	

but	there	is	no	significant	change	in	γ	for	aqueous	CD	solution	compared	to	pure	

water	[15].	 In	this	work	the	two	natural	amino	acids	L-Asn	and	L-Asp	exsist	as	

zwitterionic	 forms	and	also	contain	polar	side	groups	(	 -CONH2	group	 in	L-Asn	

and	 COO-	 in	 L-Asp)	 hence	 there	 may	 be	 ionic	 interactions	 among	 the	 charged	

groups	resulting	an	increase	in	γ	of	their	solutions	[16].	In	presence	of	α	and	β-

CD	the	surface	tension	is	markedly	affected.	Here	γ	of	aqueous	amino	acids	has	

been	measured	with	increasing	concentrations	of	α	and	β-CD	at	298.15K	(Table	

V1-V4).	

The	 surface	 tension	 values	 were	 declining	 regularly	 for	 both	 the	 two	

amino	 acids	 with	 increasing	 concentration	 of	 α	 and	 β-CD	 might	 be	 due	 to	 the	

formation	 of	 inclusion	 complexes	 inside	 the	 cavity	 of	 α	 and	 β-CD	 (Figure	 V.1).	

Similar	curves	are	obtained	for	both	L-Asn	and	L-Asp	each	with	single	noticeable	

break	at	a	point	where	the	concentration	ratio	of	the	host	and	the	guest	is	about	

1:1	for	all	the	four	cases	indicating	1:1	stoichiometry	of	each	inclusion	complexes	

formed	 (Table	 V.5).	 More	 break	 points	 in	 the	 curve	 would	 imply	 complex	

stoichiometries	(1:2,	2:1,	2:2	etc.)	of	 the	 inclusion	complexes	(Scheme	V.2)	[17,	

18].	The	two	amino	acids,	therefore,	form	1:1	inclusion	complexes	with	both	CDs.	

The	 amino	 acids	 enter	 into	 the	 CDs	 via	 the	 wider	 rim	 to	 make	 highest	 contact	

with	the	CD	cavity,	increasing	the	hydrophobic	interactions	(Scheme	V.3).	

VI.3.3.	Conductivity	measurement	explains	the	inclusion	phenomenon	and	

the	stoichiometry	

The	formation	of	host–guest	inclusion	complex	and	also	the	stoichiometry	of	the	

inclusion	 complex	 can	 be	 established	 by	 conductivity	 study	 [19,	 20].	 From	 pH	

measurement	 it	 is	 obvious	 that	 the	 conductivity	 of	 solutions	 is	 due	 to	 the	

zwitterionic	 forms	 of	 amino	 acids.	 While	 the	 guest	 molecule	 goes	 into	 the	

hydrophobic	 cavity	 of	 CD,	 the	 conductivity	 of	 the	 solution	 goes	 on	 decreasing	

regularly.	This	 is	due	 to	 the	 decrease	of	mobility	of	amino	acid	molecules	 after	

inclusion	in	the	cavity	of	cyclodextrin.	Therefore	the	inclusion	phenomenon	has	
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great	 effect	 upon	 the	 conductivity	 of	 the	 solution.	 In	 the	 present	 study	 the	

conductivity	 of	 the	 solutions	 having	 10	 mmolL-1	 conc	 of	 aqueous	 L-Asn	 and	 L-

Asp	 have	 been	 measured	 with	 increasing	 conc	 of	 both	 the	 CDs	 (Table	V.1-V.4).	

The	 conductivity	 of	 the	 solutions	 regularly	 decreases	 for	 both	 the	 two	 natural	

amino	acids	in	both	aqueous	α	and	β-CD	which	is	obviously	for	the	formation	of	

inclusion	complex	(Figure	V.2).	

In	 every	 curve	 of	 conductivity	 vs	 concentration	 of	 CD,	 a	 sharp	 break	 is	

found	at	such	a	point	where	the	concentration	ratio	of	the	host	and	the	guest	is	

about	 1:1,	 signifying	 that	 the	 stoichiometric	 ratio	 of	 amino	 acid-CD	 inclusion	

complex	is	equimolar,	i.e.,	1:1	host-guest	inclusion	complexes	have	been	formed	

(Table	V.6)	[11].	

Scheme	 V.4	 	 shows	 the	 plausible	 mechanism	 of	 formation	 of	 inclusion	

complexes	which	illustrate	the	hydrophobic	hydrocarbon	part	 is	situated	inside	

the	cavity	and	the	polar	groups	are	situated	just	at	both	the	rims	of	CD	and	get	

stabilized	by	making	H-bonds	with	the	rimmed	–OH	groups.	

Different	stiochiometry	of	the	inclusion	complexes	such	as	1:2,	2:1,	2:2	etc	

would	 be	 recognized	 by	 more	 break	 points	 in	 the	 conductivity	 curve	 (Scheme	

V.2).	 For	 both	 the	 amino	 acids	 the	 conductivity	 at	 the	 break	 was	 found	 slight	

lower	for	β-CD	than	α-CD,	which	may	be	due	to	β-CD	is	better	host	than	α-CD	for	

the	above	two	amino	acids.	

VI.3.4.	 Density	 study:	 group	 contributions	 and	 interaction	 involving	 the	

host	and	the	guest	

The	characteristic	behavior	of	interactions	(here,	inclusion)	of	solute	can	

be	 obtained	 from	 apparent	 molar	 volume	 (ϕv)	 and	 limiting	 apparent	 molar	

volume	 (ϕvo)	 [13].	 ϕv	 is	 measure	 of	 the	 total	 geometric	 volume	 of	 the	 central	

solute	and	the	changes	in	solvent	volume	due	to	the	interactions	with	the	solute	

surrounding	 the	 co-sphere	 [21]. ϕvo	 signifies	 the	 solute-solvent	 interactions	 in	

the	amino	acids+aq.	CD	ternary	solution	systems.	For	this	principle,	ϕv	have	been	

calculated	from	the	solution	densities	using	the	appropriate	equation	at	298.15	

K.	 The	 magnitudes	 of	 ϕv	 (table	 V.10)	 are	 found	 to	 be	 large	 and	 positive	 for	 all	
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examined	 systems,	 indicating	 strong	 solute-solvent	 interactions	 (here,	 solute	 =	

amino	acid	and	co-solvent	=	CD;	 thus,	here ϕV indicates	host-guest	 interaction).	

The	 limiting	 apparent	 molar	 volume	 (ϕvo)	 has	 been	 determined	 from	 Masson	

equation	(Table	V.12)	[11].	For	the	two	amino	acids,	i.e.,	L-Asn	and	L-Asp	the	ϕv	

values	 decrease	 with	 increase	 in	 the	 molality	 (m)	 of	 amino	 acid	 in	 both	 the	

aqueous	 CDs.	 ϕv	 varies	 linearly	 with	 m and	 may	 be	 fitted	 to	 the	 Masson	

equation	from	where	ϕvo	have	been	estimated.	The	values	of	ϕvo	 increases	with	

the	increase	of	conc	of	α	and	β-CD	for	both	L-Asn	and	L-Asp	signifying	the	 ion–

hydrophilic	 group	 interactions	 are	 stronger	 than	 ion–hydrophobic	 group	

interactions.	ϕvo	for	the	two	amino	acids	and	CDs	at	different	mass	fractions	have	

been	shown	in	figure	3.		

The	ϕvo	for	L-Asn	is	larger	than	L-Asp	due	to	more	electrostriction	which	is	due	

to	existence	of	–CONH2	that	interacts	better	than	the	–COO-	group,	by	making	H-

bonds	with	the	rimmed	–OH	groups	of	CD,	resulting	a	net	increase	in	the	volume	

of	L-Asn.	If	one	H	is	replaced	from	the	side	chain	of	glycine	by 	and	

	the	side	groups	L-Asn	and	L-Asp	are	found	respectively.	Due	to	this	

correlation	 of	 structure	 there	 should	 be	 a	 correlation	 in	 their	 ϕvo	 values.	

Contribution	of	 different	 groups	 present	 in	 the	 two	 amino	acids	 to	 the	 limiting	

apparent	 molar	 volume	 (ϕvo)	 has	 been	 estimated	 in	 table	 V.13	 [21,	 22].	 The	

contribution	of	zwitterionic	group	(NH3+,COO		 	)	is	found		in	the	range	of	22.51–

23.21	 	 10-6	 m3	 mol	 -1	 and	 22.76–23.28	 	 10-6	 m3	 mol	 -1	 for	 α	 and	 β-CD	

respectively,		suggesting	that	the	interactions	among	the	–OH	groups	of	CDs	and	

the	polar	groups		(NH3+,COO		)	of	amino	acids	are	strong	and	it	is	stronger	for	β-

CD	than α-CD.	 The	contribution	of	hydrophobic	(CH)	and	(CH2)	 group	and	also	

the	 polar	 	 group	 and	 	 group	 increases	 with	 the	 increase	 in	

concentration	 of	 both	 the	 CDs,	 which	 suggest	 that	 the	 ion-dipolar	 interactions	
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increases	 for	 the	 two	 amino	 acids	 L-Asn	 and	 L-Asp.	 The	 contribution	 of	

group	 is	 more	 compared	 to 	 ,	 indicating	 the	 former	 group	

interacts	 better	 with	 the	 –OH	 groups	 at	 the	 rim	 of	 CDs	 than	 the	 later,	 which	

provide	an	enforcing	affinity	in	L-Asn	resulting	a	net	increase	in	the	volume.	

VI.3.5.	Viscosity	study:	group	contributions		

Viscosity	 study	 is	 another	 sensitive	 tool	 to	 interpret	 the	 interactions	

between	 amino	 acids	 and	 CDs.	 For	 the	 studied	 ternary	 system	 (amino	 acid+aq.	

CD),	 the	 viscosity	 of	 the	 solution	 increases	 with	 the	 increasing	 molarity	 of	 the	

amino	 acids	 (table	 V.8).	 The	 viscosity	 B-coefficients	 (Table	 V.12),	 are	 the	

indication	 of	 solute–solvent	 interactions	 (here,	 solute	 =	 amino	 acid	 and	 co-

solvent	=	CD;	thus,	viscosity	B-coefficients	indicate	host-guest	interaction)	which	

depend	 on	 the	size	and	shape	of	 the	 solute	molecules.	The	B-coefficients	of	 the	

two	amino	acids	L-Asn	and	L-Asp	are	positive	(Figure	V.4)	and	increases	with	the	

increasing	conc	of	both	α	and	β-CD	due	to	increase	of	amino	acid–CD	interaction	

as	well	as	increasing	solvation	[13].	The	contributions	of	different	groups	of	the	

amino	acids	to	the	viscosity	B-coefficient	have	been	estimated	(Table	V.14).	The	

contributions	 of	 the	 zwitterionic	 group	 (NH3
+,	 COO	 	 )	 and	 the	 polar	 groups	

	and	 present	in	the	side	chain	increase	with	increasing	mass	

fractions	of	α	and	β-CD	due	to	better	solvation	of	the	ionic	groups	with	the	–OH	

groups	of	CD	molecules	[21].	The	contributions	of	 the	hydrophobic	 (CH),	(CH2)	

groups	also	increases	suggesting	that	the	interaction	with	the	hydrophobic	cavity	

of	the	CD	increases.	

VI.3.6.	Hydration	number	and	solvation	number:	solvation	by	cyclodextrin	

molecule	

Hydration	 number	 (nH)	 is	 the	 order	 of	 hydration	 by	 water	 molecules	

surrounding	 the	 amino	 acids	 whereas	 the	 solvation	 number	 (Sn)	 expresses	 the	
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solvation	of	the	two	amino	acids	by	the	cyclodextrin	molecule,	i.e.,	the	interaction	

between	 the	 polar	 groups	 of	 the	 guest	 and	 the	 –OH	 groups	 at	 the	 primary	 and	

secondary	rims	of	CD	[13,	15]. Sn are	evaluated	from	apparent	molar	volume	and	

viscosity	 B-coefficient.	 nH	 decreases	 and	 Sn increases	 with	 increasing	

concentration	of		both	α	and	β-CD	for	the	two	amino	acids,	i.e.,	L-Asn	and	L-Asp	

(Table	V.15).	The	trend	in	the	Sn	and	nH	value	suggest	that	in	the	ternary	solution	

system	 the	 electrostriction	 of	 water	 weakens	 with	 increasing	 conc	 of	 CD	 [21].	

The	solvation	of	L-Asn	is	higher	than	that	of	L-Asp	which	may	be	explained	due	

to	the	presence	of	–CONH2	group	which	makes	grater	association	with	the	–OH	

groups	at	the	rim	of	CDs	than	–COO-	group	and	the	encapsulation	into	the	cavity	

of	 CD	 is	 higher	 in	 case	 of	 L-Asn.	 Low	 hydration	 numbers	 as	 well	 as	 high	 the	

solvation	numbers	in	case	of	β-CD	than	α-CD	for	the	above	two	amino	acids	again	

suggests	that	β-CD	is	more	fascinated	for	solvation	than	α-CD.	

VI.3.7.	Structural	influence	of	cyclodextrins	

Formation	of	host-guest	inclusion	complexes	of	the	two	amino	acids,	 i.e.,	

L-Asn	and	L-Asp	with	α	and	β-CD	not	only	depends	upon	the	cavity	diameters	of	

the	 CDs	 but	 also	 the	 size	 of	 the	 two	 chosen	 guest	 molecules.	 CD	 has	 an	

exceptional	structure	 with	hydrophobic	cavity	and	 hydrophilic	 rims	 that	afford	

suitable	 environment	 for	 the	 non-polar	 part	 of	 a	 molecule	 to	 reside	 inside	 the	

cavity	 whereas	 the	 polar	 part	 of	 the	 guest	 interacts	 with	 the	 polar	 rims	 and	

stabilize	 the	whole	 inclusion	 complex	 formed	 [1,	 5,	23].	No	 covalent	 bonds	 are	

broken	or	formed	in	formation	of	the	 inclusion	complex.	In	aqueous	solution	of	

CD,	 there	 are	 few	 water	 molecules	 inside	 the	 hydrophobic	 cavity,	 which	 is	

thermodynamically	 unfavourable	 [17].	 So,	 the	 apolar	 part	 of	 the	 amino	 acids	

readily	substitute	the	water	molecules	resulting	a	more	stable	lower	energy	state	

which	 is	 the	 other	 driving	 force	 for	 formation	 of	 the	 inclusion	 complex.	 The	

trapped	water	molecules	are	liberated	in	the	bulk	increasing	the	entropy	of	the	

system.	
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	CD	can	accommodate	one	or	more	guest	depending	upon	the	size	of	amino	acid	

molecules	to	form	inclusion	complexes	with	stoichiometry	1:1,	1:2,	2:1,	and	2:2	

and	 even	 more	 complicated	 complex	 but	 surface	 tension	 and	 conductivity	

studies	 suggest	 that	 here	 the	 stoichiometry	 is	 1:1.	 The	 inclusion	 of	 the	 guest	

molecule	 is	 likely	 through	 the	 wider	 rim	 of	 the	 CD	 molecule,	 which	 allows	 the	

alkyl	 groups	 to	 make	 maximum	 contact	 with	 the	 cyclodextrin	 cavity	 (Scheme	

V.3)	[11].	The	charged	end	groups	are	projected	in	the	direction	of	the	aqueous	

environment	 making	 H-bonds	 with	 the	 –OH	 groups	 at	 the	 both	 rims	 of	 the	 CD	

molecule	(Scheme	V.4).	

VI.4.	Conclusion	

The	 above	 mentioned	 studies	 conclude	 that	 the	 amino	 acids,	 viz.,	 L-Asn	

and	 L-Asp	 form	 host-guest	 inclusion	 complexes	 with	 both	 α	 and	 β-CD.	 Surface	

tension	and	conductivity	measurement	reveal	that	the	inclusion	complex	formed	

with	1:1	stoichiometry.	Density	and	viscosity	studies	were	used	to	characterize	

the	 inclusion	 complexes	 through	 determination	 of	 the	 group	 contributions	

toward	 the	 limiting	 apparent	 molar	 volume	 and	 viscosity	 B-coefficient.	 The	

solvation	 number	 and	 hydration	 number	 also	 support	 the	 inclusion	

phenomenon.	 All	 the	 results	 demonstrate	 the	 formation	 of	 the	 inclusion	

complexes	 and	 thus	 the	 present	 work	 has	 diverse	 application	 in	 the	 field	 of	

controlled	delivery	of	these	two	amino	acids	by	using	α	and	β-CD.	
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Tables	

Table	 VI.1.	 Data	 for	 surface	 tension	 and	 conductivity	 study	 of	 aqueous	 L-

Asparagine-α-CD	system	at	298.15Ka	

Volm	of	α-

CD	

(mL)	

Total	

volm	

(mL)	

Conc	of	

L-Asparagine	

(mM)	

Conc	of	α-CD	

(mM)	

Surface	

tension	

(mN	m-1)	

Conductuvity	

(µS	m-1)	

0	 10	 10.000	 0.000	 82.2	 190.0	

1	 11	 9.091	 0.909	 80.6	 181.0	

2	 12	 8.333	 1.667	 79.4	 171.5	

3	 13	 7.692	 2.308	 78.5	 164.1	

4	 14	 7.143	 2.857	 77.6	 157.2	

5	 15	 6.667	 3.333	 76.9	 151.5	

6	 16	 6.250	 3.750	 76.2	 145.5	

7	 17	 5.882	 4.118	 75.6	 141.6	

8	 18	 5.556	 4.444	 75.1	 136.0	

9	 19	 5.263	 4.737	 74.6	 133.4	

10	 20	 5.000	 5.000	 74.3	 130.0	

11	 21	 4.762	 5.238	 74.1	 129.1	

12	 22	 4.545	 5.455	 74.0	 128.2	

13	 23	 4.348	 5.652	 73.9	 127.4	

14	 24	 4.167	 5.833	 73.8	 126.5	

15	 25	 4.000	 6.000	 73.7	 125.7	

16	 26	 3.846	 6.154	 73.6	 124.9	

17	 27	 3.704	 6.296	 73.5	 123.2	

18	 28	 3.571	 6.429	 73.4	 122.8	

19	 29	 3.448	 6.552	 73.3	 122.1	

20	 30	 3.333	 6.667	 73.1	 121.5	

a Standard	uncertainties	in	temperature	u	are:	u(T)	=	±0.01	K.	
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Table	 VI.2.	 Data	 for	 surface	 tension	 and	 conductivity	 study	 of	 aqueous	 L-

Asparagine-β-CD	system	at	298.15Ka	

Volm	of	β-

CD	

(mL)	

Total	

volm	

(mL)	

Conc	of	

L-Asparagine	

(mM)	

Conc	of	β-CD	

(mM)	

Surface	

tension	

(mN	m-1)	

Conductuvity	

(µS	m-1)	

0	 10	 10.000	 0.000	 82.0	 188	

1	 11	 9.091	 0.909	 80.9	 176	

2	 12	 8.333	 1.667	 79.7	 165	

3	 13	 7.692	 2.308	 78.7	 157	

4	 14	 7.143	 2.857	 77.8	 150	

5	 15	 6.667	 3.333	 77.0	 144	

6	 16	 6.250	 3.750	 76.3	 138	

7	 17	 5.882	 4.118	 75.7	 134	

8	 18	 5.556	 4.444	 75.1	 130	

9	 19	 5.263	 4.737	 74.6	 127	

10	 20	 5.000	 5.000	 74.2	 124	

11	 21	 4.762	 5.238	 73.9	 123	

12	 22	 4.545	 5.455	 73.8	 122	

13	 23	 4.348	 5.652	 73.7	 121	

14	 24	 4.167	 5.833	 73.6	 120	

15	 25	 4.000	 6.000	 73.5	 119	

16	 26	 3.846	 6.154	 73.4	 118	

17	 27	 3.704	 6.296	 73.3	 117	

18	 28	 3.571	 6.429	 73.2	 116	

19	 29	 3.448	 6.552	 73.1	 115	

20	 30	 3.333	 6.667	 73.0	 115	

a Standard	uncertainties	in	temperature	u	are:	u(T)	=	±0.01	K.	
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Table	 VI.3.	 Data	 for	 surface	 tension	 and	 conductivity	 study	 of	 aqueous	 L-

Aspartic	acid-α-CD	system	at	298.15Ka 

Volm	of	α-

CD	

(mL)	

Total	

volm	

(mL)	

Conc	of	

L-Aspartic	

acid	

(mM)	

Conc	of	α-CD	

(mM)	

Surface	

tension	

(mN	m-1)	

Conductuvity	

(mS	m-1)	

0	 10	 10.000	 0.000	 80.0	 3.10	

1	 11	 9.091	 0.909	 78.8	 2.83	

2	 12	 8.333	 1.667	 77.9	 2.66	

3	 13	 7.692	 2.308	 77.1	 2.48	

4	 14	 7.143	 2.857	 76.5	 2.36	

5	 15	 6.667	 3.333	 75.9	 2.24	

6	 16	 6.250	 3.750	 75.3	 2.14	

7	 17	 5.882	 4.118	 74.8	 2.03	

8	 18	 5.556	 4.444	 74.5	 1.96	

9	 19	 5.263	 4.737	 74.2	 1.88	

10	 20	 5.000	 5.000	 74.0	 1.82	

11	 21	 4.762	 5.238	 73.9	 1.80	

12	 22	 4.545	 5.455	 73.8	 1.78	

13	 23	 4.348	 5.652	 73.7	 1.75	

14	 24	 4.167	 5.833	 73.6	 1.72	

15	 25	 4.000	 6.000	 73.5	 1.70	

16	 26	 3.846	 6.154	 73.5	 1.69	

17	 27	 3.704	 6.296	 73.4	 1.67	

18	 28	 3.571	 6.429	 73.4	 1.66	

19	 29	 3.448	 6.552	 73.3	 1.64	

20	 30	 3.333	 6.667	 73.3	 1.63	

a Standard	uncertainties	in	temperature	u	are:	u(T)	=	±0.01	K.	
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Table	 VI.4.	 Data	 for	 surface	 tension	 and	 conductivity	 study	 of	 aqueous	 L-

Aspartic	acid-β-CD	system	at	298.15Ka 

Volm	of	β-

CD	

(mL)	

Total	

volm	

(mL)	

Conc	of	

L-Aspartic	

acid	

(mM)	

Conc	of	β-CD	

(mM)	

Surface	

tension	

(mN	m-1)	

Conductuvity	

(mS	m-1)	

0	 10	 10.000	 0.000	 80.2	 3.07	

1	 11	 9.091	 0.909	 79.4	 2.81	

2	 12	 8.333	 1.667	 78.5	 2.60	

3	 13	 7.692	 2.308	 77.7	 2.44	

4	 14	 7.143	 2.857	 77.0	 2.31	

5	 15	 6.667	 3.333	 76.4	 2.17	

6	 16	 6.250	 3.750	 75.9	 2.08	

7	 17	 5.882	 4.118	 75.4	 1.99	

8	 18	 5.556	 4.444	 75.0	 1.90	

9	 19	 5.263	 4.737	 74.7	 1.83	

10	 20	 5.000	 5.000	 74.3	 1.77	

11	 21	 4.762	 5.238	 74.0	 1.75	

12	 22	 4.545	 5.455	 73.8	 1.73	

13	 23	 4.348	 5.652	 73.7	 1.71	

14	 24	 4.167	 5.833	 73.6	 1.69	

15	 25	 4.000	 6.000	 73.5	 1.66	

16	 26	 3.846	 6.154	 73.4	 1.64	

17	 27	 3.704	 6.296	 73.3	 1.62	

18	 28	 3.571	 6.429	 73.2	 1.61	

19	 29	 3.448	 6.552	 73.1	 1.60	

20	 30	 3.333	 6.667	 73.0	 1.59	

a Standard	uncertainties	in	temperature	u	are:	u(T)	=	±0.01	K.	
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Table	 VI.5.	 Surface	 tension	 (γ)	 values	 at	 the	 break	 point	 with	

corresponding	concentrations	of	cyclodextrins	and	amino	acids	at	298.15	K	

a	

	 Conc	of	α-CD	

/mM	

Conc	of	amino	acid	

/mM	

γ	a	

/mN·m-1	

L-Asparagine	 4.94	 5.06	 74.33	

L-Aspartic	acid	 4.99	 5.01	 74.43	

	 Conc	of	β-CD	

/mM	

Conc	of	amino	acid	

/mM	

γ	a	

/mN·m-1	

L-Asparagine	 5.16	 4.84	 74.02	

L-Aspartic	acid	 5.24	 4.76	 74.08	

a	Standard	uncertainties	(u):	temperature:	u(T)	=	±0.01	K,	surface	tension:	

u(γ)	=	±0.1	mN m 1	

	

Table	VI.6.	Values	of	conductivity	(κ)	at	the	break	point	with	corresponding	

concentrations	of	cyclodextrins	and	amino	acids	at	298.15	K	a 

	 Conc	of	α-CD	
/mM	

Conc	of	amino	acid	
/mM	

κ	a	

L-Asparagine	 4.92	 5.08	

µS·m-1	

131	

L-Aspartic	acid	 4.95	 5.05	

mS·m-1	

1.83	

	 Conc	of	β-CD	
/mM	

Conc	of	amino	acid	
/mM	

κ	a	

L-Asparagine	 4.90	 5.10	

µS·m-1	

126	

L-Aspartic	acid	 5.00	 5.00	

mS·m-1	

1.75	

a	Standard	uncertainties	(u):	temperature:	u(T)	=	±0.01	K,	conductivity:	u(κ)	

=	±1.0	µS·m-1.	
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Table	 VI.7.	 Experimental	 values	 of	 density	 (ρ),	 viscosity	 (η)	 and	 pH	 of	

different	 mass	 fractions	 of	 aqueous	 α	 and	 β-cyclodextrin	 mixtures	 at	

298.15	Ka	

Aqueous	solvent	

mixture	

ρ×10-3	

/kg m-3	

η 

/mP s	
pH 

aq.	α-CD	

w1	=	0.001	 0.99735	 1.29	 6.64	

w1	=	0.003	 0.99802	 1.30	 6.61	

w1	=	0.005	 0.99868	 1.31	 6.55	

aq.	β-CD	

w2	=	0.001	 0.99755	 1.30	 6.57	

w2	=	0.003	 0.99819	 1.31	 6.54	

w2	=	0.005	 0.99895	 1.32	 6.52	

a Standard	uncertainties	u are:	u(ρ)	=	5×10-5	g cm-3,	u(η)	=	0.003	mP s,	u(pH)	=0.01,	and	u(T)	=	

±0.01K	

Table	 VI.8.	 Experimental	 values	 of	 density	 (ρ),	 viscosity	 (η)	 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 
pH	

molality	 ρ×10-3	 η 
pH	

/mol kg-1	 /kg m-3	 /mP s	 /mol kg-1	 /kg m-3	 /mP s	

L-Asparagine	

w1	=	0.001b	 w2	=	0.001b	

0.003009	 0.99748	 1.321	 7.12	 0.003008	 0.99768	 1.329	 6.61	

0.007525	 0.99770	 1.333	 7.08	 0.007523	 0.99795	 1.347	 6.57	

0.012044	 0.99792	 1.349	 7.01	 0.012039	 0.99832	 1.361	 6.42	

0.016567	 0.99816	 1.360	 6.97	 0.016557	 0.99873	 1.372	 6.37	

0.021092	 0.99842	 1.370	 6.96	 0.021076	 0.99916	 1.383	 6.29	

0.025617	 0.99879	 1.388	 6.92	 0.025601	 0.99942	 1.394	 6.26	

w1	=	0.003b	 w2	=	0.003b	

0.003007	 0.99812	 1.330	 6.83	 0.003006	 0.99829	 1.345	 6.50	

0.007520	 0.99838	 1.346	 6.74	 0.007518	 0.99854	 1.367	 6.43	

0.012035	 0.99865	 1.359	 6.70	 0.012034	 0.99874	 1.383	 6.36	

0.016554	 0.99894	 1.372	 6.68	 0.016552	 0.99904	 1.397	 6.30	

0.021076	 0.99915	 1.385	 6.65	 0.021071	 0.99941	 1.407	 6.26	
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0.025601	 0.99944	 1.395	 6.61	 0.025587	 0.99996	 1.425	 6.23	

w1	=	0.005b	 w2	=	0.005b	

0.003005	 0.99879	 1.339	 6.52	 0.003004	 0.99905	 1.361	 6.39	

0.007514	 0.99915	 1.356	 6.49	 0.007512	 0.99938	 1.385	 6.31	

0.012024	 0.99960	 1.370	 6.44	 0.012021	 0.99980	 1.404	 6.22	

0.016535	 1.00005	 1.380	 6.41	 0.016531	 1.00030	 1.421	 6.19	

0.021049	 1.00047	 1.392	 6.38	 0.021042	 1.00080	 1.436	 6.15	

0.025562	 1.00095	 1.406	 6.34	 0.025553	 1.00128	 1.450	 6.11	

L-Aspartic	acid	

w1	=	0.001b	 w2	=	0.001b	

0.003009	 0.99750	 1.320	 3.53	 0.003008	 0.99767	 1.341	 3.01	

0.007524	 0.99779	 1.338	 3.15	 0.007524	 0.99787	 1.365	 2.94	

0.012042	 0.99808	 1.353	 3.00	 0.012042	 0.99809	 1.384	 2.87	

0.016562	 0.99843	 1.365	 2.94	 0.016564	 0.99833	 1.398	 2.83	

0.021085	 0.99877	 1.371	 2.88	 0.021089	 0.99859	 1.413	 2.80	

0.025612	 0.99902	 1.386	 2.86	 0.025615	 0.99890	 1.428	 2.78	

w1	=	0.003b	 w2	=	0.003b	

0.003007	 0.99814	 1.332	 3.12	 0.003006	 0.99830	 1.353	 3.00	

0.007519	 0.99848	 1.351	 2.94	 0.007519	 0.99848	 1.379	 2.91	

0.012033	 0.99885	 1.366	 2.87	 0.012034	 0.99881	 1.398	 2.85	

0.016550	 0.99920	 1.379	 2.83	 0.016551	 0.99910	 1.414	 2.81	

0.021070	 0.99945	 1.391	 2.80	 0.021072	 0.99940	 1.430	 2.78	

0.025591	 0.99985	 1.400	 2.79	 0.025595	 0.99967	 1.445	 2.75	

w1	=	0.005b	 w2	=	0.005b	

0.003005	 0.99879	 1.348	 3.09	 0.003004	 0.99906	 1.360	 2.98	

0.007515	 0.99901	 1.370	 2.87	 0.007512	 0.99943	 1.383	 2.90	

0.012028	 0.99928	 1.388	 2.85	 0.012021	 0.99988	 1.401	 2.83	

0.016543	 0.99960	 1.404	 2.82	 0.016531	 1.00035	 1.417	 2.80	

0.021059	 0.99997	 1.416	 2.79	 0.021041	 1.00087	 1.431	 2.76	

0.025580	 1.00025	 1.429	 2.76	 0.025552	 1.00134	 1.447	 2.74	

a Standard	 uncertainties	 u are:	 u(ρ)	 =	 5×10-5	 kg m-3,	 u(η)	 =0.003	 mP s,	 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	
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Table	VI.9.	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	 0.99765	 1.31	 0.0100	 0.99780	 1.31	

0.0251	 0.99821	 1.31	 0.0252	 0.99833	 1.32	

0.0403	 0.99873	 1.32	 0.0402	 0.99890	 1.33	

0.0553	 0.99931	 1.32	 0.0552	 0.99944	 1.33	

0.0703	 0.99980	 1.33	 0.0704	 1.00004	 1.34	

0.0856	 1.00042	 1.33	 0.0855	 1.00061	 1.35	

w1	=	0.003b	 w2	=	0.003b	

0.0100	 0.99826	 1.32	 0.0100	 0.99851	 1.33	

0.0251	 0.99880	 1.33	 0.0251	 0.99906	 1.34	

0.0401	 0.99933	 1.34	 0.0402	 0.99955	 1.35	

0.0552	 0.99988	 1.34	 0.0552	 1.00014	 1.35	

0.0703	 1.00045	 1.35	 0.0703	 1.00070	 1.36	

0.0855	 1.00109	 1.35	 0.0854	 1.00132	 1.37	

w1	=	0.005b	 w2	=	0.005b	

0.0100	 0.99892	 1.33	 0.0100	 0.99923	 1.34	

0.0251	 0.99949	 1.34	 0.0251	 0.99979	 1.35	

0.0401	 1.00005	 1.35	 0.0401	 1.00036	 1.36	

0.0552	 1.00063	 1.36	 0.0552	 1.00091	 1.37	

0.0703	 1.00121	 1.37	 0.0703	 1.00153	 1.38	

0.0854	 1.00182	 1.38	 0.0854	 1.00215	 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.	
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Table	VI.10.	Apparent	molar	volume	(ϕV)	and	(ηr-1)/√m	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	

molality	

/mol kg-1	

ϕV	×106	

/	m3	mol-1	

(ηr-1)/√m 

/kg1/2mol-1/2	

L-Asparagine	

w1	=	0.001b	 w2	=	0.001b	

0.003009	 89.02	 0.438	 0.003008	 89.00	 0.407	

0.007525	 85.68	 0.384	 0.007523	 78.98	 0.417	

0.012044	 84.84	 0.417	 0.012039	 68.12	 0.428	

0.016567	 83.25	 0.422	 0.016557	 60.75	 0.430	

0.021092	 81.38	 0.427	 0.021076	 55.59	 0.440	

0.025617	 75.85	 0.475	 0.025601	 58.93	 0.452	

w1	=	0.003b	 w2	=	0.003b	

0.003007	 98.98	 0.421	 0.003006	 98.97	 0.487	

0.007520	 84.29	 0.408	 0.007518	 85.61	 0.502	

0.012035	 79.78	 0.414	 0.012034	 86.44	 0.508	

0.016554	 76.51	 0.430	 0.016552	 80.75	 0.516	

0.021076	 78.47	 0.450	 0.021071	 74.16	 0.510	

0.025601	 76.59	 0.457	 0.025587	 62.82	 0.549	

w1	=	0.005b	 w2	=	0.005b	

0.003005	 95.58	 0.404	 0.003004	 98.89	 0.567	

0.007514	 69.55	 0.405	 0.007512	 74.87	 0.568	

0.012024	 55.53	 0.418	 0.012021	 61.35	 0.580	

0.016535	 49.15	 0.416	 0.016531	 50.35	 0.595	

0.021049	 46.94	 0.431	 0.021042	 44.07	 0.606	

0.025562	 43.16	 0.458	 0.025553	 40.79	 0.616	

L-Aspartic	acid	

w1	=	0.001b	 w2	=	0.001b	

0.003009	 83.32	 0.424	 0.003008	 93.33	 0.575	

0.007524	 74.63	 0.429	 0.007524	 90.66	 0.576	

0.012042	 72.46	 0.445	 0.012042	 88.32	 0.589	

0.016562	 67.83	 0.452	 0.016564	 86.04	 0.586	

0.021085	 65.65	 0.432	 0.021089	 83.78	 0.599	

0.025612	 67.79	 0.465	 0.025615	 80.36	 0.615	
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w1	=	0.003b	 w2	=	0.003b	

0.003007	 93.28	 0.449	 0.003006	 96.61	 0.599	

0.007519	 71.91	 0.452	 0.007519	 94.60	 0.607	

0.012033	 64.06	 0.463	 0.012034	 81.58	 0.612	

0.016550	 61.71	 0.472	 0.016551	 78.09	 0.617	

0.021070	 65.13	 0.482	 0.021072	 75.62	 0.631	

0.025591	 61.46	 0.481	 0.025595	 75.20	 0.644	

w1	=	0.005b	 w2	=	0.005b	

0.003005	 96.56	 0.529	 0.003004	 96.53	 0.553	

0.007515	 89.22	 0.528	 0.007512	 69.17	 0.551	

0.012028	 83.21	 0.543	 0.012021	 55.66	 0.560	

0.016543	 77.44	 0.558	 0.016531	 48.30	 0.572	

0.021059	 71.77	 0.558	 0.021041	 41.72	 0.580	

0.025580	 71.63	 0.568	 0.025552	 39.42	 0.602	

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	 VI.11.	 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	

0.0252	 40.38	 0.079	 0.0251	 40.36	 0.093	

0.0402	 39.95	 0.083	 0.0402	 39.66	 0.101	

0.0553	 39.56	 0.088	 0.0553	 39.37	 0.105	

0.0704	 39.20	 0.094	 0.0704	 38.91	 0.107	

0.0855	 38.95	 0.097	 0.0855	 38.61	 0.108	

w1	=	0.003b	 w2	=	0.003b	

0.0100	 41.17	 0.091	 0.0100	 41.16	 0.115	

0.0251	 40.37	 0.102	 0.0251	 40.36	 0.120	

0.0401	 39.67	 0.106	 0.0401	 39.61	 0.130	

0.0552	 39.18	 0.113	 0.0552	 38.94	 0.133	

0.0703	 38.73	 0.116	 0.0703	 38.45	 0.136	

0.0855	 38.37	 0.119	 0.0854	 37.95	 0.144	

w1	=	0.005b	 w2	=	0.005b	

0.0100	 41.15	 0.123	 0.0100	 41.14	 0.130	

0.0251	 39.96	 0.130	 0.0251	 39.92	 0.137	

0.0401	 39.10	 0.135	 0.0401	 39.11	 0.144	

0.0552	 38.60	 0.137	 0.0552	 38.36	 0.150	

0.0703	 38.01	 0.143	 0.0703	 37.68	 0.154	

0.0854	 37.53	 0.151	 0.0854	 37.11	 0.160	

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	 VI.12.	 Limiting	 apparent	 molar	 volume	 (ϕVo),	 experimental	 slope	

(SV*),	viscosity	A and	B-coefficient	of	amino	acids	in	different	mass	fractions	

of	aqueous	α	and	β-cyclodextrin	mixtures	at	298.15	Ka	

Aq.	solvent	

mixture	

ϕ0
V ×106

 

/	m3	mol-1	

S*
V ×106

 

/m3	mol-	3/2	kg1/2	

B 

/kg		mol-1	

A 

/kg1/2	mol-1/2	

Glycine	

w1	=	0.001b	 41.21	 -9.31	 0.148	 0.0029	

w1	=	0.003b	 41.62	 -10.83	 0.156	 0.0030	

w1	=	0.005b	 42.02	 -12.02	 0.168	 0.0031	

L-Asparagine	

w1	=	0.001b	 95.61	 -107.4	 0.352	 0.387	

w1	=	0.003b	 105.0	 -197.9	 0.407	 0.384	

w1	=	0.005b	 115.6	 -487.8	 0.453	 0.370	

L-Aspartic	acid	

w1	=	0.001b	 90.0	 -158.0	 0.305	 0.406	

w1	=	0.003b	 100.8	 -273.6	 0.354	 0.426	

w1	=	0.005b	 110.7	 -254.7	 0.401	 0.501	

Glycine	

w2	=	0.001b	 41.66	 -10.22	 0.158	 0.0030	

w2	=	0.003b	 41.92	 -12.09	 0.168	 0.0033	

w2	=	0.005b	 42.26	 -14.52	 0.180	 0.0036	

L-Asparagine	

w2	=	0.001b	 105.6	 -324.3	 0.405	 0.382	

w2	=	0.003b	 115.6	 -299.5	 0.456	 0.460	

w2	=	0.005b	 125.6	 -560.5	 0.500	 0.531	

L-Aspartic	acid	

w2	=	0.001b	 100.6	 -118.9	 0.346	 0.550	

w2	=	0.003b	 110.4	 -234.9	 0.403	 0.572	

w2	=	0.005b	 120.0	 -539.9	 0.446	 0.518	

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	VI.13.	Contributions	of	the	zwitterionic	group	(NH3+),	(COO	 	 	);	(CH),	

(CH2)	 and	 end	 group	 to	 the	 limiting	 apparent	 molar	 volume	 (ϕ0V)	 for	 the	

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

respectively	at	298.15	K	a 

Groups	

ϕ0V	×106	

/	m3	mol-1	

w1=0.001b	 w1=0.003b	 w1=0.005b	 w2=0.001b	 w2=0.003b	 w2=0.005b	

(NH3+),	(COO			)	 22.51	 22.87	 23.21	 22.76	 22.98	 23.28	

(CH)	 9.35	 9.38	 9.41	 9.45	 9.47	 9.49	

(CH2)	 18.70	 18.75	 18.81	 18.90	 18.94	 18.98	

	

45.05	 54.01	 64.18	 54.49	 64.21	 73.85	

	

39.44	 49.81	 59.28	 49.49	 59.01	 68.25	

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	 VI.14.	 Contributions	 of	 zwitter	 ionic	 group	 (NH3+),	 (COO	 	 	 );	 (CH),	

(CH2)	 and	 end	 group	 to	 the	 viscosity	 B-coefficient	 for	 amino	 acids	 in	

different	 mass	 fraction	 of	 aqueous	 α	 and	 β-cyclodextrin	 respectively	 at	

298.15	K	a 

Groups	

B 

/	kg		mol	-1	

w1=0.001b	 w1=0.003b	 w1=0.005b	 w2=0.001b	 w2=0.003b	 w2=0.005b	

(NH3+),	(COO			)	 0.092	 0.094	 0.098	 0.094	 0.098	 0.100	

(CH)	 0.028	 0.031	 0.035	 0.032	 0.035	 0.040	

(CH2)	 0.056	 0.062	 0.070	 0.064	 0.070	 0.080	

	

0.176	 0.220	 0.250	 0.215	 0.253	 0.280	

	

0.129	 0.167	 0.198	 0.156	 0.200	 0.226	

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	 VI.15.	 Hydration	 number	 (nH),	 and	 solvation	 number	 (Sn)	 of	 the	

amino	 acids	 at	 different	 mass	 fraction	 of	 aqueous	 α	 and	 β-cyclodextrin	

respectively	at	298.15	Ka	

	

nH	 Sn	

0.001	 0.003	 0.005	 0.001	 0.003	 0.005	

Aqueous	α-CD	(w1)b	

L-Asparagine	 3.52	 3.27	 3.09	 3.68	 3.88	 3.92	

L-Aspartic	acid	 3.61	 3.35	 3.17	 3.39	 3.51	 3.62	

Aqueous	β-CD	(w2)b	

L-Asparagine	 3.41	 3.18	 2.97	 3.84	 3.94	 3.98	

L-Aspartic	acid	 3.49	 3.21	 3.04	 3.44	 3.65	 3.72	

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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Figures	

Figure	VI.1.	Variation	of	surface	tension	of	aqueous	(a)	

L-Asn-β-CD	and	(d)	L-Asp-β-CD	systems	respectively	at	298.15
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Variation	of	surface	tension	of	aqueous	(a)	L-Asn-α-CD,	(b)	L-Asp-α-CD,	(c)	

systems	respectively	at	298.15K.	
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Figure	VI.2.	Variation	of	conductivity	of	aqueous	(a)	

Asn-β-CD	and	(d)	L-Asp-β
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Variation	of	conductivity	of	aqueous	(a)	L-Asn-α-CD,	(b)	L-Asp

β-CD	systems	respectively	at	298.15	K.	
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Figure	VI.3.	Limiting	molar	volume	(

CD	for	L-Asn	(blue	&	green)	and	L

	

	

FigureVI.	4.	Plot	of	viscosity	B-coefficient	against	mass	fraction	(
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imiting	molar	volume	(ϕ0V)	versus	mass	fraction	(w)	of aq. α-CD	and	aq.	

L-Asp	(brown	&	pink)	respectively	at	298.15	K.	

coefficient	against	mass	fraction	(w)	of aq. α-CD	and	aq.	

(blue	&	green)	and	L-Asp	(brown	&	pink)	respectively	at	298.15	K.
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cyclodextrin β-cyclodextrin
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Schemes	

H2N

Scheme	 VI.1.	 3D	 model	 of	 (a)	 L

carbon,	white:	hydrogen),	(c)	cyclodextrin	molecule	and	chemical	structure	of	(d)	L

and	(e)	L-Asp.	

1:1

Scheme	VI.2.	Proposal	of
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3D	 model	 of	 (a)	 L-Asn,	 (b)	 L-Asp	 (red:	 oxygen,	 blue:	 nitrogen,	 black:	

carbon,	white:	hydrogen),	(c)	cyclodextrin	molecule	and	chemical	structure	of	(d)	L

1 1:2 2:1 2:2 	

Proposal	of	various	possibilities	of	host	guest	ratio	of	inclusion	complex.
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nitrogen,	 black:	

carbon,	white:	hydrogen),	(c)	cyclodextrin	molecule	and	chemical	structure	of	(d)	L-Asn	

various	possibilities	of	host	guest	ratio	of	inclusion	complex.	
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Scheme	VI.3.	Proposed	possible	and	controlled	inclusion	of	the	guest	into	the	host	

Scheme	VI.4.	Plausible	schematic	presentation	of	the	mechanism	for	formation	of	1	:	1	

inclusion	complex	of	L-Asn	and	L
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feasible inclusion
through wider rim

restricted inclusion
through narrower rim

	

possible	and	controlled	inclusion	of	the	guest	into	the	host	

molecule.	

	

schematic	presentation	of	the	mechanism	for	formation	of	1	:	1	

L-Asp	with	both	α	and	β-cyclodextrin.	
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CHAPTER VII 

Exploration of inclusion complexes of a vital drug with 

cyclodextrins 

The	 main	 objective	 of	 this	 research	 article	 is	 the	 investigation	 of	 formation	 of	

inclusion	 complex	 of	 α	 and	 β-cyclodextrin	 with	 the	 drug	 chloroquine	

diphosphate.	 The	 solubility,	 versatility	 and	 the	 biological	 activity	 of	 the	 drug	

molecule	 is	enhanced	and	some	of	 its	side	effect	 is	reduced	after	encapsulation	

by	 the	 CD	 molecule.	 The	 1:1	 stoichiometry	 of	 the	 inclusion	 complex	 was	

determined	with	 Job’s	 method	 by	UV-Visible	spectroscopy.	Surface	 tension	and	

conductance	study	also	support	this	fact.	1H	NMR	study,	FT-IR	spectra	and	HRMS	

spectra	 confirms	 the	 inclusion	 phenomenon.	 The	 binding	 constant	 was	

determined	using	 the	 Benesi–Hildebrand	 	 method,	 	while	 	 the	 	 thermodynamic		

parameters	 	have	 	been	 	estimated	 	with	 	 the	help	 	of	 	van’t	 	Hoff	 	equation	for	

both	 the	 inclusion	 complexes.	 The	 negative	 values	 of	 Go	 indicate	 that	 the	

formation	 of	 inclusion	 complexes	 is	 spontaneous.	 The	 association	 constant	 is	

found	higher	in	case	of	β-cyclodextrin	which	was	explained	on	the	basis	of	their	

molecular	structure.	
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VII.1 Introduction 

Cyclodextrins	 (CD)	 are	 one	 of	 the	 most	 facinating	 host	 molecules	 in	

supramolecular	 chemistry.[1]	 They	 have	 the	 ability	 to	 form	 stable	 inclusion	

complexes	 (IC)	 with	 various	 guest	 molecules	 including	 drugs,	 amino	 acids,	

vitamins,	ionic	liquids,	polymers,	metal	co-ordinated	inorganic	complexes	etc.[2-

7]	 The	 hydrophobic	 interactions	 between	 the	 cavity	 of	 cyclodextrin	 and	

hydrophobic	part	of	the	guest	molecules	are	responsible	for	the	formation	of	this	

type	 of	 stable	 host-guest	 inclusion	 complexes.	 The	 weak	 intermolecular	 forces	

acting	 between	 the	 host	 and	 guest	 molecules	 are	 van	 der	 waals	 force,	 dipole-

dipole	interaction,	electrostatic	and	hydrogen	bonding	interactions.[8]	They	are	

extensively	 used	 in	 the	 pharmaceutical	 industry	 as	 the	 drug	 carrier	 to	 modify	

solubility,	stability	and	bioavailability	of	biologically	active	molecules.[9]	CDs	are	

non-toxic	 and	 considered	 safe	 to	 humans.	 Cyclodextrin	 based	 inclusion	 is	 the	

best	 method	 to	 prepare	 inclusion	 complexes	 to	 improve	 the	 physicochemical	

properties	 of	 the	 drug	 molecule.[10]	 CDs	 are	 macro	 cyclic	 water	 soluble	

oligosaccharides	 composed	 of	 six	 (α-CD),	 seven	 (β-CD)	 and	 eight	 (γ-CD)	

glucopyranose	 units	 linked	 through	 α-(1-4)	 bond.[11]	 CD	 has	 a	 shape	 of	

truncated	 cone	 with	 hydrophobic	 interior	 and	 polar	 hydrophilic	 rims.	 Primary	

hydroxyl	groups	are	situated	at	narrow	end	and	secondary	hydroxyl	groups	are	

placed	 around	 the	 wider	 end	 (Scheme	 VII.2).[12]	This	 type	 of	 unique	 structure	

permits	them	to	encapsulate	a	wide	range	of	guest	molecules.	

The	 drug	 chloroquine	 diphosphate	 (CDP)	 is	 a	 medicine	 that	 is	primarily	

used	to	prevent	and	treat	malaria	(Scheme	1).	Certain	types	of	complicated	cases	

of	 malaria	 typically	 require	 additional	 medication.	 CDP	 is	 ocasionally	 used	 for	

amebiasis,	 rehumatoid	 artharitis	 and	 lupus	 erythematosus.[13,14]	 It	 is	 a	

member	of	drug	class	4-aminoquinoline.	It	appears	to	be	safe	during	pregnancy	

time.	It	works	against	the	asexual	form	of	malaria	inside	the	red	blood	cell.	This	

drug	has	some	common	side	effects	including	mussel	problems,	loss	of	appetite,	

diarrhea	 and	 skin	 rash.[15]	 Controlled	 release	 of	 this	 drug	 using	 CD	 as	 the	

encapsulating	agent	 can	minimize	 these	side	effects. In	order	 to	have	 biological	
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activity	drug	molecule	should	be	able	to	penetrate	the	lipophilic	membrane.	By	

forming	 inclusion	 complex	 CD	 can	 deliver	 the	 drug	 to	 the	 physiological	 target	

without	losing	any	of	its	bioactivity.[9]	

In	the	present	study	we	attempt	to	ascertain	the	formation	and	nature	of	

IC	 of	 α	 and	 β-CD	 with	 CDP	 in	 aqueous	 environment	 by	 spectroscopic	 and	

physicochemical	 studies.	 Our	 aim	 is	 to	 explore	 the	 formation,	 carrying	 and	

controlled	release	of	this	drug	by	forming	IC	with	CD	without	any	chemical	and	

biological	 modification	 of	 the	 guest	 molecule.	To	 the	 best	 of	 our	 knowledge	 no	

investigation	 concerning	 inclusion	 complex	 formation	 between	 α	 or	 β-CD	 and	

CDP	has	been	performed	so	far. 

VII.2. Experimental Section 

VII.2.1. Source and Purity of Samples 

Chloroquinediphosphate,	 α-cyclodextrin	 and	 β-cyclodextrin	 of	 puriss	

grade	were	purchased	from	SigmaAldrich,	Germany	and	used	in	the	experiment	

as	 it	 was.	 The	 mass	 fraction	 purity	 of	 CDP,	 α-cyclodextrin	 and	 β-cyclodextrin	

were	≥	0.98,	≥	0.99	and	≥	0.98	respectively.	

VII.2.2. Apparatus and Procedure 

Triply	 distilled	 and	 degassed	 water	 has	 been	 used	 for	 checking	 the	

solubility	of	the	drug	CDP,	α	and	β-CD.	The	drug	and	both	the	CD	molecules	are	

freely	 soluble	 in	 water.	 All	 the	 solutions	 are	 prepared	 by	 mass	 (weighed	 by	

Mettler	 Toledo	 AG-285	 with	 uncertainty	 0.0003g)	 at	 298.15	 K	 temperature.	

Solutions	are	made	with	proper	care	to	avoid	weight	loss	by	evaporation.	

1H	NMR	spectra	were	recorded	at	300MHz	in	D2O	solution	using	BRUKER	

ADVANCE	 instruments	 at	 298K.	 Signals	 are	 quoted	 as	 δ	 values	 in	 ppm	 using	

residual	protonated	solvent	signals	as	internal	standard	(D2O:	δ	4.79	ppm).	

Surface	 tension	 experiment	 was	 carried	 out	 by	 using	 platinum	 ring	

detachment	Tensiometer	(K9,	KRUSS;	Germany)	at	298.15	K.	During	experiment	
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the	temperature	of	the	system	was	kept	constant	by	circulating	auto	thermostat	

water	through	double	wall	glass	vessel	containing	the	solution.	

The	specific	conductance	values	of	the	solutions	are	measured	by	Mettler	

Toledo	 Seven	 Multi	 conductivity	 meter.	 The	 uncertainty	 of	 the	 result	 was	

approximately	 ±1.0	 µS	 	 m-1	 .	 The	 experiments	 were	 done	 in	 an	 thermostated	

water	bath	keeping	the	temperature	constant	at	298.15	K.	

UV–visible	 spectra	 were	 taken	 by	 JASCO	 V-530	 UV/VIS	

Spectrophotometer,	 with	 an	 uncertainty	 in	 wavelength	 as	 ±2	 nm.	 A	 digital	

thermostat	was	used	to	keep	the	temperature	constant.	

Fourier	transform	infrared	(FT-IR)	spectra	were	taken	on	a	Perkin	Elmer	

FT-IR	spectrometer	applying	the	KBr	disk	technique.	Samples	were	prepared	as	

KBr	 disks	 with	 1	 mg	 complex	 and	 100	 mg	 KBr.	 The	 scanning	 range	 was	

4000 400	cm 1	at	room	temperature.	

HRMS	analyses	were	executed	with	Q-TOF	high	resolution	instrument	by	

positive	mode	electro-spray	ionization.	

Inclusion	 complexes	 [α-CD+CDP	 and	 β-CD+CDP]	 were	 also	 prepared	 in	

the	solid	state	taking	1:1	molar	ratio	of	the	drug	CDP	and	CDs.	For	this	purpose	

1.0	 mmol	 CD	 was	 dissolved	 in	 20	 mL	 water	 and	 1.0	 mmol	 drug	 CDP	 was	

dissolved	in	20	mL	water.	These	two	solutions	are	allowed	to	stir	separately	in	a	

magnetic	 stirrer	 for	 3	 hours.	 The	 aqueous	 solution	 of	 the	 drug	 was	 added	

dropwise	 into	 the	 aqueous	 solution	 of	 the	 cyclodextrin.	 Then	 the	 mixture	 is	

constantly	 stirred	 for	 4	 days	 at	 40-45	 oC.	 The	 solution	 was	 filtered	 at	 that	

temperature,	 then	 cooled	 to	 5oC	 and	 kept	 for	 24	 hrs.	 The	 resulting	 suspension	

was	filtered	and	the	white	polycrystalline	powder	was	found,	it	was	dried	in	air.	
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VII.3. Result and discussion 

VII.3.1. 1H NMR spectra analysis 

The	formation	of	inclusion	complex	and	stoichiometry	is	confirmed	by	1H	

NMR	 study.	 Insertion	 of	 drug	 molecule	 into	 the	 hydrophobic	 cavity	 of	 CD	

molecules	 consequences	 the	 chemical	 shift	 of	 both	 the	 guest	 and	 host	

molecule.[16,17]	 Aromatic	 guest	 molecules	 results	 dimagnetic	 shielding	 of	 the	

aromatic	protons	as	 a	 result	 of	 interaction	 with	 the	CD	protons	after	 inclusion.	

The	location	of	different	protons	in	the	CD	molecules	are	shown	in	scheme	VII.3.	

H3	and	H5	protons	are	located	inside	the	cavity	near	the	wider	rim	and	narrower	

rim	 respectively.	 The	 other	 protons	 H1,H2	 and	 H4	 are	 situated	 outside	 the	 CD	

molecule.[18-20]	 The	 respective	 δ	 values	 of	 the	 drug	 CDP,	 α-CD,	 β-CD	 and	

inclusion	complexes	are	reported	in	table	VII.1.	The	protons		of	CD	and	aromatic	

protons	 of	 CDP	 show	 considarable	 upfield	 shift	 in	 1:1	 inclusion	 complex	 of	 the	

drug	 and	 CD	 (Figure	 VII.1,	 VII.2).	 Chemical	 shift	 indicates	 that	 the	 aromatic	

moiety	of	 the	drug	 interacts	more	with	 the	 H3	protons	 than	H5	suggesting	 the	

drug	 molecule	 enters	 in	 the	 hydrophobic	 cavity	 from	 wider	 end.	 The	 shift	 in	 δ	

value	 of	 both	 the	 CD	 perhaps	 due	 to	 change	 of	 environment	 after	 inclusion	

complex	 formation.	 The	 upfield	 shift	 is	 basically	 due	 to	 formation	 of	 hydrogen	

bond	of	 the	 guest	 with	rim	hydroxyl	 groups	of	 CD.	The	shielding	of	 H3	and	H5	

protons	 are	 due	 to	 ring	 current	 effect	 as	 the	 aromatic	 part	 of	 the	 ring	 was	

positioned	 perpendicular	 to	 the	 to	 the	 cyclodextrin	 molecule	 cavity.[2]	 These	

results	indicate	the	formation	of	inclusion	complex.	

VII.3.2. Surface tension study 

Surface	 tension	 nicely	 explains	 the	 formation	 of	 IC.[21,22]	 CD	 being	

hydrophobic	 in	nature	do	not	show	any	considarable	change	of	surface	tension	

(γ)	 of	 aqueous	 solution.[23]	 The	 studied	 drug	 molecule	 CDP	 exsist	 as	 charged	

structure	 and	 behave	 like	 surfactant.	 Therefore	 when	 CDP	 forms	 ICs	 with	 the	

host	molecules	remarkable	change	in	surface	tension	should	be	observed.	The	γ	

value	of	this	drug	is	lower	than	pure	water.	In	this	study	the	γ	value	of	a	series	of	
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solution	of	CDP	with	increasing	concentration	of	α	and	β-CD	have	been	measured	

at	 298.15	 K(Table	 VII.2,VII.3).	 The	 γ	 value	 regularly	 increases	 for	 both	 the	 CD	

molecules,	 perhaps	 due	 to	 the	 insertion	 of	 the	 surfactant	 like	 drug	 molecules	

from	 solution	 to	 the	 hydrophobic	 cavity	 of	 the	 host	 molecules	 (Scheme	 VII.4	 ).	

There	 is	 a	 single	 distinguisable	 break	 in	 both	 the	 	 surface	 tension	 plots(Figure	

VII.3)	 which	 suggests	 the	 formation	 of	 IC.[24,25]	 The	 concentration	 of	 the	 CDs	

and	 CDP	 at	 the	 break	 point(Table	 VII.6)	 is	 approximately	 1:1	 which	 further	

confirms	the	stoichiometric	ratio	of	 the	IC	to	be	1:1.	More	number	of	breaks	 in	

the	surface	tension	plot	indicates	more	complex	stoichiometry	of	the	IC.	

VII.3.3. Conductivity study 

Conductivity	(κ)	study	provides	us	valuable	information	about	the	stoichiometry	

of	 the	 inclusion	 complex.[26,27]	 The	 aqueous	 solution	 of	 the	 drug	 CDP	 shows	

considarable	 conductivity	 due	 to	 the	 exsistence	 as	 a	 chaged	 atructure.	 For	 this	

purpose	 the	 conductivity	 of	 a	 series	 of	 solutions	 of	 this	 drug	 with	 increasing	

concentration	 of	 α	 and	 β-CD	have	 been	 measured	 at	 298.15K.	 With	addition	 of	

CD	 solution	 the	 conductivity	 regularly	 decreases	 and	 after	 a	 sharp	 break	 point	

the	 conductivity	 value	 almost	 becomes	 constant	 (Table	 VII.4-VII.5).	 Similar	

results	 are	 obtained	 in	 case	 of	 both	 the	 host	 cyclodextrin	 molecules	

(FigureVII.4).The	 appearance	 of	 sharp	 break	 points	 suggest	 the	 formation	 of	

inclusion	 complex.[28,3]	 The	 decrease	 in	 the	 κ	 value	 probably	 due	 to	 the	

encapsulation	of	 the	guest	drug	molecules	in	the	hydrophobic	cavity	of	CD.	The	

values	 of	 κ	 and	 corresponding	 concentration	 of	 the	 host	 CD	 molecules	 are	

reported	in	table	VII.6	which	suggests	that	the	ratio	of	concentration	of	CDP	and	

the	CD	at	the	break	point	is	almost	1:1.	This	confirms	the	stoichiometry	of	the	IC	

to	be	1:1. 

The	break	point	indicates	certain	concentration	where	maximum	number	

of	 drug	 molecules	 are	 inserted	 in	 CD	 molecule	 ever	 before.[18]	 A	 dynamic	

equilibrium	exsists	between	the	guest	drug	and	host	CD	molecules.	

Drug	+	Cyclodextrin	 	Inclusion	complex	
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Maximum	inclusion	takes	place	at	break	point,	after	it	the	concentration	of	CD	is	

higher	 than	 the	 concentration	 of	 CDP	 and	 the	 equilibrium	 shifts	 more	 towards	

the	formation	of	IC.	

VII.3.4. Job plots confirm the stoichiometric ratio 

Job	 plot	 method	 can	 be	 employed	 to	 predict	 the	 stoichiometry	 of	 the	

inclusion	complexes	formed	[29,30].	Job	plots	are	constructed	by	the	continuous	

variation	 method	 with	 the	 help	 of	 UV-Visible	 spectroscopy.	 For	 this	 purpose	 a	

series	 of	 solutions	 for	 the	 drug	 CDP	 and	 both	 the	 CDs	 was	 prepared	 with	 the	

variation	 of	 the	 mole	 fraction	 of	 the	 drug	 molecule	 (	 Table	 VII.7-VII.8).	 A× R	

was	 plotted	 against	 R	 to	 obtain	 these	 plots	 where	 A	 is	 the	 difference	 in	 the	

absorbance	of	the	drug	without	and	with	the	presence	of	host	CDs	and	R=	[CDP]/	

([CDP]	+	[CD]).[31,21]	Absorbance	values	are	recorded	at	the	respective	λ	max	for	

each	of	the	solutions	at	298.15K.	The	stoichiometry	of	the	inclusion	complex	was	

found	from	the	R	values	at	maximum	deviation	that	is	the	ratio	of	host	and	guest	

is	R=0.5	for	1:	1	complexes;	R=0.33	for	1:2complexes;	R=0.66	for	2:	1	complexes.	

[8]	From	fig	VII.5,	it	has	been	found	that	the	maxima	is	R=0.5	for	each	plot	which	

confirms	the	1:1	stoichiometry	of	the	IC.	

VII.3.5. Association constant and thermodynamic parameters 

Association	 constants	 have	 been	 determined	 for	 both	 the	 CDP-CD	 ICs	

from	UV-Visible	spectra.[32]	When	the	drug	molecule	is	encapsulated	in	the	CD	

cavity	 there	 is	 a	 change	 from	 polar	 aqueous	 environment	 to	 the	 apolar	

hydrophobic	 cavity.	 As	 a	 result	 the	 molar	 extiction	 coefficient	 ( ∈)	 of	 the	drug	

molecule	changes	after	inclusion.	The	difference	in	absorbance	intensity	( A)	of	

the	drug	is	observed	as	a	function	of	concentration	of	both	the	CD	molecules	to	

determine	the	Ka	value	(Table	VII.9,VII.10,	VII.11	).	Double	reciprocal	plots	have	

been	generated	on	the	basis	of	Benesi–Hildebrand	method	for	1:1	host–guest	ICs	

[33,8](Figure	VII.6	,VII.7,VII.8		equation	1	)	
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The	 above	 mentioned	 equation	 is	 a	 linear	 equation	 and	 Ka	value	 is	 calculated	

dividing	 the	 intercept	 by	 the	 slope	 from	 double-reciprocal	 plots	 for	 both	 the	

ICs.[34]	

The	thermodynamic	parameters	can	be	also	evaluated	using	the	Ka	values	

found	 at	 various	 temperatures	 on	 the	 basis	 of	 above	 method	 using	 Van’t	 Hoff	

Equation	mentioned	below	[35]	

																																									lnK� =
��

��
+

��

�
																																																									(2)	

Linear	relationship	exsists	between	lnKa	and	1/T.	The	 H∘	value	 depends	upon	

the	 equilibrium	 constant	 at	 different	 temperatures.	 The	 thermodynamic	

parameters	 are	 listed	 in	 table	 VII.11.	 The	 negative	 value	 of	 G	 for	 both	 the	

systems	 indicates	 that	 formation	 of	 inclusion	 complex	 is	 spontaneous.	 The	

negative	 H	value	suggests	that	 the	process	 is	exothermic.[31]	The	decrease	 in	

S	 value	 implies	 that	 the	process	 is	entropy	controlled	 but	 not	entropy	driven.	

The	 effect	 of	 negative	 value	 of	 S	 is	 adverse	 for	 the	 process	 and	 overcome	 by	

more	negative	value	of	 G.	the	overall	process	is	thermodynamically	favorable.	

VII.3.6. FT-IR spectra analysis 

FT-IR	spectral	study	helps	to	determine	the	interaction	between	the	host	

and	 guest	 in	 the	 IC.[36,37]	 The	 drug	 CDP	 and	 the	 CDs	 form	 solid	 inclusion	

complexes	 by	 non	 covalent	 interactions	 such	 as	 hydrophobic	 interactions,	

Vanderwaals	interaction	and	hydrogen	bonding.	After	encapsulation	of	the	drug	

molecule	 by	 the	 CDs,	 the	 resulting	 absorption	 bands	 from	 the	 included	 part	 of	

the	 guest	 molecule	 are	 shifted	 in	 their	 position.[38,39]	 The	 FT-IR	 spectrum	 of	

pure	 CDP,	 α-CD,β-CD	 and	 the	 two	 inclusion	 complexes	 are	 shown	 in	 the	 figure	

VII.9	and	VII.10.	The	various	frequencies	of	the	above	mentioned	compounds	are	

reported	in	table	VII.12.	The	spectrum	of	CDP	is	charecterised	by	peaks	of	–N-H,	-

C=N,	 -C-N,-C-Cl,	 aromatic	 –C=C,	 -C-H	 of	 –CH2	 and	 –CH3	 etc.	 The	 broad	 –O-H	

stretching	 frequency	 for	 α-CD	 and	 β-CD	was	 observed	 at	 3412.10	 and	 3349.84	

cm-1	 respectively.	 In	 the	 ICs	 the	 –O-H	 frequency	 shifted	 to	 lower	 regeion	 i.e.;	
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3384.08	 and	 3329.76	 cm-1	 for	 α-CD	 and	 β-CD	 respectively.	 This	 shift	 occurs	

probably	 due	 to	 involvement	 of	 the	 –O-H	 groups	 of	 both	 the	 CDs	 in	 hydrogen	

bonding	with	the	guest	drug	molecule.	The	peaks	of		-C=N,	-C-N,	aromatic	–C=C	of	

the	 drug	 CDP	 are	 shifted	 in	 the	 spectra	 of	 the	 ICs.	 The	 changes	 in	 the	 FT-IR	

spectra	of	ICs	are	due	to	the	restriction	of	the	vibration	of	free	CDP	molecules	as	

the	quinoline	part	of	the	drug	with	Cl	groups	is	encapsulated	in	the	cavity	of	CD	

molecules.[40,41]	 No	 additional	 peaks	 are	 found	 in	 the	 spectra	 of	 the	 ICs.	 This	

fact	again	confirms	 that	 only	non	covalent	 interaction	exsists	 between	 the	host	

and	guest,	only	Vanderwaal’s	interaction	are	present.		

VII.3.7. HRMS study 

ESI–MS		study		is	 	a		widely		accepted		technique		to	 	characterize		host–

guest		IC.[42,43]	The	result	of	ESI–MS		study		can	be	easily	compared	with	other	

experiments	 such	 as	 Job	 Plot	 titration	 obtained	 from	 UV-Visible	 spectra.	 The	

solid	ICs	synthesized	by	the	method	mentioned	in	the	experimental	section	are	

used	for	MS	study.	Figure	VII.11,VII.12	shows	the	MS	spectra	of	the	two	CDP-CD	

inclusion	complexes.	The		intense		peaks		at		m/z	1293.54		and	1454.61	refers	to	

the	proton	adduct	of	CDP-α-CD	IC	and	CDP-β-CD	IC	Since	no	other	intense	peaks	

are	 observed	 at	 higher	 values	 the	 ESI-MS	 experiment	 verifies	 the	 1:1	

stoichiometry	of	the	ICs.[44,45]	

VII.4. Conclusion 

The	present	study	confirms	that	chloroquine	diphosphate	form	inclusion	

complex	 with	 both	 α	 and	 β-CD	 in	 aqueous	 medium	 and	 in	 solid	 state.	 The	 two	

IC’s	can	be	used	for	controlled	release	of	 this	drug.	 1H-NMR	study	confirms	the	

inclusion	 phenomenon	 whereas	 surface	 tension,	 conductivity	 and	 Job’s	 plot	

variation	 suggest	 the	 1:1	 stoichiometry	 of	 the	 IC’s.	 FT-IR	 spectra	 and	 mass	

spectra	 also	 supported	 the	 formation	 of	 IC.	 The	 binding	 constants	 and	

thermodynamic	 parameters	 have	 been	 evaluated	 from	 UV-Visible	 spectroscopy	

which	 is	 higher	 for	 β-CD.	 The	 overall	 inclusion	 process	 is	 thermodynamically	
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favorable.	 These	 two	 IC’s	 have	 potential	 application	 in	 the	 pharmaceutical	

industries	and	biomedical	fields.	

 

Tables 

Table VII.1. 1H NMR data of CDP, α-CD, β-CD and inclusion complexes 

α-Cyclodextrin:	(500	MHz,	Solv:	D2O)	δ=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)	

	

β-Cyclodextrin:	(500	MHz,	Solv:	D2O)	δ=3.49-3.54	(6H,	t,		J	=	9.2	Hz),	3.57-3.60	

(6H,	dd,	J	=	9.6,	3.2	Hz),	3.79-3.84	(18H,	m),	3.87-3.92	(6H,t,	J	=	9.2	Hz),	5.00-

5.01	(6H,	d,	J	=	3.6	Hz)	

	

CDP:	(300MHz,	Solv:	D2O)	δ=1.11-1.16(6H,	t,		J	=	6	Hz),	1.29-1.31(3H,d, J	=	6	

Hz),1.72(4H,m),	3.04-3.11(4H,q),	6.74-6.76(1H,d, J	=	6	Hz),7.51-

7.54(1H,m),7.74-7.75(1H,d, J	=	3	Hz),8.10-8.13(1H,d, J	=	9	Hz),8.17-8.19(1H,d, J	

=	6	Hz).	

	

CDP-α-CD:	(1:1	molar	ratio,	300	MHz,	Solv:	D2O)	:δ=1.10-1.15(6H,	t,		J	=	6	Hz),	

1.29-1.31(3H,d, J	=	6	Hz),	1.72(4H,m),	3.04-3.11(4H,q),	3.45-3.51(6H,	t,		J	=	9.2	

Hz),3.54-3.55(6H,	dd,	J	=	9.6,	3.2	Hz),3.75-3.78(18H,	m),3.82-3.88((6H,t,	J	=	9.2	

Hz),4.97-4.98(6H,	d,	J	=	3.6	Hz),	6.72-6.74(1H,d, J	=	6	Hz),7.49-7.52(1H,m),7.71-

7.72(1H,d, J	=	3	Hz),8.08-8.11(1H,d, J	=	9	Hz),8.14-8.16(1H,d, J	=	6	Hz).	

	

CDP-β-CD:	(1:1	molar	ratio,	300	MHz,	Solv:	D2O)	:δ=1.11-1.16(6H,	t,		J	=	6	Hz),	

1.29-1.31(3H,d, J	=	6	Hz),	1.72(4H,m),	3.04-3.12(4H,q),	3.43-3.48(6H,	t,		J	=	9.2	

Hz),3.52-3.57(6H,	dd,	J	=	9.6,	3.2	Hz),3.74-3.77(18H,	m),3.81-3.87((6H,t,	J	=	9.2	

Hz),4.96-4.97(6H,	d,	J	=	3.6	Hz),	6.71-6.73(1H,d, J	=	6	Hz),7.48-7.51(1H,m),7.70-

7.71(1H,d, J	=	3	Hz),8.07-8.10(1H,d, J	=	9	Hz),8.13-8.15(1H,d, J	=	6	Hz).	

	



223 | Chapter	VII 

 

Table VII.2. Data for the surface tension study of CDP-α-CD system (concentration 

of stock solution of CDP= 10mM, concentration of stock solution of α-CD = 10mM) 

at 298.15Ka 

Volm	of	α-CD	

(mL)	

Total	volm	

(mL)	
Conc	of	CDP	(mM)	

Conc	of	α-CD	

(mM)	

ST	

(mN	m-1)	

0	 10	 10.000	 0.000	 62.5	

1	 11	 9.091	 0.909	 63.8	

2	 12	 8.333	 1.667	 64.9	

3	 13	 7.692	 2.308	 65.9	

4	 14	 7.143	 2.857	 66.8	

5	 15	 6.667	 3.333	 67.6	

6	 16	 6.250	 3.750	 68.2	

7	 17	 5.882	 4.118	 68.8	

8	 18	 5.556	 4.444	 69.4	

9	 19	 5.263	 4.737	 69.8	

10	 20	 5.000	 5.000	 70.3	

11	 21	 4.762	 5.238	 70.45	

12	 22	 4.545	 5.455	 70.53	

13	 23	 4.348	 5.652	 70.64	

14	 24	 4.167	 5.833	 70.75	

15	 25	 4.000	 6.000	 70.86	

16	 26	 3.846	 6.154	 70.94	

17	 27	 3.704	 6.296	 71.03	

18	 28	 3.571	 6.429	 71.10	

19	 29	 3.448	 6.552	 71.15	

20	 30	 3.333	 6.667	 71.20	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VII.3. Data for the surface tension study of CDP-β-CD system 

(concentration of stock solution of CDP = 10mM, concentration of stock 

solution of β-CD = 10mM) at 298.15Ka	

Volm	of	β-CD	

(mL)	

Total	volm	

(mL)	

Conc	of	CDP	

(mM)	

Conc	of	β-CD	

(mM)	

ST	

(mN	m-1)	

 
0	 10	 10.000	 0.000	 62.5	

1	 11	 9.091	 0.909	 63.9	

2	 12	 8.333	 1.667	 65.1	

3	 13	 7.692	 2.308	 66.2	

4	 14	 7.143	 2.857	 67.1	

5	 15	 6.667	 3.333	 67.9	

6	 16	 6.250	 3.750	 68.6	

7	 17	 5.882	 4.118	 69.2	

8	 18	 5.556	 4.444	 69.7	

9	 19	 5.263	 4.737	 70.2	

10	 20	 5.000	 5.000	 70.7	

11	 21	 4.762	 5.238	 70.9	

12	 22	 4.545	 5.455	 71.0	

13	 23	 4.348	 5.652	 71.2	

14	 24	 4.167	 5.833	 71.2	

15	 25	 4.000	 6.000	 71.4	

16	 26	 3.846	 6.154	 71.4	

17	 27	 3.704	 6.296	 71.5	

18	 28	 3.571	 6.429	 71.6	

19	 29	 3.448	 6.552	 71.7	

20	 30	 3.333	 6.667	 71.8	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VII.4. Data for the conductivity study of CDP-αCD system (concentration of 

stock solution of CDP = 10mM, concentration of stock solution of α-CD = 10mM) at 

298.15Ka 

Volm	of	α-CD	

(mL)	

Total	volm	

(mL)	

Conc	of	CDP	

(mM)	

Conc	of	α-CD	

(mM)	

Conductuvity	

(mS	cm-1)	

 

0	 10	 10.000	 0.000	 1.090	

1	 11	 9.091	 0.909	 0.989	

2	 12	 8.333	 1.667	 0.902	

3	 13	 7.692	 2.308	 0.824	

4	 14	 7.143	 2.857	 0.761	

5	 15	 6.667	 3.333	 0.702	

6	 16	 6.250	 3.750	 0.659	

7	 17	 5.882	 4.118	 0.614	

8	 18	 5.556	 4.444	 0.578	

9	 19	 5.263	 4.737	 0.539	

10	 20	 5.000	 5.000	 0.508	

11	 21	 4.762	 5.238	 0.502	

12	 22	 4.545	 5.455	 0.495	

13	 23	 4.348	 5.652	 0.488	

14	 24	 4.167	 5.833	 0.483	

15	 25	 4.000	 6.000	 0.478	

16	 26	 3.846	 6.154	 0.473	

17	 27	 3.704	 6.296	 0.470	

18	 28	 3.571	 6.429	 0.467	

19	 29	 3.448	 6.552	 0.464	

20	 30	 3.333	 6.667	 0.460	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VII.5. Data for the conductivity study of CDP-β-CD system (concentration of 

stock solution of CDP = 10mM, concentration of stock solution of β-CD = 10mM) at 

298.15Ka 

Volm	of	β-CD	

(mL)	

Total	volm	

(mL)	

Conc	of	CDP	

(mM)	

Conc	of	β-CD	

(mM)	

Conductuvity	

(mS	cm-1)	

 

0	 10	 10.000	 0.000	 1.090	

1	 11	 9.091	 0.909	 0.978	

2	 12	 8.333	 1.667	 0.891	

3	 13	 7.692	 2.308	 0.814	

4	 14	 7.143	 2.857	 0.745	

5	 15	 6.667	 3.333	 0.689	

6	 16	 6.250	 3.750	 0.641	

7	 17	 5.882	 4.118	 0.595	

8	 18	 5.556	 4.444	 0.552	

9	 19	 5.263	 4.737	 0.516	

10	 20	 5.000	 5.000	 0.491	

11	 21	 4.762	 5.238	 0.484	

12	 22	 4.545	 5.455	 0.477	

13	 23	 4.348	 5.652	 0.471	

14	 24	 4.167	 5.833	 0.464	

15	 25	 4.000	 6.000	 0.458	

16	 26	 3.846	 6.154	 0.453	

17	 27	 3.704	 6.296	 0.450	

18	 28	 3.571	 6.429	 0.447	

19	 29	 3.448	 6.552	 0.445	

20	 30	 3.333	 6.667	 0.443	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VII.6. Values of surface tension (γ) and conductance (κ) data the 

break point with corresponding concentration of α and β-CD at 298.15 Ka 

CDP 

α-CD β-CD 

Surface	Tension	

Concentration	

/mM	

5.08	

γa	

/mNm-1	

70.34	

Surface	Tension	

Concentration	

/mM	

5.07	

γa	

/mNm-1	

70.75	

Conductivity	

Concentration	

/mM	

5.01	

κa	

/mSm-1	

0.512	

Conductivity	

Concentration	

/mM	

5.0	

κa	

/mSm-1	

0.490	

a	Standard	 uncertainties	 (u):	 temperature:	 u(T)	 =	 ±0.01	 K,	 surface	 tension:	 u(γ)	 =	 ±0.1	

mNm 1,	conductivity:	u(κ)	=	±0.001	mSm-1.	

Table VII.7. Data for the Job plot performed by UV-Vis spectroscopy for 

CDP-α-CD system at 298.15Ka 

CDP	(mL)	
α-CD	

(mL)	
CDP	(µM)	

α-CD	

(µM)	

[CDP]/([CDP]+

[α-CD])	

Absorbance	

(A)	
ΔA	

ΔA[CDP]/([CDP]

+[α-CD])	

0.0	 1.0	 0	 100	 0.0	 0.0000	 0.2789	 0	

0.1	 0.9	 10	 90	 0.1	 0.1841	 0.0948	 0.00948	

0.2	 0.8	 20	 80	 0.2	 0.1852	 0.0937	 0.01874	

0.3	 0.7	 30	 70	 0.3	 0.1899	 0.0890	 0.0267	

0.4	 0.6	 40	 60	 0.4	 0.2003	 0.0786	 0.03144	

0.5	 0.5	 50	 50	 0.5	 0.2111	 0.0678	 0.0339	

0.6	 0.4	 60	 40	 0.6	 0.2258	 0.0531	 0.03186	

0.7	 0.3	 70	 30	 0.7	 0.2379	 0.0410	 0.0287	

0.8	 0.2	 80	 20	 0.8	 0.2509	 0.0280	 0.0224	

0.9	 0.1	 90	 10	 0.9	 0.2638	 0.0151	 0.01359	

1.0	 0.0	 100	 0	 1.0	 0.2789	 0.0000	 0	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VII.8. Data for the Job plot performed by UV-Vis spectroscopy for 

CDP-β-CD system at 298.15Ka 

CDP(mL)	
β-CD	

(mL)	
CDP	(µM)	

β-CD	

(µM)	

[CDP]/([CDP]+

[β-CD])	

Absorbance	

(A)	
ΔA	

ΔA[CDP]/([CDP]

+[β-CD])	

0.0	 1.0	 0	 100	 0.0	 0.0000	 0.2767	 0	

0.1	 0.9	 10	 90	 0.1	 0.1818	 0.0949	 0.00949	

0.2	 0.8	 20	 80	 0.2	 0.1829	 0.0938	 0.01876	

0.3	 0.7	 30	 70	 0.3	 0.1874	 0.0893	 0.02679	

0.4	 0.6	 40	 60	 0.4	 0.1947	 0.0820	 0.0328	

0.5	 0.5	 50	 50	 0.5	 0.2062	 0.0705	 0.03525	

0.6	 0.4	 60	 40	 0.6	 0.2221	 0.0546	 0.03276	

0.7	 0.3	 70	 30	 0.7	 0.2352	 0.0415	 0.02905	

0.8	 0.2	 80	 20	 0.8	 0.2496	 0.0271	 0.02168	

0.9	 0.1	 90	 10	 0.9	 0.2618	 0.0149	 0.01341	

1.0	 0.0	 100	 0	 1.0	 0.2767	 0.0000	 0	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	

 

Table VII.9. Data for the Benesi-Hildebrand double reciprocal plot performed by 

UV-Vis spectroscopy for CDP-α-CD system 

Temp	

/Ka	

[D]	

/µM	

[α-CD]	

/µM	
Ao	 A	 ΔA	

1/[α-CD]	

/M-1	
1/ΔA	 Intercept	 Slope	

Ka	

/M-1	

288.15	

50	 30	

0.2540	

0.2661	 0.0121	 33333	 82.6	

4.6293803	

	

0.0023255	

	

1990.70	

	

50	 40	 0.2704	 0.0164	 25000	 61.0	

50	 50	 0.2730	 0.0190	 20000	 52.6	

50	 60	 0.2768	 0.0228	 16667	 43.9	

50	 70	 0.2809	 0.0269	 14286	 37.2	

293.15	

50	 30	

0.2540	

0.2648	 0.0108	 33333	 92.6	

4.5265640	

	

0.0026346	

	

1718.12	

	

50	 40	 0.2685	 0.0145	 25000	 69.0	

50	 50	 0.2710	 0.0170	 20000	 58.8	

50	 60	 0.2744	 0.0204	 16667	 49.0	

50	 70	 0.2783	 0.0243	 14286	 41.2	

298.15	 50	 30	

0.2540	

0.2636	 0.0096	 33333	 104.2	

4.4876567	

	

0.0029782	

	

1506.84	

	

50	 40	 0.2671	 0.0131	 25000	 76.3	

50	 50	 0.2689	 0.0149	 20000	 67.1	

50	 60	 0.2721	 0.0181	 16667	 55.2	

50	 70	 0.2762	 0.0222	 14286	 45.0	
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303.15	

50	 30	

0.2540	

0.2625	 0.0085	 33333	 117.6	

4.384832	

	

0.00342	

	

1281.40	

	

50	 40	 0.2652	 0.0112	 25000	 89.3	

50	 50	 0.2672	 0.0132	 20000	 75.8	

50	 60	 0.2697	 0.0157	 16667	 63.7	

50	 70	 0.2742	 0.0202	 14286	 49.5	

308.15	 50	 30	

0.2540	

0.2614	 0.0074	 33333	 135.1	

4.301798	

	

0.0039588	

	

1086.64	

	

50	 40	 0.2637	 0.0097	 25000	 103.1	

50	 50	 0.2656	 0.0116	 20000	 86.2	

50	 60	 0.2676	 0.0136	 16667	 73.5	

50	 70	 0.2718	 0.0178	 14286	 56.2	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	

Table VII.10. Data for the Benesi-Hildebrand double reciprocal plot performed by 

UV-Vis spectroscopy for CDP-β-CD system 

Temp	

/Ka	

[D]	

/µM	

[β-

CD]	

/µM	

Ao	 A	 ΔA	

1/[β-

CD]	

/M-1	

1/ΔA	 Intercept	 Slope	
Ka	

/M-1	

288.15 

50	 30	

0.2540	

0.2675	 0.0135	 33333	 74.1	

4.9652165	

 

0.0020842	

 

2382.31	

 

50	 40	 0.2711	 0.0171	 25000	 58.5	

50	 50	 0.2761	 0.0221	 20000	 45.2	

50	 60	 0.2792	 0.0252	 16667	 39.7	

50	 70	 0.2825	 0.0285	 14286	 35.1	

293.15	

50	 30	

0.2540	

0.2661	 0.0121	 33333	 82.6	

4.9571858	

 

0.0023206	

 

2136.17	

 

50	 40	 0.2698	 0.0158	 25000	 63.3	

50	 50	 0.2741	 0.0201	 20000	 49.8	

50	 60	 0.2768	 0.0228	 16667	 44.0	

50	 70	 0.2798	 0.0258	 14286	 38.8	

298.15	

50	 30	

0.2540 

0.2647	 0.0107	 33333	 93.5	

5.0125621	

 

0.0026445	

 

1895.47	

 

50	 40	 0.2680	 0.0140	 25000	 71.4	

50	 50	 0.2719	 0.0179	 20000	 55.9	

50	 60	 0.2739	 0.0199	 16667	 50.3	

50	 70	 0.2772	 0.0232	 14286	 43.1	

303.15	

50	 30	

0.2540 

0.26330	 0.0093	 33333	 107.5	

5.0482032	

 

0.0030714	

 

1643.62	

 

50	 40	 0.26630	 0.0123	 25000	 81.3	

50	 50	 0.26900	 0.0150	 20000	 66.7	

50	 60	 0.27143	 0.0174	 16667	 57.4	

50	 70	 0.27482	 0.0208	 14286	 48.0	

308.15	

50	 30	

0.2540 

0.26210	 0.0081	 33333	 123.5	

5.0434197	

 

0.0035440	

 
1423.09	

	

50	 40	 0.26480	 0.0108	 25000	 92.6	

50	 50	 0.26710	 0.0131	 20000	 76.3	

50	 60	 0.26924	 0.0152	 16667	 65.6	

50	 70	 0.27234	 0.0183	 14286	 54.5	
a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VII.11. Association constant (Ka) and thermodynamic parameters 

Ho, So and Go of different CDP-cyclodextrin inclusion complexes 

CDP	

 Temp	(K)a	 Ka×10-3(M-1)b	 Ho(kjmol-1)b	 So(Jmol-1K-1)b	
Go	(kJmol-1)b	

(298.15	K)	

CDP+α-CD	

288.15	

293.15	

298.15	

303.15	

308.15	

1.99	

1.71	

1.50	

1.28	

1.08	

-22.19	 -13.78	 -18.08	

CDP+β-CD	

288.15	

293.15	

298.15	

303.15	

308.15	

2.38	

2.13	

1.89	

1.64	

1.42	

-19.06	 -1.35	 -18.65	

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.	
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Table VII.12. Frequencies at FTIR spectra of CDP, α-CD, β-CD and solid inclusion 

complexes 

 Wave Number / cm-1 Group 

CDP	

3433.7	 Stretching	of	–N-H	

2950.73	
Stretching	of	-C-H	from	–

CH3	

2798.02	
Stretching	of	-C-H	from	–

CH2	

1615.58	 Stretching	of	-C=N		

1459.23	 Stretching	of	aromatic	-C=C	

1213.34	 Stretching	of	-C-N	

815.76	 Stretching	of	–C-Cl	

	

α-Cyclodextrin 

3412.10 stretching	of	O-H 

2930.79	

stretching	of	–C-H	from	–

CH2	

1406.76	
bending	of	–C-H	from	–

CH2	and	bending	of	O-H	

1154.39	 bending	of	C-O-C	

1030.39	 stretching	of	C-C-O	

952.36	

skeletal	

vibration		involving	

α-1,4linkage	

β-Cyclodextrin	

3349.84	 stretching	of	O-H	

2921.52	
stretching	of	–C-H	from	–

CH2	

1412.36	

	

bending	of	–C-H	from	–

CH2	and	bending	of	O-H	

1157.57	
bending	of	C-O-C	

	



232 | Chapter	VII 

 

1033.51	 stretching	of	C-C-O	

938.53	

skeletal	vibration		

involving	α-1,4linkage	

	

CDP+α-CD	

3384.08	 Stretching	of	–O-H	of	α-CD	

2924.03	
Stretching	of	–C-H	from	–

CH2	of	α-CD		

1633.96	 Stretching	of	–C=N	of	CDP	

1439.46	
Stretching	of	aromatic	–C=C	

of	CDP	

1223.51	 Stretching	of	–C=N	of	CDP	

1144.53	
Bending	of	–C-O-C	of	α-

CD	

1021.64	
Stretching	of	–C-C-O	of	α-

CD	

CDP+β-CD	

3329.76	 Stretching	of	–O-H	of	β-CD	

2911.86	
Stretching	of	–C-H	from	–

CH2	of	β-CD	

1623.96	 Stretching	of	–C=N	of	CDP	

1449.73	
Stretching	of	aromatic	–C=C	

of	CDP	

1211.87	 Stretching	of	–C-N	0f	CDP	

1025.34	
stretching	of	C-C-O	of	β-

CD	

945.32	 	

 

 

 

 

 



 

FIGURES 

Figure VII.1.	1H	NMR	Spectra	of	(a)	α

+	CDP	in	D2O	in	298.15	K.

Figure VII.2.	1H	NMR	Spectra	of	(a)	β

+	CDP	in	D2O	in	298.15	K.

233

H	NMR	Spectra	of	(a)	α-CD	(b)	CDP	and	(c)	1:1	molar	ratio	of	α

O	in	298.15	K. 

H	NMR	Spectra	of	(a)	β-CD	(b)	CDP	and	(c)	1:1	molar	ratio	of	β

O	in	298.15	K.	
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CD	(b)	CDP	and	(c)	1:1	molar	ratio	of	α-CD	

 

CD	(b)	CDP	and	(c)	1:1	molar	ratio	of	β-CD	
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Figure VII.3. variation	 of	 surface	 tension	 of	 aqueous	 CDP	 solution	 with	

increasing	concentration	of	(a)	

Figure VII.4.  variation	of	conductivity	of	aqueous	CDP	solution	with	increasing	

concentration	of	(a)	α-CD	(b)	β
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Figure VII.5.	 Job	 plot	 of	 (a)	 CDP

system	 at	 λmax=254	 nm	 at	 298.15	 K.	 R=	 [CDP]/	 ([CDP]	 +	 [CD])

difference	of	CDP	without	and	with	CD
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=254	 nm	 (b)	 CDP-β-CD	

A=absorbance	
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40000
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y	=	0.0034219x	+	
4.3848321

R²	=	0.9893036
40000
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Figure VII.6.	 Benesi-Hildebrand	 double	 reciprocal	 plot	 for	 the	 effect	 of	 α-CD	 on	 the	

absorbance	of	CDP	(254	nm)	at	different	temperatures	(X	axis	=	1/[α-CD]	and	Y	axis	=	

1/ΔA).	
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Figure VII.7.	 Benesi-Hildebrand	 double	 reciprocal	 plot	 for	 the	 effect	 of	 β-CD	 on	 the	

absorbance	of	CDP	(254	nm)	at	different	temperatures	(X	axis	=	1/[β-CD]	and	Y	axis	=	

1/ΔA).	
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Figure VII.9. FTIR	spectra	of	(a)	CDP	(b)	α-CD	and	(c)	CDP-α-CD	inclusion	

complex.	
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Figure VII.10.	FTIR	spectra	of	(a)	CDP	(b)	β-CD	and	(c)	CDP-β-CD	inclusion	

complex.	
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Figure VII.11. ESI	mass	spectra	of

Figure VII.12. ESI	mass	spectra	of

 

 

 

 

 

 

 

ESI	mass	spectra	of	CDP-α-CD	inclusion	complex.	

ESI	mass	spectra	of	CDP-β-CD	inclusion	complex.	
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SCHEMES 

 

Scheme VII.1: Molecular	structure	of	chloroquine. 

 

	

 

Scheme VII.2:   Structure	of	cyclodextrin	molecules.	
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Scheme VII.3. Truncated	conical	structure	of	cyclodextrin.	
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Chapter VIII 

Exploration of inclusion complexes of probenecid with α 

and β-cyclodextrins: enhancing the utility of the drug	

	Herein,	we	report	 the	 formation	of	 inclusion	complexes	between	a	poor	water	

soluble	 drug,	 namely,	 probenecid	 and	 α/β-cyclodextrins.	 Solubility	 of	

probenecid	has	been	enhanced	by	formation	of	inclusion	complexes	with	the	two	

cyclodextrins.	The	stoichiometries	of	the	inclusion	complexes	were	determined	

by	Job’s	method	using	UV-visible	spectroscopy.	Surface	tension	and	conductance	

study	 prove	 the	 inclusion	 phenomenon,	 while	 stereo-chemical	 nature	 of	 the	

inclusion	complexes	has	been	explained	by	2D	ROSEY	NMR	spectroscopy.	FT-IR	

spectra	 and	 HRMS	 study	 also	 support	 the	 inclusion	 process.	 Association	

constants	 for	 both	 the	 inclusion	complexes	 have	been	calculated	using	Benesi–

Hildebrand	method,	while	the	thermodynamic	parameters	have	been	estimated	

with	the	help	of	van’t	Hoff	equation.	The	association	constant	value	was	found	to	

be	 higher	 in	 case	 of	 β-cyclodextrin	 than	 that	 of	 α-cyclodextrin	 which	 was	

explained	on	the	basis	of	their	molecular	structures. 
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VIII.1. Introduction 

Cyclodextrins	(CDs)	are	extensively	used	in	the	pharmaceutical	 industry	

as	 drug	 carriers	 to	 enhance	 the	 solubility,	 stability	 and	 bioavailability	 of	 these	

bio-active	 molecules	 [1].	 These	 are	 cyclic	 oligosaccharides	 having	 a	 shape	 of	

truncated	cone	with	a	hydrophobic	cavity	and	hydrophilic	exterior	rim.[2]	CDs	

are	composed	of	six	(α-CD),	seven	(β-CD)	and	eight	(γ-CD)	glucopyranose	units	

linked	 through	 α-(1-4)	 bond	 (Scheme	VIII.1)	 [2,3].	Due	 to	 the	 difference	 in	 the	

hydrophilic-hydrophobic	 nature	 of	 exterior	 and	 interior,	 CD	 can	 form	 stable	

host-guest	inclusion	complex	(IC)	with	amino	acids,	vitamins,	ionic	liquids,	drug	

molecules	etc	[1].	

CD	got	prior	importance	in	the	field	of	supramolecular	chemistry	due	to	

construction	of	metal	nano-particle	modified	CDs.	Conjugation	of	CD	and	various	

nano-particles	 enhances	 their	 characteristics	 such	 as	 electronic,	 thermal	 and	

catalytic	properties	of	the	guest	and	modify	the	macrocyclic	host	as	nanosensors,	

drug	 delivery	 vehicles	 and	 recycling	 extraction	 agents	 [4].	 CDs	 have	 potential	

application	 in	 formulation	 of	 molecular	 switches,	 molecular	 machines,	

supramolecular	polymers,	etc	[5].	

Probenecid	 [4-(dipropylsulfamoyl)	 benzoic	 acid]	 (PB)	 is	 a	 drug	 which	 helps	 to	

lower	uric	acid	level	 in	human	(Scheme	VIII.2).	Basically	it	is	used	to	treat	gout	

and	 hyperurecemia.	 Another	 important	 function	 of	 this	 drug	 is	 to	 inhibit	 renal	

excretion	 of	 some	 other	 drugs,	 thereby	 increasing	 their	 plasma	 concentration	

and	 prolonging	 their	 effects	 [6].	 In	 order	 to	 have	 biological	 activity,	 drug	
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molecules	should	be	able	to	penetrate	 the	 lipophilic	cell	membrane	[1].	But,	as	

the	solubility	of	PB	is	very	low,	it	is	difficult	to	apply	PB	in	human	serum.	Thus,	

CD	can	serve	as	encapsulating	agent	for	PB	by	forming	host	guest	IC	and	deliver	

the	drug	to	the	physiological	 target	without	 losing	any	bioactivity	of	 it	 [7].	CDs	

are	considered	safe	by	food	and	drug	administration	and	friendly	to	human	[1].	

In	this	present	work	we	attempt	to	ascertain	the	formation	and	nature	of	IC	of	α	

and	 β-CD	 with	 PB	 in	 aqueous	 environment	 by	 spectroscopic	 and	

physicochemical	 studies,	 so	 that,	 the	 drug	 may	 be	 released	 in	 a	 controlled	

fashion	from	the	IC	without	any	chemical	and	biological	modification.	

VIII.2. Experimental Section	

VIII.2.1. Source and Purity of Samples 

Probenecid,	α-cyclodextrin	and	β-cyclodextrin	of	pure	grade	were	bought	

from	 Sigma-Aldrich	 and	 used	 as	 received.	 The	 mass	 fraction	 purity	 of	

probenecid,	 α-cyclodextrin	 and	 β-cyclodextrin	 are	 ≥	 0.99,	 ≥	 0.99	 and	 ≥	 0.98	

respectively.	

VIII.2.2. Apparatus and Procedure 

Solubility	of	PB	is	low	in	pure	water.	Thus,	all	the	working	solutions	have	

been	prepared	by	taking	1:1	molar	ratio	of	PB	and	NaOH	in	triply	distilled	and	

degassed	water	maintaining	the	pH	of	the	solution	at	7.0.	Solubilities	of	α	and	β-

CD	 have	 been	 tested	 in	 triply	 distilled	 and	 degassed	 water	 and	 found	 fair	

solubility	 of	 the	 cyclodextrins.	 All	 the	 stock	 solutions	 were	 prepared	 by	 mass	
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(weighed	 by	 Mettler	 Toledo	 AG-285	 with	 uncertainty	 0.0003g)	 at	 298.15K.	

Solutions	are	prepared	carefully	to	avoid	weight	loss	due	to	evaporation.	

UV–visible	 spectra	 were	 taken	 by	 JASCO	 V-530	 UV/VIS	

Spectrophotometer,	with	uncertainty	in	wavelength	as	±2	nm.	The	temperature	

during	experiment	is	kept	constant	using	a	digital	thermostat.	

Surface	 tensions	 of	 the	 solutions	 were	 measured	 by	 platinum	 ring	

detachment	Tensiometer	(K9,	KRUSS;	Germany)	at	298.15	K.	Temperature	of	the	

system	 was	 kept	 constant	 by	 circulating	 thermostated	 water	 through	 a	 double	

wall	glass	vessel	in	which	solution	was	kept.	

Conductivities	 of	 the	 solutions	 are	 measured	 using	 a	 Mettler	 Toledo	

Seven	Multi	conductivity	meter	having	uncertainty	1.0µSm-1	having	uncertainty	

±0.01K.	 Thermostated	 water	 bath	 kept	 the	 temperature	 constant	 at	 298.15	

throughout	 the	 experiment.	 HPLC	 grade	 water	 was	 used	 with	 specific	

conductance	6.0lSm-1.	The	conductivity	cell	was	calibrated	using	0.01	M	aqueous	

KCl	solution.	

	2D	ROSEY	NMR	spectra	were	recorded	at	300MHz	in	D2O	solution	using	

Bruker	Avance	instruments	at	298K.	Signals	are	quoted	as	δ	values	in	ppm	using	

residual	protonated	solvent	signals	as	internal	standard	(HDO:	δ	4.79	ppm).	Data	

are	reported	as	chemical	shift.	

Fourier	 transform	 infrared	 (FT-IR)	 spectra	 were	 recorded	 on	 a	 Perkin	

Elmer	 FT-IR	 spectrometer	 according	 to	 the	 KBr	 disk	 technique.	 Samples	 were	
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prepared	 as	 KBr	 disks	 with	 1	 mg	 complex	 and	 100	 mg	 KBr.	 The	 FTIR	

measurements	were	performed	in	the	scanning	range	of	4000 400	cm 1	at	room	

temperature.	

HRMS	analyses	were	executed	with	Q-TOF	high	resolution	instrument	by	

positive	mode	electro-spray	ionization.	

The	 two	 solid	 inclusion	 complexes	 [α-CD+PB	 and	 β-CD+PB]	 have	 been	

prepared	taking	1:1	molar	ratio	of	both	the	drug	and	CD.	In	each	case	1.0	mmol	

CD	was	dissolved	in	20	mL	water	and	1.0	mmol	drug	PB	was	dissolved	in	20	mL	

ethanol	 and	 stirred	 separately	 for	 4	 hrs.	 Then	 the	 ethanol	 solution	 of	 the	 drug	

was	added	drop	wise	to	the	aqueous	CD	solution.	The	mixture	was	then	allowed	

to	stir	for	72	hrs	at	50–55oC.	It	was	filtered	at	this	temperature,	then	cooled	to	

5oC	and	kept	for	12	hours.	The	resulting	suspension	was	filtered	and	the	white	

polycrystalline	powder	was	found,	which	was	washed	with	ethanol	and	dried	in	

air.	

VIII.3. Result and Discussion 

VIII.3.1. Job plot demonstrates the stoichiometry of the host–guest 

inclusion complex 

The	stoichiometry	of	the	host-guest	IC	was	determined	by	Job’s	method	of	

continuous	variation	with	the	help	of	UV-visible	spectra	[8].	In	this	method	 A×R	

is	 plotted	 against	 R	 (where	 A	 indicates	 the	 difference	 of	 absorbance	 of	 PB	 in	

presence	and	in	absence	of	the	host	CD	molecules	and	R=	[PB]/	([PB]	+	[CD])	and	

the	 Job	 plots	 were	 created	 varying	 the	 mole	 fraction	 of	 PB	 in	 the	 range	 of	 0-
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1(Table	 VIII.1-VIII.2)	 [9,	 10].	 Absorbance	 values	 were	 measured	 at	 243	 nm	 at	

298	K	 for	a	series	of	 solutions.	The	stoichiometry	of	 the	 IC	was	determined	 by	

the	value	of	R	at	maximum	deviation.	(R=0.5	for	1:	1	complexes;	R=0.33	for	1:2	

complexes;	 R=0.66	 for	 2:	 1	 complexes)	 [11,12].	 In	 the	 present	 work	 both	 the	

plots	of	PB+α-CD	and	PB+β-CD	show	maxima	at	R=0.5	suggesting	the	drug	forms	

IC	with	both	the	host	CDs	with	1:1	molar	ratio	(Figure	VIII.1).	

VIII.3.2. Surface tension study	

The	formation	of	 inclusion	complex	is	also	supported	by	surface	tension	

(γ)	study,	which	also	reveals	 the	stoichiometry	of	 the	ICs	 [13,14].	The	aqueous	

solutions	 of	 both	 α	 and	 β-CD	 do	 not	 show	 any	 significant	 change	 of	 γ	 in	

substantial	range	of	concentration	[15,16].	The	studied	drug	molecule	exists	as	

charged	structure	and	behaves	like	surfactant	molecule	and	there	is	remarkable	

decrease	of	γ	in	their	aqueous	solution.	Therefore	its	γ	value	is	lower	than	pure	

water.	 In	 this	 study	 the	 γ	 of	 PB	 solution	 is	 measured	 with	 increasing	

concentration	 of	 both	 α	 and	 β-CD	 (Table	 VIII.3-VIII.4).	 The	 γ	 value	 regularly	

increases,	 reaches	 a	 maximum	and	 after	 that	 almost	 becomes	 constant	 (Figure	

VIII.2).	As	the	surface	active	drug	molecules	are	inserted	in	the	cavity	of	host	CD	

molecules	the	γ	value	regularly	increases.	The	appearance	of	a	sharp	break	point	

indicates	 the	 formation	 of	 IC	 and	 also	 1:1	 stoichiometry	 of	 the	 host-guest	

inclusion	assembly	(Scheme	VIII.3).	More	number	of	breaks	in	the	plot	indicates	

more	complex	stoichiometries	such	as	1:2,2:1,2:2	etc	[14,17].	The	value	of	γ	at	

different	break	points	and	corresponding	concentrations	of	α	and	β-CD	are	listed	
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in	 table	 VII.7.	 The	 breaks	 have	 been	 found	 at	 certain	 concentration	 where	 the	

ratio	of	concentration	of	PB	and	host	CD	molecule	are	almost	1:1.	

VIII.3.3. Conductivity study	

						Conductivity	(κ)	study	gives	valuable	information	about	the	stoichiometry	of	

the	 inclusion	 complex	 [18,	 20].	 The	 conductance	 of	 a	 series	 of	 solutions	 of	 PB	

with	 increasing	 concentration	 of	 both	 the	 α	 and	 β-CD	 have	 been	 measured	

(Table	 VIII.5-VIII.6).	 PB	 exists	 in	 ionic	 form	 in	 aqueous	 solution	 and	 shows	

substantial	conductance	value.	As	the	aqueous	solution	of	host	CD	was	added	to	

PB,	the	κ	value	regularly	decreases	due	to	insertion	of	the	drug	molecule	into	the	

hydrophobic	cavity	of	CD	(Figure	VIII.3).	After	a	certain	concentration	of	CD	and	

drug	 molecule,	 a	 single	 break	 was	 found	 in	 both	 the	 conductivity	 curve,	

suggesting	 the	 formation	 of	 IC	 (Scheme	 VII.3)	 [11,14].	 The	 values	 of	 κ	 and	 the	

corresponding	concentration	of	α	and	β-CD	at	each	break	point	is	shown	in	table	

VIII.7	which	shows	the	ratio	of	the	concentration	of	drug	and	the	CD	was	about	

1:1	 recommending	 the	 host	 –guest	 ratio	 to	 be	 1:1.	 The	 κ	 value	 near	 the	 break	

point	is	found	to	be	lower	in	case	of	β-CD	than	α-CD	probably	due	to	the	reason	

that	the	former	is	more	able	to	encapsulate	the	drug	molecule	than	the	later.	

There	always	exists	a	dynamic	equilibrium	between	the	host	and	guest	molecule.	

At	 the	break	point	most	of	 the	guest	molecules	are	 inserted	 in	 the	cavity	of	CD	

i.e.,	at	this	point	maximum	inclusion	takes	place	than	before.	After	this	point	the	

concentration	 of	 CD	 is	 more	 than	 the	 drug	 molecule	 and	 the	 equilibrium	 is	

shifted	toward	the	IC	[12].	
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VIII.3.4. Association constants and thermodynamic parameters 

					Using	 the	 UV	 visible	 spectra	 we	 can	 determine	 the	 association	 constant	 or	

binding	constant	(Ka)	of	the	IC	of	PB	with	α	and	β-CD	[12].	As	the	PB	molecules	

are	encapsulated	into	the	CD	molecule,	 the	environment	of	 the	 former	changes	

and	as	a	result	 the	 molar	extinction	coefficient	 ( )	changes	 [21].	 The	change	of	

absorbance	 ( A)	 was	 measured	 as	 a	 function	 of	 concentration	 of	 α	 and	 β-CD	

molecule	(Table	VIII.8	and	VIII.9).	The	value	of	Ka	has	been	calculated	from	the	

double	 reciprocal	 plots	 on	 the	 basis	 of	 Benesi-Hildebrand	 method	 which	 is	

described	below	[22,	10].	
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[��]
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�

ε[��]
																																								(1)	

The	 equation	 is	 valid	 in	 case	 of	 1:1	 host-guest	 IC	 only.	 It	 is	 a	 linear	

equation	 and	 the	 value	 of	 Ka	 is	 obtained	 by	 dividing	 the	 intercept	 by	 the	 slope	

from	 double-reciprocal	 plots	 [23].	 The	 Ka	 value	 is	 determined	 in	 five	 different	

temperatures	(Table	VIII.10;	Figure	VIII.4-VIII.5).	

The	thermodynamic	parameters	 GO,	 HO	and	 SO	for	the	formation	of	IC	

can	 be	 determined	 from	 the	 Van’t	 Hoff	 equation	 with	 the	 help	 of	 association	

constant	(Ka)	[24].	
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In	equation	2,	lnKa	varies	linearly	with	1/T.	The	 HO	value	depends	upon	

the	 equilibrium	 constant	 at	 different	 temperatures.	 The	 thermodynamic	
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parameters	 for	 the	 formation	 of	 two	 ICs	 were	 mentioned	 in	 table	 VIII.10.	 The	

GO	values	were	found	negative	in	both	the	cases,	which	indicate	that	the	two	ICs	

form	spontaneously.	The	 HO	values	are	negative	which	suggests	the	process	to	

be	exothermic	[11].But	the	process	is	not	favored	by	entropy	since	the	value	of	

SO	is	negative.	The	randomness	of	the	molecules	decrease	due	to	their	insertion	

into	 the	 cavity	 of	 CD,	 as	 a	 result	 the	 SO	 value	 is	 negative.	 But	 this	 effect	 is	

surmounted	 by	 the	 higher	 negative	 value	 of	 HO.	 The	 overall	 process	 of	

formation	of	inclusion	complex	is	thermodynamically	favorable.	

VIII.3.5. FT-IR study 

The	formation	of	inclusion	complex	of	PB	with	α	and	β-CD	in	solid	state	is	

supported	by	FT-IR	study	[25,	26].	There	are	many	changes	in	the	FT-IR	spectra	

of	solid	inclusion	complexes	due	to	the	loss	of	bending	and	vibrating	peaks	of	the	

guest	molecule	after	complexation	[27].	The	various	frequencies	of	PB,	α-CD,	β-

CD,	 PB+α-CD	 and	 PB+β-CD	 are	 reported	 in	 table	 VIII.11.	 We	 can	 identify	 the	

spectra	 of	 PB	 from	 the	 characteristic	 peaks	 of	 –OH,	 -C=O,	 C-N,	 aromatic	 C=C	

groups	 at	 3428.57,	 1690.22,	 1346.09,	 1422.42	 cm-1	 respectively	 (Figure	 VIII.6	

and	 VIII.7).	 Broad	 characteristic	 peaks	 of	 –OH	 at	 about	 3412.10	 cm 1	 and	

3349.84	cm 1	are	present	in	the	spectrum	for	α	and	β-CD.	But	if	we	examine	the	

spectra	of	the	two	ICs,	we	can	see	that	many	peaks	of	the	drug	are	either	absent	

or	 shifted.	 The	 reason	 may	 be	 that	 after	 inclusion	 in	 the	 cavity	 of	 CD	 the	

environment	 of	 the	 drug	 is	 changed	 [3].The	 frequency	 of	 groups	 –O-H,	 N-C-H,	

S=O,	 C-O,	 aromatic	 C=C	 are	 missing	 in	 both	 the	 inclusion	 complex	 spectra	

whereas	the	frequency	of	C-N,	-CH3,	-C=O	are	shifted.	The	–O-H	frequency	of	both	



252 | Chapter	VIII 

 

Published	in	Journal	of	Molecular	Structure,	2017,	1144,	103	–	111 

α	and	β-CD	are	shifted	to	lower	region	probably	due	to	involvement	of	the	–O-H	

groups	 of	 the	 host	 molecules	 in	 hydrogen	 bonding	 with	 the	 guest	 molecule.	

Moreover	 the	 spectra	 of	 the	 two	 inclusion	 complexes	 are	 similar	 to	 CD.	 No	

additional	peaks	are	recognized	in	the	solid	inclusion	complexes	which	mean	no	

chemical	reaction	occurred	between	the	drug	and	CD.	

VIII.3.6. 2D ROSEY NMR 

Two	 dimensional	 (2D)	 ROSEY	 NMR	 spectra	 are	 among	 the	 most	 direct	

evidence	 for	 the	 formation	 of	 the	 inclusion	 complexes	 [28,	 29].	 It	 provides		

important		information		about		the		spatial		proximity		between		host		and	guest		

molecules		via		observations		of	 	the		intermolecular		dipolar		cross	correlations	

[30,	31].	Any	two	protons	in	a	molecule	 locating	within	a	distance	of	0.4	nm	in	

space	can	produce	 	a	 	Nuclear	 	Overhauser	 	Effect	 	(NOE)	 	cross	correlation	 	 in		

NOE	 	 spectroscopy	 (NOESY)	 or	 rotating-frame	 NOE	 spectroscopy	 (ROESY)	

[32,33].	 Part	 of	 the	 contour	 plot	 of	 the	 ROESY	 spectrum	 of	 the	 PB+α-CD	 and	

PB+β-CD	 was	 shown	 in	 the	 figure	 VIII.8	 and	 VIII.9.	 The	 spectra	 were	 taken	 in	

D2O	 with	 the	 two	 solid	 inclusion	 complexes	 mentioned	 before.	 From	 scheme	

VIII.1	it	is	clear	that	in	both	the	CD	molecule	the	H3	and	H5	protons	are	located	

inside	 the	 hydrophobic	 cavity	 while	 the	 other	 protons	 (H1,	 H2	 and	 H4)	 are	

present	outside	the	cavity.	The	H3	proton	is	placed	near	the	wider	rim	while	H5	

are	placed	near	the	narrower	rim	[25,	26,	34].	We	can	gain	valuable	information	

from	the	ROSEY	Spectra	by	the	appearance	of	NOE	cross-peaks	between	the	H3	

or	 	H5	protons	of	 the	 host	 and	 the	aromatic	protons	of	 	 the	 	drug	 	recognizing		

their	 	 spatial	 	 contacts	 (Figure	 VIII.8	 and	 VIII.9)	 [35-38].	 The	 ROSEY	 spectra	
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shows	appreciable		correlation		of		aromatic	protons	of		PB	with	both	α	and	β-CD.	

This	 indicates	 that	 it	 is	 the	 aromatic	 ring	 that	 is	 encapsulated	 in	 the	 cavity	 of	

host.	The	H6	proton	remains	unaffected	after	 the	 inclusion	phenomenon	which	

once	again	supports	 that	 the	drug	molecule	 is	 inserted	from	the	wider	rim.	2D	

NMR	results	were	in	a	good	agreement	with	results	obtained	from	FT-IR	spectra	

[26].	

VIII.3.7. Mass spectra 

ESI-mass	spectrometric	analyses	were	also	used	to	detect	 the	 formation	

of	IC	synthesized	by	the	method	described	above	in	the	solid	state	[39,	40].	The	

spectra	is	given	in	figure	VIII.10	and	VIII.11.	The	observed	peaks	have	been	put	

into	 table	 VIII.12	 which	 confirms	 that	 both	 α	 and	 β-CD	 forms	 inclusion	

complexes	with	PB	in	the	solid	state.	The	stoichiometric	ratio	of	host	CD	and	the	

guest	drug	is	1:1.	

VIII.4. Conclusion 

This	work	confirms	that	probenecid	forms	inclusion	complex	with	both	α	

and	 β-CD	 in	 the	 aqueous	 medium	 and	 in	 the	 solid	 state	 which	 can	 be	 used	 as	

regulatory	 releaser	 of	 this	 drug.	 2D	 ROESY	 NMR	 study	 confirms	 the	 inclusion	

phenomenon	and	its	mechanism.	Surface	tension,	conductance	and	Job	plot	from	

UV-visible	spectroscopy	determines	the	1:1	stoichiometric	ratio	of	the	IC.	FT-IR	

spectra	 and	 mass	 spectra	 also	 supported	 the	 formation	 of	 IC.	 The	 association	

constants	and	thermodynamic	parameters	have	been	estimated	for	both	the	ICs	

by	reliable	techniques	and	it	is	higher	for	β-CD.	There		is		a		drop		in		ΔSO,		which		
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is	overcome		by		higher		negative		value		of		ΔHO,		making		the		overall		inclusion		

process	 thermodynamically	 favorable.	 These	 two	 ICs	have	various	applications	

in	the	field	of	modern	biochemistry	and	medical	science.	

Tables	

Table VIII.1. Data for the Job plot performed by UV-Vis spectroscopy for PB-

α-CD system at 298.15Ka	

PB	

(mL)	

α-CD	

(mL)	
PB	(µM)	

α-CD	

(µM)	

[PB]/([PB]

+[α-CD])	

Absorbanc

e	(A)	
ΔA	

ΔA[PB]/([PB

]+[α-CD])	

0.0	 1.0	 0	 100	 0.0	 0.0000	 0.2107	 0	

0.1	 0.9	 10	 90	 0.1	 0.0254	 0.1853	 0.01853	

0.2	 0.8	 20	 80	 0.2	 0.0652	 0.1455	 0.0291	

0.3	 0.7	 30	 70	 0.3	 0.0791	 0.1316	 0.03948	

0.4	 0.6	 40	 60	 0.4	 0.0975	 0.1132	 0.04528	

0.5	 0.5	 50	 50	 0.5	 0.1158	 0.0949	 0.04745	

0.6	 0.4	 60	 40	 0.6	 0.1362	 0.0745	 0.0447	

0.7	 0.3	 70	 30	 0.7	 0.1536	 0.0571	 0.03997	

0.8	 0.2	 80	 20	 0.8	 0.1715	 0.0392	 0.03136	

0.9	 0.1	 90	 10	 0.9	 0.1899	 0.0208	 0.01872	

1.0	 0.0	 100	 0	 1.0	 0.2107	 0.0000	 0	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	

 

Table VIII.2. Data for the Job plot performed by UV-Vis spectroscopy for PB-

β-CD system at 298.15Ka	

PB(mL)	
β-CD	

(mL)	
PB	(µM)	

β-CD	

(µM)	

[PB]/([PB]

+[β-CD])	

Absorbance	

(A)	
ΔA	

ΔA[PB]/([PB]

+[β-CD])	

0.0	 1.0	 0	 100	 0.0	 0.0000	 0.1885	 0	

0.1	 0.9	 10	 90	 0.1	 0.0192	 0.1693	 0.01693	

0.2	 0.8	 20	 80	 0.2	 0.0369	 0.1516	 0.03032	

0.3	 0.7	 30	 70	 0.3	 0.0587	 0.1298	 0.03894	

0.4	 0.6	 40	 60	 0.4	 0.0761	 0.1124	 0.04496	

0.5	 0.5	 50	 50	 0.5	 0.0952	 0.0933	 0.04665	

0.6	 0.4	 60	 40	 0.6	 0.1149	 0.0736	 0.04416	

0.7	 0.3	 70	 30	 0.7	 0.1325	 0.0560	 0.0392	

0.8	 0.2	 80	 20	 0.8	 0.1510	 0.0375	 0.03	

0.9	 0.1	 90	 10	 0.9	 0.1695	 0.0190	 0.0171	

1.0	 0.0	 100	 0	 1.0	 0.1885	 0.0000	 0	
a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VIII.3. Data for the surface tension study of PB-α-CD system 

(concentration of stock solution of probenecid= 10mM, concentration of 

stock solution of α-CD = 10mM) at 298.15Ka 

Volm	of	α-CD	

(mL)	

Total	volm	

(mL)	
Conc	of	PB	(mM)	

Conc	of	α-CD	

(mM)	

ST	

(mN	m-1)	

0	 10	 10.000	 0.000	 63.2	

1	 11	 9.091	 0.909	 64.5	

2	 12	 8.333	 1.667	 65.6	

3	 13	 7.692	 2.308	 66.5	

4	 14	 7.143	 2.857	 67.4	

5	 15	 6.667	 3.333	 68.1	

6	 16	 6.250	 3.750	 68.8	

7	 17	 5.882	 4.118	 69.4	

8	 18	 5.556	 4.444	 69.9	

9	 19	 5.263	 4.737	 70.4	

10	 20	 5.000	 5.000	 70.9	

11	 21	 4.762	 5.238	 71.0	

12	 22	 4.545	 5.455	 71.1	

13	 23	 4.348	 5.652	 71.1	

14	 24	 4.167	 5.833	 71.2	

15	 25	 4.000	 6.000	 71.2	

16	 26	 3.846	 6.154	 71.3	

17	 27	 3.704	 6.296	 71.3	

18	 28	 3.571	 6.429	 71.4	

19	 29	 3.448	 6.552	 71.4	

20	 30	 3.333	 6.667	 71.5	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VIII.4. Data for the surface tension study of PB-β-CD system 

(concentration of stock solution of probenecid = 10mM, concentration of 

stock solution of β-CD = 10mM) at 298.15Ka 

Volm	of	β-CD	

(mL)	

Total	volm	

(mL)	

Conc	of	PB	

(mM)	

Conc	of	β-CD	

(mM)	

ST	

(mN	m-1)	

0	 10	 10.000	 0.000	 63.2	

1	 11	 9.091	 0.909	 64.6	

2	 12	 8.333	 1.667	 65.8	

3	 13	 7.692	 2.308	 66.8	

4	 14	 7.143	 2.857	 67.6	

5	 15	 6.667	 3.333	 68.3	

6	 16	 6.250	 3.750	 69.0	

7	 17	 5.882	 4.118	 69.6	

8	 18	 5.556	 4.444	 70.1	

9	 19	 5.263	 4.737	 70.6	

10	 20	 5.000	 5.000	 71.1	

11	 21	 4.762	 5.238	 71.2	

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	 71.5	

16	 26	 3.846	 6.154	 71.5	

17	 27	 3.704	 6.296	 71.6	

18	 28	 3.571	 6.429	 71.6	

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 VIII.5. Data for the conductivity study of PB-α-CD system 

(concentration of stock solution of probenecid = 10mM, concentration of 

stock solution of α-CD = 10mM) at 298.15Ka 

Volm	of	α-CD	

(mL)	

Total	volm	

(mL)	

Conc	of	PB	

(mM)	

Conc	of	α-CD	

(mM)	

Conductuvity	

(mS	cm-1)	

0	 10	 10.000	 0.000	 0.859	

1	 11	 9.091	 0.909	 0.788	

2	 12	 8.333	 1.667	 0.721	

3	 13	 7.692	 2.308	 0.663	

4	 14	 7.143	 2.857	 0.616	

5	 15	 6.667	 3.333	 0.571	

6	 16	 6.250	 3.750	 0.525	

7	 17	 5.882	 4.118	 0.495	

8	 18	 5.556	 4.444	 0.468	

9	 19	 5.263	 4.737	 0.441	

10	 20	 5.000	 5.000	 0.418	

11	 21	 4.762	 5.238	 0.407	

12	 22	 4.545	 5.455	 0.402	

13	 23	 4.348	 5.652	 0.397	

14	 24	 4.167	 5.833	 0.394	

15	 25	 4.000	 6.000	 0.391	

16	 26	 3.846	 6.154	 0.388	

17	 27	 3.704	 6.296	 0.386	

18	 28	 3.571	 6.429	 0.384	

19	 29	 3.448	 6.552	 0.383	

20	 30	 3.333	 6.667	 0.382	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VIII.6. Data for the conductivity study of PB-β-CD system 

(concentration of stock solution of probenecid = 10mM, concentration of 

stock solution of β-CD = 10mM) at 298.15Ka 

Volm	of	β-CD	

(mL)	

Total	volm	

(mL)	

Conc	of	PB	

(mM)	

Conc	of	β-CD	

(mM)	

Conductuvity	

(mS	cm-1)	

0	 10	 10.000	 0.000	 0.859	

1	 11	 9.091	 0.909	 0.767	

2	 12	 8.333	 1.667	 0.698	

3	 13	 7.692	 2.308	 0.641	

4	 14	 7.143	 2.857	 0.592	

5	 15	 6.667	 3.333	 0.545	

6	 16	 6.250	 3.750	 0.507	

7	 17	 5.882	 4.118	 0.476	

8	 18	 5.556	 4.444	 0.445	

9	 19	 5.263	 4.737	 0.423	

10	 20	 5.000	 5.000	 0.400	

11	 21	 4.762	 5.238	 0.386	

12	 22	 4.545	 5.455	 0.382	

13	 23	 4.348	 5.652	 0.379	

14	 24	 4.167	 5.833	 0.376	

15	 25	 4.000	 6.000	 0.374	

16	 26	 3.846	 6.154	 0.372	

17	 27	 3.704	 6.296	 0.370	

18	 28	 3.571	 6.429	 0.369	

19	 29	 3.448	 6.552	 0.368	

20	 30	 3.333	 6.667	 0.367	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	
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Table VIII.7. Values of Surface Tension (γ) and Conductance (κ) at the 

break point with corresponding concentration of α and β-CD at 298.15K. 

Probenecid	

α-CD	 β-CD	

Surface	Tension	

Conc.	of	CD	

/mM	

	

5.20	

γ	

/mNm-1	

	

71.06	

Conc.	of	CD	

/mM	

	

5.12	

γ	

/mNm-1	

	

71.18	

Conductivity	

Conc.	of	CD	

/mM	

	

5.11	

κ	

/mSm-1	

	

0.411	

Conc.	of	CD	

/mM	

	

5.06	

κ	

/mSm-1	

	

0.390	

 

	

Table VIII.8. Data for the Benesi-Hildebrand double reciprocal plot 

performed by UV-Vis spectroscopy for PB-α-CD system 

Temp	

/Ka	

[D]	

/µM	

[α-CD]	

/µM	
Ao	 A	 ΔA	

1/[α-CD]	

/M-1	
1/ΔA	 Intercept	 Slope	

Ka	

/M-1	

  

288.15	

50	 30	

0.5450	

0.5514 0.0064 33333 156.3 

7.1445593 

	

0.0045523 

	

1569.44 

	

50	 40	 0.5532 0.0082 25000 122.0 

50	 50	 0.5545 0.0095 20000 105.3 

50	 60	 0.5571 0.0121 16667 82.6 

50	 70	 0.5599 0.0149 14286 67.1 

293.15	

50	 30	

0.5450	

0.5506 0.0056 33333 178.6 

7.3826589 

	

0.0052489 

	

1406.52 

	

50	 40	 0.5522 0.0072 25000 138.9 

50	 50	 0.5530 0.0080 20000 125.0 

50	 60	 0.5557 0.0107 16667 93.5 
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50	 70	 0.5584 0.0134 14286 74.6 

298.15	

50	 30	

0.5450	

0.5498 0.0048 33333	 207.0 

7.5678678 

	

0.0060674 

	

1247.30 

	

50	 40	 0.5513 0.0063 25000	 159.2 

50	 50	 0.5523 0.0073 20000	 136.6 

50	 60	 0.5539 0.0089 16667	 112.5 

50	 70	 0.5567 0.0117 14286	 85.5 

	

303.15	

50	

50	

50	

50	

50	

30	

40	

50	

60	

70	

0.545
0	

0.5492 

0.5502 

0.5515 

0.5526 

0.5551 

0.0042 

0.0052 

0.0064 

0.0075 

0.0101 

33333 

25000 

20000 

16667 

14286 

240.4 

191.2 

155.0 

132.5 

98.9 

7.7160128 
	

0.007131
0 
	

1082.
04 

	

	

308.15	

50	

50	

50	

50	

50	

30	

40	

50	

60	

70	

0.545
0	

0.54845 

0.54947 

0.55049 

0.55116 

0.55354 

0.0034 

0.0045 

0.0055 

0.0062 

0.0085 

33333 

25000 

20000 

16667 

14286 

289.9 

223.7 

182.1 

162.3 

117.1 

8.0020
336 

	

0.00
8556

9 
	

935.1
6 
	

a	Standard	uncertainties	in	temperature	(T)	=	0.01	K.	

 

Table VIII.9. Data for the Benesi-Hildebrand double reciprocal plot 

performed by UV-Vis spectroscopy for PB-β-CD system 

Temp	

/Ka	

[D]	

/µM	

[β-CD]	

/µM	
Ao	 A	 ΔA	

1/[β-

CD]	

/M-1	

1/ΔA	 Intercept	 Slope	
Ka	

/M-1	

288.15 50	

50	

50	

50	

50	

30	

40	

50	

60	

70	

0.5450 0.5545	

0.5580	

0.5602	

0.5633	

0.5659	

0.0095	

0.0129	

0.0152	

0.0183	

0.0208	

33333	

25000	

20000	

16667	

14286	

105.2	

77.2	

65.8	

54.6	

48.0	

5.2909888	 0.0029677 1782.86 
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293.15 50	

50	

50	

50	

50	

30	

40	

50	

60	

70	

0.5450 0.5540	

0.5570	

0.5594	

0.5623	

0.5649	

0.0090	

0.0120	

0.0144	

0.0173	

0.0199	

33333	

25000	

20000	

16667	

14286	

111.4	

83.3	

69.6	

57.8	

50.3	

4.8686977	
 

0.0031842	
 

1529.02	
 

298.15 50	

50	

50	

50	

50	

30	

40	

50	

60	

70	

0.5450 0.5536	

0.5566	

0.5588	

0.5618	

0.5642	

0.0086	

0.0116	

0.0138	

0.0168	

0.0192	

33333	

25000	

20000	

16667	

14286	

115.9	

86.4	

72.6	

59.5	

52.1	

4.5302737	
 

0.0033292	
 

1360.77	
 

303.15 50	

50	

50	

50	

50	

30	

40	

50	

60	

70	

0.5450 0.5533	

0.5562	

0.5582	

0.5612	

0.5637	

0.0083	

0.0112	

0.0132	

0.0162	

0.0187	

33333	

25000	

20000	

16667	

14286	

120.5	

89.7	

75.8	

61.7	

53.5	

4.1050999	
 

0.0034827	
 

1178.71	
 

308.15 50	

50	

50	

50	

50	

30	

40	

50	

60	

70	

0.5450 0.55297	

0.55569	

0.55770	

0.56070	

0.56300	

0.0080	

0.0107	

0.0127	

0.0157	

0.0180	

33333	

25000	

20000	

16667	

14286	

125.5	

93.5	

78.7	

63.7	

55.6	

3.6684711	
 

0.0036479	
 

1005.64	
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Table VIII.10. Association constant (Ka) and thermodynamic parameters 

HO, SO and GO of different PB-CD inclusion complexes 

	

Probenecid	

 Temp	

/Ka	

Ka×10-3	

/M-1b 

Ho	

/kJ	mol-1b	

So	

/Jmol-1K-1b	

Go	(298.15	K)	

/kJmol-1b	

PB+α-CD	

288.15	

293.15	

298.15	

303.15	

308.15	

1.57	

1.41	

1.25	

1.08	

0.94	

-19.13	 -5.05	 -17.62	

PB+β-CD	

288.15	

293.15	

298.15	

303.15	

308.15	

1.78	

1.53	

1.36	

1.18	

1.01	

-20.75	 -9.74	 -17.85	

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.	
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Table VIII.11. Frequencies at FTIR spectra of PB,α-CD, β-CD and solid inclusion 

complexes 

 Wave Number 

/ cm-1 

Group 

PB	

3428.57	 -OH	

2965.73	 -C-H	from	–CH3	

(Symmetrical	

stretching)	

2876.84	 -C-H	from	–CH3	

(asymmetrical	

stretching)	

2364.53	 -N-C-H	

1690.22	 -C=O	

1422.42	 Aromatic	C=C	

1346.09	 -C-N		

1288.70	 -C-O	

1157.82	 -S=0	

999.69	 -O-H	deformation	

α-Cyclodextrin 

3412.10 stretching	of	O-H 

2930.79	 stretching	of	–C-H	from	–CH2	

1406.76	
bending	of	–C-H	from	–CH2	and	

bending	of	O-H	

1154.39	 bending	of	C-O-C	

1030.39	 stretching	of	C-C-O	

952.36	

skeletal	

vibration		involving	

α-1,4linkage	

β-Cyclodextrin	

3349.84	 stretching	of	O-H	

2921.52	 stretching	of	–C-H	from	–CH2	

1412.36	

	

bending	of	–C-H	from	–CH2	and	

bending	of	O-H	

1157.57	 bending	of	C-O-C	

1033.51	 stretching	of	C-C-O	
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938.53	
skeletal	vibration		involving	α-

1,4linkage	

PB+α-CD	

3399.17	
stretching	of	O-H	of	α-CD	

2931.03	
-C-H	from	–CH3	(Symmetrical	
stretching)	of	PB	

1633.79	
-C=O	from	PB	

1392.93	
-C-N	from	PB	

1154.53	
bending	of	C-O-C	of	α-CD	

1033.24	
stretching	of	C-C-O	of	α-CD	

PB+β-CD	

3335.45	
stretching	of	O-H	of	β-CD	

2931.03	
-C-H	from	–CH3	(Symmetrical	
stretching)	of	PB	

2369.53	
-N-C-H	from	PB	

1628.09	
-C=O	from	PB	

1378.13	
-C-N	from	PB	

1154.14	
bending	of	C-O-C	of	β-CD	

1029.86	
stretching	of	C-C-O	of	β-CD	

	

Table VIII.12. The observed peaks at different m/z with corresponding ions 

for the solid inclusion complexes 

PB-α-CD	inclusion	complex	 PB-β-CD	inclusion	complex	

m/z	 Ion	 m/z	 Ion	

308.09	 [PB+H]+	 308.09	 [PB+H]+	

330.08	 [PB+Na]+	 330.08	 [PB+Na]+	

973.32	 [α-CD+H]+	 1135.38	 [β-CD+H]+	

995.31	 [α-CD+Na]+	 1157.36	 [β-CD+Na]+	

1280.41	 [PB+α-CD+H]+	 1442.46	 [PB+β-CD+H]+	

1302.39	 [PB+α-CD+Na]+	 1464.44	 [PB+β-CD+Na]+	
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Figures 

 

Figure. VIII. 1.	Job	plot	of	(a)	PB

system	at	λmax	=	243	nm	at	298.15	K

difference	of	PB	without	and	with	CD.

Figure.VIII. 2. Variation	of	surface	tension	of	(a)	PB	with	increasing	

concentration	of	α-CD	and	(b)	PB	with	increasing	concentration	of	β

298.15K.	
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.	Job	plot	of	(a)	PB-α-CD	system	at	λmax=243	nm	(b)	PB

nm	at	298.15	K.	R=	[PB]/	([PB]	+	[CD]),	 A=absorbance	

difference	of	PB	without	and	with	CD.	

Variation	of	surface	tension	of	(a)	PB	with	increasing	

CD	and	(b)	PB	with	increasing	concentration	of	β-
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Figure.VIII. 3.	Variation	of	conductivity	of	(a)	PB	with	increasing	concentration	

of	α-CD	and	(b)	PB	with	increasing	concentration	of	β
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Figure.VIII.4.	Benesi-Hildebrand	double	reciprocal	plot	for	the	effect	of	α-CD	on	

the	absorbance	of	PB	(243	nm)	at	different	temperatures	(X	axis	=	1/[α-CD]	and	

Y	axis	=	1/ΔA)	
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Figure.VIII.5	Benesi-Hildebrand	double	reciprocal	plot	for	the	effect	of	β-CD	on	

the	absorbance	of	PB	(243	nm)	at	different	temperatures	(X	axis	=	1/[β-CD]	and	

Y	axis	=	1/ΔA).	
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Figure VIII.6. FTIR	 spectra	 of	 (a)	 PB,	 (b)	 α-CD	 and	 (c)	 PB-α-CD	 inclusion	

complex.	
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Figure.VIII.7.	 FTIR	 spectra	 of	 (a)	 PB,	 (b)	 β-CD	 and	 (c)	 PB-β-CD	 inclusion	

complex.	
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Figure.VIII.8.	2D		ROESY		spectra		of		1:1		molar		ratio		of		α

in			D2O(Correlation	signals	are	marked	by	blue	circles).

Figure.VIII.9. 2D		ROESY		spectra		of		1:1		molar		ratio		of		β

in			D2O(Correlation	signals	are	marked	by	blue	circles).
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2D		ROESY		spectra		of		1:1		molar		ratio		of		α-CD		and		probenecid		

O(Correlation	signals	are	marked	by	blue	circles).	

2D		ROESY		spectra		of		1:1		molar		ratio		of		β-CD		and		probenecid		

O(Correlation	signals	are	marked	by	blue	circles).	
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CD		and		probenecid		

	

CD		and		probenecid		
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Figure.VIII.10.	ESI	mass	spectra	of	PB

Figure.VIII.11.	ESI	mass	spectra	of	PB
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ESI	mass	spectra	of	PB-α-CD	inclusion	complex.	

ESI	mass	spectra	of	PB-β-CD	inclusion	complex.	
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Schemes 

 

Scheme.VIII.1.	 (a)	 Cyclodextrin	 (b)	 truncated	 conical	 structure	 of	 cyclodextrin	

with	 interior	 &	 exterior	 protons	 and	 (c)	 stereochemical	 configuaration	 of	

cyclodextrin.	

                                                   

Scheme.VIII. 2.	Two	dimentional	structure	of	probenecid.	

 

Scheme.VIII.3.	Suggested	plausible	mechanism	of	inclusion	of	probenecid	into	α	

and	β-cyclodextrin.	
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IX.1. Introduction 

Cyclodextrins (CDs) are focused with great interests in the field of 

modern biochemistry since the discovery for their unique property for 

controlled release of enormous compounds due to formation of inclusion 

complex (IC) with hydrophobic guest molecules [1]. Thus, CDs have vast 

applications in various industries including pharmaceutical, food, textile, 

pesticides, cosmetic sectors etc [2]. CDs are cyclic oligomer of α-D-glucose having 

different number of glucopyranose units (6 for α-CD, 7 for β-CD & 8 for γ-CD) 

bound by α-(1-4) linkages [3]. They have a shape of truncated cone with a fairly 

rigid and well-defined hydrophobic cavity of varying diameter and two discrete 

rims, a wider rim having all secondary hydroxyl groups and a narrow rim having 

all primary hydroxyl groups (Scheme IX.1) [3]. Thus, the structure of CD affords a 

hollow cone shaped segment which is competent to form stable supramolecular 

host-guest inclusion complex with variety of molecules [4]. Macrocyclic CD 

molecule always draws the attention in this field of chemistry owing to their 

exceptional structure and potential applications in the invention of molecular 

switches, molecular machines, supramolecular polymers, etc [5]. Conjugation of 

CD with various nanopaticles improves the characteristics of the entity helping 

in molecular recognition for the host to function as nano-sensors, drug delivery 

tools and recycling extraction agents [6]. 

Ionic liquids (ILs) have vast applications in chemical reactions, synthesis, 

cellulose processing, nuclear fuel reprocessing, waste recycling, metal air 

batteries etc [7]. They are considered as green solvents as they do not produce 

any environmental hazards [8]. ILs have exceptional features such as low vapor 

pressure, thermal stability, solvating properties and wide liquid regions [7]. 

Because of their distinctive properties they are attracting increasing attention in 

many fields such as organic chemistry, electrochemistry, catalysis, physical 

chemistry and applied supramolecular chemistry [9-15]. In our previous works 

inclusion phenomenon of various ILs with CDs have been shown and 

characterized [16-18]. 
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In this article the two studied ILs, namely, 1-butyl-3-methylimidazolium 

chloride [BMIm]Cl and 1-butyl-1-methylpyrolidinium chloride [BMP]Cl (Scheme 

IX.2) are currently of interest in industry owing to their ability to be infinitely 

recycled and their ready solvation at room temperature making them excellent 

green solvents [7]. CD-IL ICs have wide applications in industry for their stability 

against atmospheric hazards and long term uses without chemical modification. 

We investigated the formation of host-guest inclusion complexes (ICs) of these 

two ILs with α and β-CD particularly towards their formation, stabilization, 

carrying and controlled release without chemical modification by different 

dependable methods like 1H NMR, 2D ROESY NMR, FT-IR, ESI MS, surface 

tension, conductivity, density, viscosity and refractive index measurements. 

IX.2. Experimental section 

IX.2.1. Source and purity of samples 

The selected ionic liquids and cyclodextrins of puriss grade were bought 

from Sigma-Aldrich, Germany and used as purchased. The mass fraction purity of 

[BMIm]Cl, [BMP]Cl, α-cyclodextrin and β-cyclodextrin were ≥ 0.99, 0.99, 0.98 and 

0.98 respectively. 

IX.2.2. Apparatus and procedure 

Solubilities of the two CDs and above mentioned two ionic liquids have 

been verified in triply distilled, deionized and degassed water. The two ionic 

liquids were fairly soluble in aqueous CDs. All the stock solutions of [BMIm]Cl 

and [BMP]Cl  were prepared by mass (Mettler Toledo AG-285 with uncertainty 

0.0001 g) and the working solutions were obtained by mass dilution at 298.15 K. 

Densities of  the solutions were used to change molarity to molality [19]. 

 1H NMR and 2D ROESY NMR spectra were recorded in D2O at 300 MHz 

using Bruker Avance 300 MHz instrument at 298.15K. Signals are cited as δ 

values in ppm using residual protonated solvent signals as internal standard 

(HDO δ = 4.79 ppm). Data are reported as chemical shift. 
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Surface tensions of the solutions were measured with the help of 

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

298.15 K. (Accuracy ±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 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. 

The densities (ρ) of the solutions were studied by vibrating U-tube Anton 

Paar digital density meter (DMA 4500M) having precision ±0.00005 g cm-3 and 

uncertainty in temperature was ±0.01K. The density meter was calibrated by 

standard method [19]. 

Viscosities (η) were determined by Brookfield DV-III Ultra Programmable 

Rheometer with spindle size 42. The detail has already been depicted before 

[19]. 

Refractive indexes of the solutions were studied with a Digital 

Refractometer from Mettler Toledo having uncertainty ±0.0002 units. The detail 

has already been described before [19]. 

Each of the four solid inclusion complexes ([BMIm]Cl + α-CD, [BMP]Cl  + 

α-CD, [BMIm]Cl + β-CD and [BMP]Cl + β-CD) has been prepared in 1:1 molar 

ratio of the ionic liquid and cyclodextrin. In each case 1.0 mmol cyclodextrin was 

dissolved in 20 mL water and 1.0 mmol ionic liquid was dissolved in 20 mL 

ethanol and stirred separately for 3 hrs. Then the ethanol solution of the ionic 

liquid was added drop by drop to the aqueous CD solution. The mixture was then 

allowed to stir for 48 hrs at 50–55oC. It was filtered at this temperature, then 

cooled to 5oC and kept for 12 hrs. The resulting suspension was filtered and the 
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white polycrystalline powder was found, which was washed with ethanol and 

dried in air. 

HRMS analyses were executed with Q-TOF high resolution instrument by 

positive mode electro-spray ionization dissolving the solid ICs in methanol.  

Fourier transform infrared (FT-IR) spectra were recorded on a Perkin 

Elmer FT-IR spectrometer according to the KBr disk technique. Samples were 

prepared as KBr disks with 1 mg complex and 100 mg KBr. The FTIR 

measurements were performed in the scanning range of 4000 400 cm 1 at room 

temperature. 

IX.3. Results and discussion 

IX.3.1. 1H NMR study establishes inclusion 

NMR study is the most important tool which ascertains the inclusion 

phenomena of the guest IL inside the host CD molecule. In this work we have 

studied the interactions of the two ILs (viz., [BMIm]Cl and [BMP]Cl)  with α and 

β-CD by 1H NMR study taking 1:1 molar ratio of IL and CD in D2O at 298.15K 

(Figure IX.1-IX.4). 1H NMR data of the two ILs, two CDs and four ICs are listed in 

table IX.1. The protons of the CD molecule show considerable chemical shift due 

to the incorporation of guest IL into its hydrophobic cavity [20]. In the structure 

of CD, the H3 and H5 are situated inside the cavity, more precisely the position of 

H3 and H5 protons are near the wider rim and narrower rim respectively while 

the H1, H2 and H4 protons are found at the periphery of CD molecule (Scheme 

IX.3) [21-22]. During the insertion of guest IL molecule inside the cavity of CD, 

the H3 and H5 protons show upfield chemical shift as a result of interaction with 

the guest, which confirm the formation of host-guest inclusion complexes. The IL 

molecules insert into the host CD through the wider rim, as a result the H3 

protons located near the wider rim show higher shift than the H5 protons which 

are present near the narrower rim at the interior of CD (Scheme IX.4). Upfield 

chemical shift is also observed for the exterior protons but to lesser extent. The 

interacting protons of the two studied ILs also show upfield chemical shift. The 
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shifts in butyl as well as methyl groups are found in case of [BMP]Cl, while only 

shift in butyl group is observed in case of [BMIm]Cl, which illustrates the 

mechanism of insertion as depicted in Scheme IX.5.  Besides, the shifts of butyl 

protons in [BMP]Cl are more in comparison to that in [BMIm]Cl for both CDs, 

indicating binding affinity of the former is more compared to the latter. 

IX.3.2. 2D ROESY NMR elucidates binding mode 

2D ROESY NMR provides valuable information about the binding mode of 

the two ionic liquids [BMIm]Cl and [BMP]Cl with host CD molecules and also 

helpful to understand the geometry of the inclusion complexes, as any two 

protons that are closely located in space within a distance of 0.4 nm can produce 

a nuclear overhauser effect (NOE) cross co-relation in NOE spectroscopy 

(NOESY) or rotating-frame NOE spectroscopy (ROESY) [23-26]. 2D ROESY NMR 

have been done using the four solid ICs of the ILs and CDs. Part of the contour 

plot of the ROESY spectrum of the [BMIm]Cl+α-CD IC and [BMP]Cl+α-CD IC have 

been shown in figure IX.5 and IX.6, whereas the spectra of the two ILs with β-CD 

have been provided in figure IX.7 and IX.8. As mentioned above, the H3 and H5 

protons of CD are located in the hydrophobic cavity whereas H1, H2 and H4 

protons are placed outside (Scheme IX.3). In all the four figures IX.5, IX.6, IX.7 

and IX.8, there are appreciable correlation between the H3 or H5 protons of CD 

and the methelene and methyl groups of butyl chains of the two ILs, confirming 

that the butyl chain in both the guest ILs inserted in the hydrophobic cavity of 

the host CD molecules. The H6 protons of α and β-CD remain unaffected after the 

inclusion phenomenon which again support that the guest IL molecules inserted 

from the wider rim of CDs [27].Thus, 2D ROESY NMR results are in good 

agreement with results obtained from 1H NMR chemical shifts analysis. 

IX.3.3. Surface tension study supports inclusion 

Surface tension (γ) is another valuable parameter which also suggests the 

formation of inclusion complex of the two studied ionic liquids with both α and 

β-CD [28]. Addition of CD to pure water does not show any considerable change 
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to the surface tension of water which is an indication that both cyclodextrins are 

almost surface inactive compounds [29]. In the present study the γ of aqueous 

ionic liquids have been determined with increasing concentration of α and β-CD 

at 298.15K (Table IX.2-IX.5). The γ values substantially increase for both 

[BMIm]Cl and [BMP]Cl with addition of CDs probably due to the removal of 

surface active ionic liquid molecules from surface of the solution, i.e., the 

hydrophobic tail of ionic liquids enter into the hydrophobic cavity of α and β-CD 

forming the host guest inclusion complexes [30-31]. All the four curves show a 

single break point and after that point the γ value becomes approximately steady 

which confirms the formation of 1:1 inclusion complex (Figure IX.9 and IX.10). 

More break points in the surface tension curve would indicate the formation of 

inclusion complex with complex stoichiometry such as 1:2, 2:1, 2:2 etc (Scheme 

IX.6) [32-33]. The values of γ and corresponding concentration of CDs and ILs at 

each break have been listed in table IX.6. The breaks have been found in certain 

concentration of ILs and CDs where their concentration ratio in the solution was 

almost 1:1. Hence this study proves the formation of 1:1 inclusion complex. The γ 

value at the break point is little higher in case of α-CD than β-CD which might be 

due to the fact that former is a better host than the latter. 

IX.3.4. Conductivity study informs inclusion 

The conductivity (κ) study not only confirms the formation of host-guest 

inclusion complex but also gives the stoichiometry of the assembly [34-36]. We 

have measured the conductivity of the aqueous solution of studied two ionic 

liquids having initially 10mmolL-1 concentration with successive addition of α 

and β-CD at 298.15K (Table IX.2-IX.5). It has been found that the conductivity of 

both the ionic liquid decreases on a regular basis with increasing concentration 

of CDs (Figure IX.11 and IX.12). This observation is in agreement with the 

formation of inclusion complex. Insertion of the guest ionic liquid molecule 

inside the cavity of the CD molecule decreases the mobility of the former, thus 

the number of free ions per unit volume decreases, resulting the reduction of 

conductivity of the solution. The four curves (Figure IX.11 and IX.12) show 
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similar result, each having a noticeable break suggesting the formation of IL-CD 

inclusion complex having stoichiometry 1:1. The values of κ and corresponding 

concentration of the two ILs and CDs at each break point are listed in table IX. 7. 

In both the cases of [BMIm]Cl and [BMP]Cl  the conductivity values at the break 

points are lower for α-CD than β-CD suggesting that the former is better to 

encapsulate the guests than the later. 

IX.3.5. Density study: interaction between host and guest 

Density study may be applied to obtain valuable information about the 

interaction (here inclusion) between ionic liquids and CD molecules. The two 

parameters used for this purpose are apparent molar volume (ϕv) and limiting 

apparent molar volume (ϕvo) [28]. The sum of the geometric volume of the 

central solute molecule and changes in the solvent volume as a result of 

interaction with the solute around the co-sphere is termed as apparent molar 

volume [37]. Ionic liquid + aqueous CD is a ternary solution system. The limiting 

apparent molar volume is used to express solute-solvent interactions of this 

system (here, solute = IL and co-solvent = CD). For the present study ϕv have 

been measured from the solutions density at 298.15 K (table IX.10). ϕvo were 

obtained by a least-square treatment to the plots of ϕv versus √m using the 

Masson equation (Table VI.11) [38]. It is found that ϕv values regularly decrease 

and ϕvo values constantly increase for the two studied IL with increasing 

concentration of both α and β-CD. Thus, it is evident that in both cases of 

[BMIm]Cl and [BMP]Cl the ion–hydrophilic group interactions are more effective 

than ion–hydrophobic group interactions. The ϕvo values for both the ILs and 

CDs at different mass fractions are depicted in figure IX.13. The ϕvo values are 

found to be more for [BMP]Cl than [BMIm]Cl due to higher interaction of the 

hydrophobic groups of the former than the letter within the cavity of CDs. The 

values of ϕvo increases with increasing mass fractions of both CDs and also found 

grater for α-CD than β-CD, indicating the former interacts more with the ILs than 

the latter. This may be explained as in case of [BMP]Cl, both the butyl and methyl 

groups can be encapsulated into the cavity of CD and the single positively 
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charged N atom show higher ion-hydrophilic interaction with the –OH groups of 

CD. In case of [BMIm]Cl, only the butyl group can be encapsulated into the cavity 

of CD and the ion-hydrophilic interaction is less because of sharing of positive 

charge between two N atoms. The smaller diameter of α-CD helps in making 

more compact structure with the ILs than β-CD with relatively larger cavity size 

showing less hydrophobic interactions with ILs. 

IX.3.6. Viscosity study: order of interactions 

The interaction between ILs and CDs can also be interpreted using 

viscosity study [39]. The viscosity of the solutions show an increasing trend with 

increasing concentrations of both the ILs in the present ternary system (IL + 

aqueous CD), (Table IX.9). The viscosity B-coefficients (Table IX.11) signifies the 

solute–solvent interactions (here, solute = IL and co-solvent = CD) that depends 

upon the size and shape of the solute molecules. For the two ILs, viz., [BMIm]Cl 

and [BMP]Cl, the viscosity B-coefficients are depicted in Figure IX.14 and  found 

to be all positive. It may be observed that the viscosity B values increase with 

increasing concentration of CDs probably due to greater IL-CD interaction and 

also higher salvation [30]. It is again greater for α-CD than β-CD for the two ILs 

suggesting that inclusion is more favorable in case of former than the latter. The 

comparative result of [BMIm]Cl and [BMP]Cl for viscosity B-coefficient has been 

found similar as for the density study, thus it is the structural feature of the two 

ILs and CDs as explained earlier for which these trends of interactions have been 

obtained. 

IX.3.7. Refractive index shows the compactness of the inclusion complexes 

Refractive index is another valuable parameter to establish the molecular 

interaction in the above mentioned ternary solution systems [28]. The refractive 

index (nD) and molar refraction (RM) values of the solutions have been estimated 

using suitable equation (Table IX.9 and IX.10). Greater values of RM and the 

limiting molar refraction (ROM) signify that the medium is more compact and 

dense (Table IX.11) [29, 30]. Here the ROM values show an increasing trend with 
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increasing concentrations of both CDs, suggesting that the IC of [BMP]Cl with 

both α and β-CD are more closely packed than those of [BMIm]Cl perhaps due to 

greater hydrophobic as well as ion-hydrophilic interactions between the guest 

and host as described earlier. The ROM values indicate that α-CD is more efficient 

than β-CD in forming the ICs (FigureIX.15). The observations obtained from 

refractive index data are in agreement with the density and viscosity studies. 

IX.3.8. Binding constants: non-linear isotherms by conductivity method 

Binding constants (Kb) for the inclusion process have been determined for 

the four IL-CD ICs with the help of conductivity study. Here, non-linear 

programme has been used basing upon the changes in conductivity as a result of 

encapsulation of the IL molecule inside into the apolar cavity of α and β-CD [40, 

41]. The following equilibrium is supposed to exist between the host and the 

guest for 1:1 IC 

                                 IL� 	+	CD�			
K�			IC                                                          (1) 

The binding constant (Kb) for the formation of IC may be expressed as 

                                   K� = 	
[��]

[��]�[��]�
                                                                 (2) 

Here, [IC], [IL]f and [CD]f represent the equilibrium concentration of IC, free IL 

molecule and free CD respectively. According to the binding isotherm, the 

binding constant (Kb) for the formation of IC may be expressed as 

                        K� = 	
[��]

[��]�[��]�
= 	

(�������)

(������)[��]�
                                              (3) 

where,          [CD]� = 	 [CD]�� 	
[��]��(�������)

(����)
                                            (4) 

Here, κo, κobs and κ are the conductivity of IL molecule at initial state, during 

addition of CD and final state respectively. [IL]ad and [CD]ad are the 

concentrations of IL and the added CD respectively. Thus, the values of Kb for the 

ICs were evaluated from the binding isotherm by applying non-linear 
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programme (Table IX.12) [42] which indicate that [BMP]Cl has higher binding 

constant than [BMIm]Cl for ICs with both CDs, while, α-CD encapsulates both ILs 

more tightly than β-CD does, may be because of narrower cavity dimension of α-

CD, which structurally fits better than β-CD with the ILs investigated in this 

work. 

IX.3.9. ESI-mass spectrometric analysis of inclusion complexes 

ESI-mass spectrometric analyses were carried out for the four solid ICs 

synthesized by the method described in experimental procedure section and 

have been shown in figure IX.16 and IX.17. The observed peaks have been put 

into table IX. 13, which confirm that in all cases the desired ICs have been formed 

in solid state and the stoichiometric ratio of the host and guest is 1:1 [43, 44]. 

IX.3.10. FT-IR Spectra of solid inclusion complexes 

FT-IR spectrum also proves the inclusion phenomena in solid state [45-

47]. The characteristic IR frequencies of [BMIm]Cl, [BMP]Cl, α-CD, β-CD and solid 

ICs are listed in table IX.14. The FT-IR Spectra of [BMIm]Cl is characterized by 

presence of peaks for -C=N,-C-N, -C=C etc. bonds, whereas [BMP]Cl is 

characterized with peaks for -C-N and -C-H for –CH3 and CH2 groups (Figure 

IX.18-IX.19 and IX.20-IX.21). Broad characteristic peaks of –OH at about 3412.10 

cm 1 and 3349.84 cm 1 are present in the spectrum for α and β-CD. However, 

several peaks of the two ILs are either absent or shifted which is due to the 

change in environment of the two guests after inclusion in the cavity of CDs. The 

–C-H stretching bands for -CH3 and -CH2 of both the ILs are absent in the 

inclusion spectrum. The –O-H stretching of both α and β-CD is shifted to lower 

frequency in the spectrum of four ICs possibly due to involvement of the –O-H 

groups of the host molecules in hydrogen bonding with the guest molecules. The 

peaks for the C-N group of the guest molecules are present in the spectrum of the 

ICs, which is an indication of the fact that the hydrophobic side chains of both the 

IL molecules are encapsulated in the hydrophobic cavity of α and β-CD. 
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IX.3.11. Structural influence of cyclodextrin 

The formation of host-guest ICs between the two studied ILs and CDs not 

only depends upon the size of the guest molecules but also on the cavity 

diameter of host. The cavity diameter of α and β-CD are 4.7-5.3 Å and 6.0-6.5Å 

respectively. Considering the size of the two ILs (overall length of [BMIm]Cl is 

5.29 Å, [BMP]Cl is 4.62 Å, but the length of inserted butyl chain is 3.08 Å), it is 

found that α-CD is more suitable for forming ICs with both ILs perhaps due to 

more surface interaction, increasing the hydrophobic attractions, which is in 

agreement with spectroscopic and physicochemical observations [1]. The 

hydrophobic butyl chains of both the ILs are encapsulated into the hydrophobic 

cavity of CD molecules and no covalent bonds are formed or broken during the 

formation of ICs. One of the main factors for the formation of IC is that the 

hydrophobic cavity of CD is occupied by polar water molecule which is 

unfavourable, so the water molecules are easily substituted by more 

hydrophobic tails of IL and the trapped water molecules are released in bulk of 

the solution which increases the entropy of the system [48-50]. It results in a 

more stable lower energy state of the system and also reduces the ring strain of 

CD moiety [48-49]. The stiochiometry of the host-guest IC is 1:1 probably 

because of difficulty for the second molecule of IL to be trapped by the cavity 

after inclusion of one.  The N atoms of the two ILs form H-bonds with the –OH 

groups at the rim of CD, thus stabilizing the whole IC. 

IX.4. Conclusion 

With the help of the above mentioned spectroscopic and physicochemical 

studies we reach to the conclusion that the two ILs, viz., [BMIm]Cl and [BMP]Cl 

form host-guest ICs with both α and β-CD both in solution and solid state. 1H 

NMR and 2D ROESY NMR data confirm the inclusion in the apolar cavity of both 

CD molecules, while surface tension and conductivity measurement suggest 1:1 

stoichiometry. Density, viscosity and refractive index data are also in good 

agreement with the above results and also recommend the IL-CD interactions. 
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Binding constants for the ICs have been determined with the help of conductivity 

study by using non-linear programme. The solid state characterisations have 

been done by ESI-MS and FT-IR, confirming their formations also in solid state. 

The inclusion phenomenon has been found more fascinated in case of α-CD and 

[BMP]Cl than the other combinations. Thus, the present study has miscellaneous 

application in the field of nano-sensors, drug delivery tools and recycling 

extraction agents etc. 
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Tables: 

Table IX.1. 1H NMR data of [BMIm]Cl, [BMP]Cl, α-CD, β-CD and inclusion 

complexes 

[BMIm]Cl (300MHz, Solv: D2O) 

δ /ppm 

[BMP]Cl (300MHz, Solv: D2O) 

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) 

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) 

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 (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) 

[BMIm]Cl-α-CD 

(1:1 molar ratio, 300 MHz, Solv: D2O) 

δ /ppm 

[BMP]Cl- α-CD 

(1:1 molar ratio, 300 MHz, Solv: D2O) 

δ /ppm 

0.84-0.89 (3H, t, J = 7.26 Hz), 1.22-1.29 

(2H, m), 1.74-1.81 (2H, m), 3.48-3.51 

(6H, t, J= 9.00 Hz), 3.53-3.56 (6H, dd, J= 

10.00, 3.00 Hz), 3.71-3.79 (18H, m), 3.80-

3.83 (6H, t, J = 9 Hz), 3.84 (3H, s), 4.11-

4.16 (2H, t, J = 7.11 Hz), 4.96-4.97 (6H, d, 

J = 3 Hz), 7.40 (1H, s), 7.45 (1H, s), 8.69 

(1H, s) 

0.88-0.93 (3H, t, J = 7.29 Hz), 1.31-1.38 

(2H, m), 1.71-1.78 (2H,m), 2.19 (4H, m), 

3.00 (3H, s), 3.25-3.31 (2H, m), 3.48 

(4H, m), 3.49-3.51 (6H, t, J= 9.00 Hz), 

3.53-3.56 (6H, dd, J= 10.00, 3.00 Hz), 

3.80-3.85 (18H, m), 3.88-3.93 (6H, t, J = 

9 Hz), 4.96-4.97 (6H, d, J = 3 Hz) 

[BMIm]Cl-β-CD 

(1:1 molar ratio, 300 MHz, Solv: D2O) 

δ /ppm 

[BMP]Cl- β-CD 

(1:1 molar ratio, 300 MHz, Solv: D2O) 

δ /ppm 

0.85-0.90 (3H, t, J = 7.26 Hz), 1.23-1.30 

(2H, m), 1.75-1.82 (2H, m), 3.49-3.54 

(6H, t,  J = 9.2 Hz), 3.57-3.60 (6H, dd, J = 

9.6, 3.2 Hz), 3.72-3.80 (18H, m), 3.81-

3.84 (6H,t, J = 9.2 Hz), 3.85 (3H, s), 4.12-

4.17 (2H, t, J = 7.11 Hz), 5.00-5.01 (6H, d, 

J = 3.6 Hz), 7.40 (1H, s), 7.45 (1H, s), 8.69 

(1H, s) 

0.89-0.94 (3H, t, J = 7.29 Hz), 1.32-1.40 

(2H, m), 1.72-1.79 (2H,m), 2.19 (4H, m), 

3.03 (3H, s), 3.27-3.34 (2H, m), 3.48 

(4H, m), 3.49-3.51 (6H, t, J= 9.00 Hz), 

3.53-3.56 (6H, dd, J= 10.00, 3.00 Hz), 

3.82-3.87 (18H, m), 3.89-3.95 (6H, t, J = 

9 Hz), 4.96-4.97 (6H, d, J = 3 Hz) 
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Table IX.2. Data for surface tension and conductivity study of aqueous 

[BMIm]Cl-α-CD system at 298.15Ka 

Volm of 

α-CD 

(mL) 

Total 

volm 

(mL) 

Conc of 

[BMIm]Cl 

(mM) 

Conc of α-CD 

(mM) 

Surface 

tension 

(mN m-1) 

Conductuvit

y 

(mS m-1) 

0 10 10.000 0.000 
42.0 4.52 

1 11 9.091 0.909 45.9 4.14 

2 12 8.333 1.667 
49.8 3.85 

3 13 7.692 2.308 
53.3 3.57 

4 14 7.143 2.857 56.3 3.36 

5 15 6.667 3.333 58.8 3.18 

6 16 6.250 3.750 
61.1 2.98 

7 17 5.882 4.118 63.3 2.84 

8 18 5.556 4.444 64.9 2.70 

9 19 5.263 4.737 66.8 2.57 

10 20 5.000 5.000 
68.7 2.42 

11 21 4.762 5.238 69.0 2.39 

12 22 4.545 5.455 69.2 2.36 

13 23 4.348 5.652 69.3 2.34 

14 24 4.167 5.833 69.4 2.32 

15 25 4.000 6.000 
69.5 2.30 

16 26 3.846 6.154 69.6 2.28 

17 27 3.704 6.296 69.7 2.26 

18 28 3.571 6.429 
69.8 2.24 

19 29 3.448 6.552 69.9 2.22 

20 30 3.333 6.667 70.0 2.20 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table IX.3. Data for surface tension and conductivity of aqueous [BMIm]Cl-

β-CD system at 298.15Ka 

Volm of 

β-CD 

(mL) 

Total 

volm 

(mL) 

Conc of 

[BMIm]Cl 

(mM) 

Conc of β-CD 

(mM) 

Surface 

tension 

(mN m-1) 

Conductuvity 

(mS m-1) 

0 10 10.000 0.000 
42.0 4.58 

1 11 9.091 0.909 46.3 4.21 

2 12 8.333 1.667 
50.3 3.93 

3 13 7.692 2.308 
53.5 3.70 

4 14 7.143 2.857 56.6 3.48 

5 15 6.667 3.333 58.9 3.29 

6 16 6.250 3.750 
61.2 3.13 

7 17 5.882 4.118 63.0 2.99 

8 18 5.556 4.444 64.7 2.86 

9 19 5.263 4.737 66.5 2.75 

10 20 5.000 5.000 
68.1 2.62 

11 21 4.762 5.238 68.4 2.59 

12 22 4.545 5.455 68.8 2.56 

13 23 4.348 5.652 69.2 2.54 

14 24 4.167 5.833 69.5 2.52 

15 25 4.000 6.000 
69.7 2.50 

16 26 3.846 6.154 69.9 2.48 

17 27 3.704 6.296 70.1 2.46 

18 28 3.571 6.429 
70.3 2.44 

19 29 3.448 6.552 70.5 2.42 

20 30 3.333 6.667 70.7 2.40 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table IX.4. Data for surface tension and conductivity study of aqueous 

[BMP]Cl-α-CD system at 298.15Ka 

Volm of 

α-CD 

(mL) 

Total 

volm 

(mL) 

Conc of 

[BMP]Cl 

(mM) 

Conc of α-CD 

(mM) 

Surface 

tension 

(mN m-1) 

Conductuvi

ty 

(mS m-1) 

0 10 10.000 0.000 
39.0 5.00 

1 11 9.091 0.909 42.9 4.59 

2 12 8.333 1.667 
47.2 4.25 

3 13 7.692 2.308 
50.9 3.99 

4 14 7.143 2.857 54.0 3.76 

5 15 6.667 3.333 56.8 3.55 

6 16 6.250 3.750 
59.4 3.38 

7 17 5.882 4.118 61.6 3.21 

8 18 5.556 4.444 63.7 3.08 

9 19 5.263 4.737 65.7 2.95 

10 20 5.000 5.000 
67.6 2.80 

11 21 4.762 5.238 67.8 2.77 

12 22 4.545 5.455 68.0 2.74 

13 23 4.348 5.652 68.2 2.71 

14 24 4.167 5.833 68.4 2.68 

15 25 4.000 6.000 
68.5 2.65 

16 26 3.846 6.154 68.6 2.62 

17 27 3.704 6.296 68.7 2.59 

18 28 3.571 6.429 
68.8 2.56 

19 29 3.448 6.552 68.9 2.53 

20 30 3.333 6.667 69.0 2.50 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table IX.5. Data for surface tension and conductivity study of aqueous 

[BMP]Cl-β-CD system at 298.15Ka 

Volm of 

β-CD 

(mL) 

Total 

volm 

(mL) 

Conc of 

[BMP]Cl 

(mM) 

Conc of β-CD 

(mM) 

Surface 

tension 

(mN m-1) 

Conductuvit

y 

(mS m-1) 

0 10 10.000 0.000 
39.0 5.21 

1 11 9.091 0.909 43.2 4.82 

2 12 8.333 1.667 
47.5 4.47 

3 13 7.692 2.308 
51.0 4.21 

4 14 7.143 2.857 53.9 3.95 

5 15 6.667 3.333 56.7 3.73 

6 16 6.250 3.750 
59.1 3.53 

7 17 5.882 4.118 61.3 3.37 

8 18 5.556 4.444 63.3 3.22 

9 19 5.263 4.737 65.0 3.09 

10 20 5.000 5.000 
66.9 2.98 

11 21 4.762 5.238 67.4 2.94 

12 22 4.545 5.455 67.8 2.90 

13 23 4.348 5.652 68.1 2.87 

14 24 4.167 5.833 68.4 2.84 

15 25 4.000 6.000 
68.7 2.81 

16 26 3.846 6.154 69.0 2.79 

17 27 3.704 6.296 69.3 2.77 

18 28 3.571 6.429 
69.6 2.75 

19 29 3.448 6.552 69.8 2.73 

20 30 3.333 6.667 70.0 2.71 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Table IX.6. Values of surface tension (γ) at the break point with 

corresponding concentrations of cyclodextrins and ionic liquids at 298.15 

K a 

 Conc of α-CD 
/mM 

Conc of ionic liquid 
/mM 

γ a 
/mN·m-1 

[BMIm]Cl 5.17 4.83 68.91 

[BMP]Cl 5.15 4.85 67.75 

 Conc of β-CD 
/mM 

Conc of ionic liquid 
/mM 

γ a 
/mN·m-1 

[BMIm]Cl 5.10 4.90 68.26 

[BMP]Cl 5.16 4.84 67.19 

a Standard uncertainties (u): temperature: u(T) = ±0.01 K, surface tension: 

u(γ) = ±0.1 mN m 1 

 

 

Table IX.7. Values of conductivity (κ) at the break point with corresponding 

concentrations of cyclodextrins and ionic liquids at 298.15 K a 

 Conc of α-CD 
/mM 

Conc of ionic liquid 
/mM 

κ a 

/mS·m-1 

[BMIm]Cl 5.14 4.86 2.41 

[BMP]Cl 5.03 4.97 2.82 

 Conc of β-CD 
/mM 

Conc of ionic liquid 
/mM 

κ a 

/mS·m-1 

[BMIm]Cl 5.07 4.93 2.62 

[BMP]Cl 5.01 4.99 2.97 

a Standard uncertainties (u): temperature: u(T) = ±0.01 K, conductivity: u(κ) 

= ±1.0 µS·m-1. 
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Table IX.8. Experimental values of density (ρ), viscosity (η) and 

refractive index (nD) of different mass fractions of aqueous α and 

β-cyclodextrin mixtures at 298.15 Ka 

 

Aqueous solvent 

mixture 

ρ×10-3 

/kg m-3 

η 

/mP s 
nD 

aq. α-CD 

w1 = 0.001 0.99735 1.29 1.3329 

w1 = 0.003 0.99802 1.30 1.3332 

w1 = 0.005 0.99868 1.31 1.3335 

aq. β-CD 

w2 = 0.001 0.99755 1.30 1.3328 

w2 = 0.003 0.99819 1.31 1.3331 

w2 = 0.005 0.99895 1.32 1.3334 

a Standard uncertainties u are: u(ρ) = 5×10-5 g cm-3, u(η) = 

0.003 mP s, u(nD) =0.0002,  and u(T) = ±0.01K. 

Table IX.9. Experimental values of density (ρ), viscosity (η) and refractive 

index (nD) of selected ionic liquids in different mass fractions of aqueous α 

and β-cyclodextrin mixtures at 298.15 Ka 

molality ρ×10-3 η 
nD 

molality ρ×10-3 η 
nD 

/mol kg-1 /kg m-3 /mP s /mol kg-1 /kg m-3 /mP s 

[BMIm]Cl 

w1 = 0.001b w2 = 0.001b 

0.010034 0.99836 1.36 1.3330 0.010032 0.99858 1.38 1.3330 

0.025113 0.99988 1.41 1.3331 0.025106 1.00014 1.43 1.3331 

0.040225 1.00140 1.44 1.3332 0.040212 1.00171 1.47 1.3333 

0.055370 1.00293 1.47 1.3333 0.055350 1.00329 1.49 1.3334 

0.070548 1.00446 1.50 1.3334 0.070518 1.00488 1.53 1.3336 

0.085760 1.00599 1.52 1.3335 0.085717 1.00648 1.56 1.3338 

w1 = 0.003b w2 = 0.003b 

0.010027 0.99901 1.39 1.3334 0.010025 0.99924 1.40 1.3334 

0.025096 1.00053 1.45 1.3335 0.025088 1.00087 1.46 1.3335 
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0.040198 1.00207 1.49 1.3336 0.040178 1.00255 1.50 1.3337 

0.055332 1.00361 1.54 1.3337 0.055295 1.00428 1.54 1.3339 

0.070497 1.00517 1.56 1.3338 0.070432 1.00610 1.57 1.3341 

0.085695 1.00674 1.59 1.3339 0.085595 1.00789 1.60 1.3343 

w1 = 0.005b w2 = 0.005b 

0.010021 0.99962 1.41 1.3339 0.010018 0.99999 1.42 1.3336 

0.025083 1.00105 1.48 1.3340 0.025066 1.00173 1.49 1.3337 

0.040181 1.00249 1.53 1.3341 0.040138 1.00355 1.54 1.3338 

0.055311 1.00398 1.57 1.3342 0.055227 1.00549 1.57 1.3340 

0.070475 1.00548 1.60 1.3343 0.070333 1.00749 1.61 1.3342 

0.085671 1.00702 1.64 1.3344 0.085459 1.00948 1.65 1.3343 

[BMP]Cl 

w1 = 0.001b w2 = 0.001b 

0.010035 0.99832 1.37 1.3347 0.010032 0.99855 1.39 1.3345 

0.025116 0.99983 1.42 1.3348 0.025110 1.00008 1.45 1.3346 

0.040233 1.00130 1.46 1.3349 0.040220 1.00163 1.49 1.3347 

0.055383 1.00282 1.50 1.3350 0.055364 1.00320 1.53 1.3348 

0.070570 1.00433 1.52 1.3351 0.070540 1.00479 1.56 1.3349 

0.085792 1.00583 1.55 1.3352 0.085746 1.00641 1.59 1.3350 

w1 = 0.003b w2 = 0.003b 

0.010028 0.99894 1.39 1.3352 0.010025 0.99924 1.41 1.3346 

0.025103 1.00034 1.45 1.3353 0.025088 1.00092 1.47 1.3347 

0.040215 1.00175 1.50 1.3354 0.040178 1.00269 1.52 1.3348 

0.055363 1.00318 1.53 1.3355 0.055285 1.00461 1.55 1.3349 

0.070550 1.00461 1.56 1.3356 0.070408 1.00665 1.60 1.3350 

0.085770 1.00608 1.60 1.3357 0.085544 1.00875 1.63 1.3352 

w1 = 0.005b w2 = 0.005b 

0.010022 0.99955 1.41 1.3357 0.010018 0.99993 1.43 1.3350 

0.025089 1.00087 1.47 1.3358 0.025072 1.00157 1.50 1.3351 

0.040196 1.00221 1.52 1.3359 0.040151 1.00332 1.55 1.3352 

0.055342 1.00357 1.55 1.3360 0.055252 1.00518 1.60 1.3353 

0.070526 1.00494 1.60 1.3361 0.070372 1.00711 1.64 1.3354 

0.085747 1.00635 1.64 1.3362 0.085500 1.00921 1.67 1.3355 

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. 
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Table IX.10. Apparent molar volume (ϕV), (ηr-1)/√m and molar refraction 

(RM) of selected ionic liquids 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 

[BMIm]Cl 

w1 = 0.001b w2 = 0.001b 

0.010034 73.87 0.542 35.9878 0.010032 71.85 0.614 35.9799 

0.025113 73.67 0.587 35.9429 0.025106 71.24 0.631 35.9336 

0.040225 73.62 0.580 35.8982 0.040212 70.84 0.652 35.8968 

0.055370 73.41 0.593 35.8532 0.055350 70.48 0.621 35.8501 

0.070548 73.29 0.613 35.8083 0.070518 70.13 0.666 35.8128 

0.085760 73.22 0.609 35.7636 0.085717 69.78 0.683 35.7753 

w1 = 0.003b w2 = 0.003b 

0.010027 75.82 0.691 36.0036 0.010025 69.80 0.686 35.9954 

0.025096 74.42 0.728 35.9587 0.025088 67.59 0.723 35.9465 

0.040198 73.57 0.729 35.9132 0.040178 65.79 0.724 35.9058 

0.055332 73.18 0.785 35.8679 0.055295 64.06 0.747 35.8634 

0.070497 72.67 0.753 35.8220 0.070432 61.78 0.748 35.8180 

0.085695 72.22 0.762 35.7758 0.085595 60.66 0.757 35.7738 

w1 = 0.005b w2 = 0.005b 

0.010021 80.78 0.763 36.0306 0.010018 70.74 0.757 35.9879 

0.025083 79.98 0.819 35.9889 0.025066 63.54 0.813 35.9352 

0.040181 79.52 0.838 35.9470 0.040138 59.73 0.832 35.8798 

0.055311 78.41 0.844 35.9034 0.055227 55.82 0.806 35.8300 

0.070475 77.63 0.834 35.8596 0.070333 52.73 0.828 35.7783 

0.085671 76.65 0.861 35.8145 0.085459 50.84 0.855 35.7175 

[BMP]Cl 

w1 = 0.001b w2 = 0.001b 

0.010035 80.38 0.619 36.6735 0.010032 77.90 0.691 36.6451 

0.025116 78.18 0.636 36.6280 0.025110 76.70 0.728 36.5990 

0.040233 78.63 0.657 36.5841 0.040220 75.90 0.729 36.5523 

0.055383 77.92 0.692 36.5386 0.055364 75.17 0.752 36.5049 

0.070570 77.66 0.671 36.4935 0.070540 74.46 0.753 36.4571 

0.085792 77.61 0.688 36.4489 0.085746 73.66 0.762 36.4082 

w1 = 0.003b w2 = 0.003b 

0.010028 85.34 0.691 36.7003 0.010025 72.84 0.762 36.6298 

0.025103 84.54 0.728 36.6589 0.025088 68.63 0.771 36.5782 

0.040215 84.09 0.767 36.6172 0.040178 65.33 0.800 36.5235 

0.055363 83.52 0.752 36.5749 0.055285 61.09 0.779 36.4636 

0.070550 83.19 0.753 36.5327 0.070408 56.96 0.834 36.3996 

0.085770 82.51 0.788 36.4892 0.085544 53.57 0.835 36.3434 

w1 = 0.005b w2 = 0.005b 

0.010022 90.29 0.763 36.7276 0.010018 79.25 0.833 36.6442 

0.025089 89.69 0.771 36.6890 0.025072 72.45 0.861 36.5941 



297 | Chapter IX 

 

Published in RSC Advances, 2016, 6, 100016 – 100027 
 

0.040196 89.04 0.800 36.6499 0.040151 67.99 0.870 36.5401 

0.055342 88.38 0.779 36.6101 0.055252 63.96 0.902 36.4824 

0.070526 87.86 0.834 36.5700 0.070372 60.66 0.914 36.4223 

0.085747 87.05 0.860 36.5286 0.085500 56.52 0.907 36.3564 
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 IX.11. Limiting apparent molar volume (ϕVo), experimental slope 

(SV*), viscosity A and B-coefficient and limiting molar refraction (RMo) of 

ionic liquids in different mass fractions of aqueous α and β-cyclodextrin 

mixtures at 298.15 Ka 

Aq. solvent 

mixture 

ϕ0
V ×106

 

/ m3 mol-1 

S*
V ×106

 

/m3mol- 3/2kg1/2 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

RM
O ×106 

/m3 mol-1 

[BMIm]Cl 

w1 = 0.001b 74.22 -3.423 0.332 0.517 36.12 

w1 = 0.003b 77.44 -18.18 0.384 0.661 36.14 

w1 = 0.005b 83.24 -21.15 0.431 0.736 36.16 

[BMP]Cl 

w1 = 0.001b 81.08 -12.87 0.374 0.582 36.80 

w1 = 0.003b 86.8 -14.06 0.422 0.658 36.82 

w1 = 0.005b 92.17 -16.54 0.470 0.702 36.84 

[BMIm]Cl 

w2 = 0.001b 72.93 -10.58 0.305 0.581 36.10 

w2 = 0.003b 75.06 -48.50 0.349 0.657 36.12 

w2 = 0.005b 80.6 -104 0.4 0.731 36.14 

[BMP]Cl 

w2 = 0.001b 80.12 -21.54 0.349 0.662 36.78 

w2 = 0.003b 84.12 -100.8 0.390 0.715 36.80 

w2 = 0.005b 90.95 -115.7 0.432 0.79 36.82 

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 IX.12. Binding constant (Kb) of various ionic liquid-cyclodextrin inclusion 

complexes 

Temperature 
/Ka 

Binding constant Kb10-3 
/M-1b 

 
[BMIm]Cl-α-CD [BMP]Cl-α-CD [BMIm]Cl-β-CD [BMP]Cl-β-CD 

293.15 2.07 2.39 1.95 2.19 

298.15 1.94 2.23 1.81 2.06 

303.15 1.79 2.02 1.65 1.93 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 
b Mean errors in Kb = ±0.0110-3 M-1 

Table IX.13. The observed peaks at different m/z with corresponding ions 

for the solid inclusion complexes 

[BMIm]Cl-α-CD inclusion complex [BMP]Cl-α-CD inclusion complex 

m/z Ion m/z Ion 

175.10 [BMImCl+H]+ 178.14 [BMPCl+H]+ 

197.08 [BMImCl+Na]+ 200.12 [BMPCl+Na]+ 

995.31 [α-CD+Na]+ 995.31 [α-CD+Na]+ 

1147.42 [BMImCl+α-CD+H]+ 1150.45 [BMPCl+α-CD+H]+ 

1169.40 [BMImCl+α-CD+Na]+ 1172.44 [BMPCl+α-CD+Na]+ 

[BMIm]Cl-β-CD inclusion complex [BMP]Cl-β-CD inclusion complex 

m/z Ion m/z Ion 

175.10 [BMImCl+H]+ 178.14 [BMPCl+H]+ 

197.08 [BMImCl+Na]+ 200.12 [BMPCl+Na]+ 

1157.36 [β-CD+Na]+ 1157.36 [β-CD+Na]+ 

1309.47 [BMImCl+β-CD+H]+ 1312.51 [BMPCl+β-CD+H]+ 

1331.45 [BMImCl+β-CD+Na]+ 1334.49 [BMPCl+β-CD+Na]+ 
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Table IX.14. Frequencies at FTIR spectra of [BMIm]Cl, [BMP]Cl, α-CD, β-CD 

and solid inclusion complexes 

[BMIm]Cl [BMP]Cl 

wave number 
/ cm-1 

group 
wave number 

/ cm-1 
group 

3436.81 =C-H 3409.96 –C-H from ring 

2963.45 –C-H from –CH3 2970.44 –C-H from –CH3 

1634.59 –C=N 1465.54 bending of –C-H from –CH2 

1574.80 C=C 1400.30 bending of –C-H from –CH3 

1464.89 bending –CH2 1166.82 -C-N 

1400.30 bending –CH2 

 

1168.58 -C-N 

α-Cyclodextrin β-Cyclodextrin 

wave number 
/ cm-1 

group 
wave number 

/ cm-1 
group 

3412.10 stretching of O-H 3349.84 stretching of O-H 

2930.79 
stretching of –C-H from –

CH2 
2921.52 

stretching of –C-H from –

CH2 

1406.76 
bending of –C-H from –

CH2 and bending of O-H 

1412.36 

 

bending of –C-H from –CH2 

and bending of O-H 

1154.39 bending of C-O-C 1157.57 bending of C-O-C 

1030.39 stretching of C-C-O 1033.51 stretching of C-C-O 

952.36 

skeletal 

vibration  involving 

α-1,4linkage 

938.53 
skeletal vibration  

involving α-1,4linkage 

 
[BMIm]Cl-α-CD inclusion complex 

 
[BMP]Cl-α-CD inclusion complex 

wave number 
/ cm-1 

group 
wave number 

/ cm-1 
group 

3370.61 stretching of O-H of α-CD 3362.56 stretching of O-H of α-CD 
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2931.03 
stretching of –C-H from –

CH2 of α-CD 
2955.06 

stretching of –C-H from –

CH2 of α-CD 

1630.02 stretching of –C=N 1401.22 
bending of –C-H from –CH2 

and bending of O-H of α-CD 

1410.13 

bending of –C-H from –

CH2 and bending of O-H of 

α-CD 

1149.61 bending of C-O-C α-CD 

1150.07 bending of C-O-C of α-CD 946.52 
skeletal vibration  

involving α-1,4linkage 

948.07 

 

skeletal vibration  

involving α-1,4linkage 
 

[BMIm]Cl-β-CD inclusion complex [BMP]Cl-β-CD inclusion complex 

wave number 
/ cm-1 

group 
wave number 

/ cm-1 
group 

3364.47 
stretching of O-H 

Of β-CD 
3369.85 

stretching of O-H 

of β-CD 

2932.46 
stretching of –C-H from –

CH2 Of β-CD 
2931.03 

stretching of –C-H from –

CH2 Of β-CD 

1407.57 

bending of –C-H from –

CH2 and bending of O-H of 

β-CD 

1408.47 

bending of –C-H from –CH2 

and bending of O-H Of β-

CD 

1150.87 bending of C-O-C of β-CD 1150.31 bending of C-O-C Of β-CD 

1039.00 stretching of C-C-O of β-CD 1030.00 
stretching of C-C-O Of β-CD 

 

944.27 

skeletal vibration  

involving α-1,4linkage of 

β-CD 

943.16 

skeletal 

vibration  involving 

α-1,4linkage of β-CD 
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Figures: 

 

Figure IX.1.  1H NMR Spectra of α-CD, [BMIm]Cl and 1:1 molar ratio of α-CD + 

[BMIm]Cl in D2O in 298.15 K. 
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Figure IX.2.  1H NMR Spectra of α-CD, [BMP]Cl and 1:1 molar ratio of α-CD + 

[BMP]Cl in D2O in 298.15 K. 
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Figure IX.3. 1H NMR Spectra of (a)β-CD (b) [BMIm]Cl (c) 1:1 molar ratio of β-CD 

and [BMIm]Cl in D2O in 298.15 K. 
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Figure IX.4. 1H NMR Spectra of (a) β-CD (b) [BMP]Cl (c) 1:1 molar ratio of β-CD 

and [BMP]Cl in D2O in 298.15 K. 

 



 

Published in RSC Advances, 2016, 6, 100016 

Figure IX.5. 2D ROESY spectra of solid inclusion complex of 

D2O (correlation signals are marked by red circles
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2D ROESY spectra of solid inclusion complex of [BMIm]Cl

correlation signals are marked by red circles). 
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[BMIm]Cl and α-CD in 
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Figure IX.6. 2D ROESY spectra of solid inclusion complex of 

(correlation signals are marked by red circles

Published in RSC Advances, 2016, 6, 100016 – 100027 

2D ROESY spectra of solid inclusion complex of [BMP]Cl and α-CD in D

correlation signals are marked by red circles). 

 

in D2O 
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Figure IX.7. 2D ROESY spectra of solid inclusion complex of 

in D2O (correlation signals are marked by red circles

307
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2D ROESY spectra of solid inclusion complex of [BMIm]Cl

correlation signals are marked by red circles). 

307 | Chapter IX 

100027 

 

[BMIm]Cl and β-CD 



308 | Chapter IX 

 

Published in RSC Advances, 2016, 6, 

Figure IX.8. 2D ROESY spectra of solid inclusion complex of 

D2O (correlation signals are marked by red circles
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2D ROESY spectra of solid inclusion complex of [BMP]Cl and β-

correlation signals are marked by red circles). 

 

-CD in 
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Figure IX.9. Variation of surface tension of aqueous (a) 

[BMP]Cl-α-CD systems respectively at 298.15 K.

 

 

Figure IX.10. Variation of surface tension of aqueous (a) 

[BMP]Cl-β-CD systems respectively at 
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Variation of surface tension of aqueous (a) [BMIm]Cl-α

systems respectively at 298.15 K. 

Variation of surface tension of aqueous (a) [BMIm]Cl-

CD systems respectively at 298.15 K. 
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Figure IX.11. Variation of conductivity of aqueous (a) 

[BMP]Cl-α-CD systems respectively at 298.15 K.

 

 

Figure IX.12. Variation of conductivity of aqueous (a) 

[BMP]Cl-β-CD systems respectively 
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Variation of conductivity of aqueous (a) [BMIm]Cl-α-CD and (b) 

systems respectively at 298.15 K. 

  

Variation of conductivity of aqueous (a) [BMIm]Cl-β-CD and (b) 

CD systems respectively at 298.15 K. 
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Figure IX.13. Plot of limiting molar volume (

aqueous α-CD and aqueous

(blue & purple) respectively at 298.15 K.

 

Figure IX.14. Plot of viscosity 

α-CD and aqeous β-CD for 

purple) respectively at 298.15 K.
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Plot of limiting molar volume (ϕ0V) against mass fraction (

CD and aqueous β-CD for [BMIm]Cl  (orange and green) and 

) respectively at 298.15 K. 

  

Plot of viscosity B-coefficient against mass fraction (w

CD for [BMIm]Cl  (orange and green) and [BMP]Cl

purple) respectively at 298.15 K. 

W1 = 0.003 W1 = 0.005 W2 = 0.001 W2 = 0.003 W2 = 0.005

cyclodextrin β-cyclodextrin
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) against mass fraction (w) of 

) and [BMP]Cl 

 

w) of aqueous 

[BMP]Cl (blue & 

W2 = 0.005

W2 = 0.005



312 | Chapter IX 

 

Published in RSC Advances, 2016, 6, 

Figure IX.15. Plot of limiting molar refraction (

different mass fractions (w) of

298.15 K. 
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Plot of limiting molar refraction (R0M) for [BMIm]Cl and [BMP]Cl

) of aqueous α-CD and aqueous β-CD respectively at 
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Figure IX.16. ESI mass spectra of (a) [BMIm]Cl

[BMP]Cl-α-CD inclusion complex.

Figure IX.17. ESI mass spectra of (a) [BMIm]Cl

[BMP]Cl-β-CD inclusion complex.
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ESI mass spectra of (a) [BMIm]Cl-α-CD inclusion complex and 

CD inclusion complex. 

ESI mass spectra of (a) [BMIm]Cl-β-CD inclusion complex and (b) 

CD inclusion complex. 

 

 

 

 

 

 

313 | Chapter IX 

100027 

inclusion complex and (b) 

 

CD inclusion complex and (b) 
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Figure VI.18. FTIR spectra of [BMIm]Cl (top), α-CD (middle) and [BMIm]Cl-α-CD 

inclusion complex (bottom). 
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Figure VI.19. FTIR spectra of [BMP]Cl (top), α-CD (middle) and [BMP]Cl-α-CD 

inclusion complex (bottom). 
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Figure VI.20. FTIR spectra of [BMIm]Cl (top), β-CD (middle) and [BMIm]Cl-β-CD 

inclusion complex (bottom). 
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Figure VI.21. FTIR spectra of [BMP]Cl (top), β-CD (middle) and [BMP]Cl-β-CD 

inclusion complex (bottom). 
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Scheme IX.3. (a) Stereochemical configuaration and (b) truncated conical 

structure of α and β-cyclodextrin. 

 

Scheme IX.4. Feasible and restricted inclusions of the guest into the host molecule. 
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Scheme IX.5. Plausible Schematic representation of mechanism for the 

formation of 1 : 1 inclusion complex of [BMIm]Cl and [BMP]Cl with both α and β-

cyclodextrin. 

 

Scheme IX.6. Different stoichiometries of host-guest inclusion complexes. 
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CHAPTER X 

Concluding Remarks 

In this thesis I investigated the formation of host-guest inclusion 

complexes of various bio-molecules and ionic liquids with α and β-cyclodextrins 

as host giving emphasis particularly towards there 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,  surface tension 

study, conductivity study, pH study, solution density, viscosity, refractive index. 

These studies primarily focus on the encapsulation of the studied guest 

molecules i.e. amino acids, drugs and ionic liquids in the hydrophobic cavity of α 

and β-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. 

The findings are discussed chapter wise as follows: 

Chapter IV deals with the formation of four inclusion complexes of two essential 

amino acids L-Leucine and L-Isoleucine with α and β-cyclodextrins. The four 

inclusion complexes have 1:1 1:1 stoichiometry which is confirmed by NMR, 

surface tension and conductivity measurement. The amino acid-CD interactions 

in the solution have been interpreted by density, viscosity, refractive index and 

solvation number measurements.  Thus the present work adds a dimension in 

the field of contemporary science of controlled delivery of these two amino acids 

by using α and β-CD. 

Chapter V investigates the formation of inclusion complexes of the phosphonium 

based ionic liquid Trihexyltetradecylphosphonium chloride with α and β-

cyclodextrins in aqueous medium and in solid state. These two IC’s can be used 

for controlled release of this ionic liquid. 1H-NMR study confirms the inclusion 
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phenomenon whereas surface tension and conductivity study reveal the 1:1 

stoichiometry of the complexes. Density ,viscosity and refractive index study 

show the interaction between the guest and host CD’s. FT-IR spectra and mass 

spectra also supported the formation of IC. The binding constants for the 

formation of the two IC’s have been evaluated from non linear isotherms using 

conductivity study. It is found to be higher for β-CD. These two IC’s have 

application in various industrial processes to make them greener. 

Chapter VI shows that two amino acids L-Asparagine and L-Aspartic Acid 

form host-guest inclusion complexes with both α and β-CD. Surface tension and 

conductivity measurement reveal that the inclusion complex formed with 1:1 

stoichiometry. Density and viscosity studies were used to characterize the 

inclusion complexes through determination of the group contributions toward 

the limiting apparent molar volume and viscosity B-coefficient. The solvation 

number and hydration number also support the inclusion phenomenon. All the 

results demonstrate the formation of the inclusion complexes and thus the 

present work has diverse application in the field of controlled delivery of these 

two amino acids by using α and β-CD. 

Chapter VII illustrates that the vital drug chloroquine diphosphate form 

inclusion complex with both α and β-CD in aqueous medium and in solid state. 

The two IC’s can be used for controlled release of this drug. 1H-NMR study 

confirms the inclusion phenomenon whereas surface tension, conductivity and 

Job’s plot variation suggest the 1:1 stoichiometry of the IC’s. FT-IR spectra and 

mass spectra also supported the formation of IC. The binding constants and 

thermodynamic parameters have been evaluated from UV-Visible spectroscopy 

which is higher for β-CD. The overall inclusion process is thermodynamically 

favorable. These two IC’s have potential application in the pharmaceutical 

industries and biomedical fields. 

Chapter VIII highlights about the formation of inclusion complex of 

probenecid with both α and β-CD in aqueous medium and in solid state. These 
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two inclusion complexes can be used as regulatory releaser of this drug. 2D 

ROESY NMR study confirms the inclusion phenomenon and its mechanism. 

Surface tension, conductance and Job plot from UV-visible spectroscopy 

determines the 1:1 stoichiometric ratio of the IC. FT-IR spectra and mass spectra 

also supported the formation of IC. The association constants and 

thermodynamic parameters have been estimated for both the ICs by reliable 

techniques and it is higher for β-CD. There  is  a  drop  in  ΔSO,  which  is 

overcome  by  higher  negative  value  of  ΔHO,  making  the  overall  inclusion  

process thermodynamically favorable. These two ICs have various applications 

in the field of modern biochemistry and medical science. 

Chapter IX emphasizes that the two ILs, viz., [BMIm]Cl and [BMP]Cl form 

host-guest ICs with both α and β-CD both in solution and solid state. 1H NMR and 

2D ROESY NMR data confirm the inclusion in the apolar cavity of both CD 

molecules, while surface tension and conductivity measurement suggest 1:1 

stoichiometry. Density, viscosity and refractive index data are also in good 

agreement with the above results and also recommend the IL-CD interactions. 

Binding constants for the ICs have been determined with the help of conductivity 

study by using non-linear programme. The solid state characterisations have 

been done by ESI-MS and FT-IR, confirming their formations also in solid state. 

The inclusion phenomenon has been found more fascinated in case of α-CD and 

[BMP]Cl than the other combinations. Thus, the present study has miscellaneous 

application in the field of nano-sensors, drug delivery tools and recycling 

extraction agents etc. 

In the near future I endeavour to extend our research work with various 

biologically active molecules as guests and taking modified cyclodextrins as host. 
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a  b  s  t  r a  c t

Formations  of host-guest  inclusion  complexes  of two  natural  amino  acids, viz.,  l-Leucine  and l-Isoleucine
as guests with  �  and �-cyclodextrins  have  been  investigated  which  include diverse applications  in mod-
ern  science such  as  controlled  delivery in the  field of pharmaceuticals,  food processing  etc. Surface
tension  and  conductivity  studies  establish  the  formation  of inclusion  complexes  with  1:1  stoichiometry.
The interactions  of cyclodextrins  with  amino  acids have  been  supported  by  density, viscosity, refractive
index,  hydration  and solvation  number  measurements  indicating  higher degree  of inclusion  in case of
�-cyclodextrin.  l-Leucine  interacts more  with  the  hydrophobic cavity of cyclodextrin  than  its isomer.
With  the  help of stability  constant by  NMR titration,  hydrophobic effect, H-bonds and structural  effects
the  formations  of inclusion  complexes  have  been explained.

©  2016 Elsevier  Ltd.  All rights  reserved.

1. Introduction

Cyclodextrins (CD) are the members of cyclic oligosaccharide
family containing six (�-CD), seven (�-CD) and eight (�-CD) glu-
copyranose units, which are bound by �-(1–4) linkages (Dinar,
Sahra, Seridi, & Kadri, 2014; Szejtli, 1998). CDs have a torus-shaped
ring structure with polar hydrophilic rims and relatively hydropho-
bic inner cavity (Fig. 1) (Yang et al., 2013). Due to  this type of unique
structure they can build up host–guest inclusion complexes (ICs)
with various small molecules having hydrophobic moiety, e.g., vita-
mins, amino acids, ionic liquids etc (Mathapa & Paunov, 2013; Valle,
2004). The hydrophobic part of the guest molecule is accommo-
dated into the hydrophobic cavity of CD  whereas the polar part of
the guest (if present) makes association with the polar rims result-
ing stabilisation of the IC (Szejtli, 1996). For  this reasons CDs have
vast applications in  the field of pharmaceuticals, pesticides, food-
stuffs, toilet articles, textile processing industry, supramolecular
host-guest chemistry, molecular encapsulation etc (Connors, 1997;

∗ Corresponding author.
E-mail address: mahendraroy2002@yahoo.co.in (M.N. Roy).

Gao et al., 2006). CDs form stable host-guest ICs with essential
amino acids e.g., arginine, histidine, lysine, phenyl alanine, glu-
tamic acid (Roy, Ekka, Saha, & Roy, 2014; Saha, Ray, Basak, & Roy,
2016), ionic liquids e.g.,  1-butyl-4-methylpyridinium iodide (Datta,
Barman, &  Roy, 2015; Roy, Roy, Das, & Barman, 2016; Roy, Saha,
Barman, & Ekka, 2016), RNA nucleosides (Roy, Roy et al., 2016; Roy,
Saha et al., 2016) etc. as guest molecules.

In  the present study we have attempt to  ascertain the nature of
formation of ICs of � and �-CD with two  natural �-amino acids, i.e.,
l-Leucine (l-Leu) and l-Isoleucine (l-Ile) in 0.001, 0.003, 0.005 mass
fractions of � and ˇ-cyclodextrins in  aqueous media. Aim of  this
work is  to  explore the formation, carrying and controlled release of
the two  essential amino acids by forming IC with host CDs without
chemical & biological modification of the guests.

l-Leu is used in  the biosynthesis of proteins and is  essential in
humans, i.e.,  our body cannot synthesize it and thus it must be incor-
porated from outside, which may  be done using � and �-CD as
carriers (Etzel, 2004; Rosenthal, Angel, & Farkas, 1974). It  is  a  major
component of the subunits in  ferritin, astacin etc. proteins and l-Leu
is an activator of mTOR; it is the only dietary amino acid that has
the capacity to directly stimulate muscle protein synthesis (Cota
et al., 2006; Nelson & Cox, 2000). On the other hand l-Ile is used

http://dx.doi.org/10.1016/j.carbpol.2016.05.100
0144-8617/© 2016 Elsevier Ltd. All rights reserved.
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Fig 1. Molecular structure of l-Leu, l-Ile in aqueous solution and cyclodextrin molecule with interior and exterior protons.

in the biosynthesis of proteins and it is also essential in humans.
l-Ile is synthesized from pyruvate employing leucine biosynthesis
enzymes in other organisms such as bacteria (Kisumi, Komatsubara,
& Chibata, 1977; Nelson &  Cox, 2000).

Here, the nature of the ICs and their interactions have been
studied by surface tension, conductivity, density, viscosity and
refractive index measurements by calculating the contributions
towards the limiting apparent molar volume and viscosity-B coef-
ficient of different groups of the two amino acids. NMR  titrations
have also been done by 1H NMR spectroscopy to  confirm the inclu-
sion phenomenon and the binding constants have been calculated
from the titration by using Benesi–Hildebrand method (Caso et al.,
2015).

2. Experimental

2.1. Source and purity of samples

The above mentioned two amino acids and CDs of puriss grade
were purchased from Sigma-Aldrich, Germany and used as it was.
The mass fraction purity of l-Leu, l-Ile, �-CD and �-CD were ≥0.98,
0.98, 0.98 and 0.98 respectively.

2.2. Apparatus and procedure

Solubilities of the two CDs and that of the above two �-amino
acids in aqueous CDs have been verified in  triply distilled, deionized
and degassed water. It  was detected that these were quite soluble
in aqueous CDs. All  the stock solutions of l-Leu and l-Ile were pre-
pared by mass (Mettler Toledo AG-285 with uncertainty 0.0001 g)
and the working solutions were got by mass dilution at 298.15 K.
Changes of molarity to  molality were done using the densities of
the solutions (Shoemaker & Garland, 1967). Sufficient precautions
were made to decrease the evaporation during mixing.

pH values were measured by Mettler Toledo Seven Multi pH
meter having uncertainty ±0.001. It was studied in  a  water bath
with thermostat maintaining the temperature at 298.15 K,  having
uncertainty in  temperature ±0.01 K.

Surface tensions of the solutions were determined by plat-
inum 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 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  �Sm−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 �S m−1. The conductivity cell was calibrated using
0.01 M aqueous KCl solution.

The densities (�) of the solutions were studied by  vibrating
U-tube Anton Paar digital density meter (DMA 4500 M)  having
precision ±0.00005 g cm−3 and uncertainty in  temperature was
±0.01 K. The density meter was  calibrated by standard method
(Shoemaker & Garland, 1967).

Viscosities (�) were determined by Brookfield DV-III Ultra Pro-
grammable Rheometer with spindle size 42. The detail has already
been depicted before (Shoemaker & Garland, 1967).

Refractive indexes of the solutions were studied with a  Digi-
tal Refractometer from Mettler Toledo having uncertainty ±0.0002
units. The detail has already been described before (Shoemaker &
Garland, 1967).

1H NMR  spectra were recorded in D2O  at 300 MHz  using Bruker
ADVANCE 300 MHz  instrument at 298 K. Signals are quoted as �
values in ppm using residual protonated solvent signals as internal
standard (D2O:  � 4.79 ppm). Data are  reported as chemical shift.
In each titration initially 0.5 mL  1.0 mM amino acid solution was
taken and then 10 �L  10 mM CD solution was added into it at five
several times.

3. Result and discussion

3.1. pH measurement proves the ionic states of the amino acids

Existence of zwitterionic forms of amino acids in aqueous solu-
tion can be understood with the help of pH measurement (Saha
et al., 2016). The values of pH for l-Leu in aqueous � and �-CD
ranges from 5.89 to 5.14 and 5.75–5.13 respectively at 298.15 K,
while for l-Ile it ranges from 6.14 to 5.39 and 5.85–5.38 for � and
�-CD respectively at the same temperature (Tables S1, S2). The pH
value decreases with the increasing concentration of  the respective
amino acids and also with the increase of concentration of  � and
�-CD for both the two  amino acids. These values clearly show the
variation in  their zwitterionic forms, i.e.,  the amine and carboxylic
acid groups exist in ionic forms NH3

+ and COO− respectively.

3.2. Surface tension study illustrates the inclusion and the
stoichiometric ratio of the inclusion complexes

Surface tension (�) measurement can be used to obtain valuable
information about the formation of inclusion complex in  CDs (Roy
et al., 2014; Roy, Roy, & Roy, 2015). It is known that � for aque-
ous solutions of pure � and �–CD do not  show any remarkable
change with increasing concentrations (Roy, Roy et al., 2016; Roy,
Saha et al., 2016). The pH data of both these amino acids show the
existence of NH3

+ and COO− in their zwitterionic forms. Thus the
side groups being nonpolar, both the amino acids show surfactant
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Fig. 2. Variation of surface tension of aqueous (a) l-Leu-�-CD, (b) l-Ile-�-CD, (c) l-Leu-�-CD and (d) l-Ile-�-CD systems respectively at 298.15 K.

like behavior, i.e.,  there is  considerable decrease in surface tension
of their aqueous solutions. Therefore while amino acids make ICs
with CDs remarkable change in surface tension should be observed
(Saha et al., 2016).

Here � of aqueous amino acids has been measured with increas-
ing concentration of � and �-CD at 298.15 K  (Tables S4–S7). Both
l-Leu and l-Ile showed increasing trend of � with increasing con-
centration of � and �-CD (Fig. 2)  may  be because of removal of
the amino acid molecules (surface active) from the surface of the
solution into the hydrophobic cavity of � and �-CD forming host-
guest inclusion complexes (Fig. S1) (Gao et al., 2005). Each plot also
indicates that there is  single break point at certain concentrations.
Finding of break point in  surface tension curve not  only indicates
formation of IC but also gives 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 (Fig. S2)
(Gao et al., 2006; Pineiro et al., 2007).

The values of � with corresponding concentrations of � and �-
CD and the concentration of amino acid at each break have been
listed in Table 1 and the overall variation of � value is  shown in
Tables S4–S7, which clearly reveal that the breaks have been found
at certain concentrations of amino acids and CD  where their con-
centration ratio in the solution was almost 1:1, thus this study
proves formation of 1:1 ICs of the studied amino acids with both �
and �-CD.

3.3. Conductivity study explains the inclusion process and their
stoichiometric ratio

With the help of conductivity (�) study the inclusion phe-
nomenon can be confirmed (Apelblat, Manzurola, & Orekhova,
2007; Qian, Yu, Wu,  & Shen, 2013). It also suggests the stoichiom-
etry of the inclusion complex formed (Saha et al., 2016). As found
from pH data the amino acids exist in ionic form in aqueous solu-
tion, thus show considerable value of �.  As aqueous CD solution
was added to the aqueous solution of an amino acid (Tables S4–S7),
the � was observed to  show decreasing trend probably because of

encapsulation of the amino acid molecules inside the cavity of  CD
(Fig. S1). At  certain concentrations of both CD and amino acid single
break was found in each of the conductivity curve (Fig. 3), which
indicates the formation of ICs. The values of � and corresponding
concentrations of both � and �-CD with the concentration of each
amino acid at each break have been listed in  Table 1,  which reveal
that the ratio of the concentrations of each amino acid and CD  at
the break point was  found to be approximately 1:1, suggesting the
host-guest ratio to be 1:1 (Saha et al., 2016). In this study of all the
four cases of l-Leu and L-Ile with � and �-CD similar results are
found, but the conductivity near the break is found to  be  a  little
lower for �-CD than �-CD, which is might be due to  the former is
better host for the two studied guests than the later.

3.4. Density study: group contributions and interactions between
amino acids and cyclodextrins

The interactions between amino acids and cyclodextrins can be
studied from the apparent molar volume (�v) and limiting apparent
molar volume (�v

o) (Roy et al., 2014). The apparent molar volume
is the measure of the sum of geometric volume of the central solute
molecule and changes in the solvent volume due to  the interactions
with the solute around the co-sphere (Ekka & Roy, 2013). �v can be
calculated from the density of the solutions at 298.15 K  (Table S3)
using the provided equation. The magnitude of  �v is found to be
positive for both the two amino acids in both aqueous � and �-
CD and this suggests strong solute–solvent interactions. �v varies
linearly with the square root of molal concentration (

√
m) and is fit-

ted to the masson equation, from where �v
o has been determined

(Table S10, Fig. 4a) (Masson, 1929). The values of �v
o increase

with the increase of mass fractions of � and �-CD for both l-Leu
and l-Ile indicating that the ion-hydrophilic group interactions are
stronger than ion-hydrophobic group interactions. In the present
ternary system (amino acid +  aq. CD) the interactions of the charged
groups (COO− and NH3

+) of the amino acids is  localized with −OH
groups of cyclodextrins. Due to this interaction the electostriction
of water results an increase in  volume. In this study the �v

o are
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Table  1
Values of surface tension (�) at  the break point with corresponding concentrations of cyclodextrins and amino acids and values of conductivity (�) at the break point with
corresponding concentrations of cyclodextrins and amino acids at 298.15 K.a

Conc of �-CD/mM Conc of amino acid/mM �a/mN  m−1

l-Leucine 5.01 4.99 71.1
l-Isoleucine 5.06 4.94 71.2

Conc of �-CD/mM Conc of amino acid/mM �a/mN  m−1

l-Leucine 5.13 4.87 71.2
l-Isoleucine 5.17 4.83 71.3

Conc of �-CD/mM Conc of amino acid/mM �a/�S m−1

l-Leucine 4.78 5.22 143
l-Isoleucine 5.01 4.99 120

Conc of �-CD/mM Conc of amino acid/mM �a/�S m−1

l-Leucine 4.82 5.18 147
l-Isoleucine 5.03 4.97 125

a Standard uncertainties (u): temperature: u(T) =  ±0.01 K, surface tension: u(�) =  ±0.1 mN m−1, conductivity: u(�) =  ±1.0 �S  m−1.

Fig. 3. Variation of conductivity of aqueous (a) l-Leu-�-CD, (b) l-Ile-�-CD, (c) l-Leu-�-CD and (d) l-Ile-�-CD systems respectively at 298.15 K.

measured for glycine, l-Leu and l-Ile at 298.15 K for different mass
fractions (0.001, 0.003, 0.005 M)  of � and �-CD. From Fig. 4a it can
be observed that  �v

o for l-Leu is greater than that of l-Ile. This can
be explained on the basis of their structures. The side group of l-Ile
is relatively more spherical than that of l-Leu, creating less surface
area of the former than the later. Thus, because of more surface area
of the side hydrophobic group of l-Leu, it interacts better with the
hydrophobic cavity of CD,  which is reflected in the �v

o values in
Fig. 4a.

The structures of l-Leu and l-Ile can be obtained by replacing

of the H atom of glycine by  and
groups respectively. Due to the similarity in structure of the two
amino acids there must be a  correlation in  their �v

o values. The
contributions of different groups present in  l-Leu and l-Ile towards
�v

o in  different mass fractions of � and �-CD have been estimated
(Table 2) (Ekka & Roy, 2013 Shekaari & Jebali, 2011). The con-
tribution of zwitterionic group (NH3

+,COO = )  is  in the range of
25.36–26.88 × 10−6 m3 mol −1 and 25.68–27.06 × 10−6 m3 mol −1

for � and �-CD respectively. The higher value in case of �-CD sug-

gests that the interaction of the zwitterionic groups of two amino
acids is more with �-CD than �-CD, probably because of more num-
ber of OH groups in �-CD than �-CD. The contribution of the
hydrophobic side group (R) of both l-Leu and l-Ile is found grater
for �-CD than that for �-CD, which suggests that the inclusion phe-
nomenon is  better in  �-CD than that in �-CD. This may  be explained
on the basis of more compact structure of the IC in  case of �-CD than
that in �-CD due to smaller cavity size of the former than the later
(Saha et al., 2016).

3.5. Viscosity study: group contributions

The viscosity of aqueous cyclodextrin solution increases with
increasing mass fraction of � or �-CD (Table S1) due to structure
making contribution of cyclodextrins with water molecules. For the
ternary system (amino acid +  aq. CD) the viscosity of the solution
increases with the increasing molarity of amino acids (Table S2).
The viscosity B-coefficient indicates the solute-solvent interactions,
which are found to  be all positive and increase with the increasing
concentrations of � and �-CD (Table S10, Fig. 4b). This is consid-
ered to  arise due to increasing amino acid–CD interaction (Roy
et al., 2014). The viscosity B-coefficients for l-Leu is  higher than
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Fig. 4. Plot of (a)  limiting molar volume (�o
V ),  (b) viscosity B-coefficient, (c) limiting molar refraction (Ro

M) for l-Leu (green & red) and L-Ile (yellow &  blue) in different mass
fractions  (w) of aqueous �-CD and aqueous �-CD respectively at 298.15 K. (For interpretation of the references to colour in this figure legend, the reader is referred to  the
web  version of this article.).

l-Ile because in  case of the former the solute solvent interaction is
more than the later.

In the present study the contributions of the zwitterionic groups
and the side groups towards the viscosity B-coefficient for the two
amino acids l-Leu and l-Ile of different mass fractions of � and
�-CD have been determined (Table 2)  (Ekka & Roy, 2013). The con-
tributions of the zwitterionic group (NH3

+,  COO = ) increase with
increasing mass fractions of � and �-CD, suggesting the grater
solvation of the ionic groups with the OH groups of cyclodex-

trin molecules, while that of the hydrophobic and

groups are found as increasing demonstrating the
increased solvation of the hydrophobic part of the amino acids
inside the hydrophobic cavity of � and �-CD. The contribution of
viscosity B-coefficient for the side group (R) is found to be grater
for l-Leu than that for l-Ile, which may  be  explained on the basis
of more surface area of the former than the later, thereby mak-

ing grater hydrophobic interactions with the hydrophobic inner
surface of CD.

3.6. Hydration number and solvation number: solvation by
cyclodextrin molecule

In  the present ternary system effect of the solvent is a  key fea-
ture. Here, water act only as the medium for the amino acids and
CDs to interact between them. Thus, CDs have crucial role and it
is termed as the co-solvent. The effect of this co-solvent is  stud-
ied in terms of solvation number (Sn), which is the measure of the
solvation taking place between the primary or secondary hydroxyl
groups of cyclodextrins and zwitterionic groups of  amino acids;
and the order of encapsulation of the side group by CD  molecule
(Roy et al., 2014 Roy, Roy et al., 2016; Roy, Saha et al., 2016).
The hydration number (nH)  is the order of hydration by water
molecules surrounding the amino acids in  the free state. It  can
be observed from Table 3 that the values of  hydration number
decreases whereas the solvation number increases with increas-
ing mass fraction of � and �-CD for both l-Leu and l-Ile. The trend
in  the Sn and nH value suggests that in the ternary solution system
the electrostriction of water diminishes with increasing mass frac-
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Table  2
Contributions of zwitter ionic group (NH3

+), (COO = ); (CH) and side group (R) to  the limiting apparent molar volume (�o
V ) and viscosity B-coefficient for the amino acids in

different mass fraction of aqueous � and �-cyclodextrin respectively at 298.15 K.a

Groups �o
V ×  106/m3 mol−1

w1 = 0.001b w1 =  0.003b w1 = 0.005b w2 =  0.001b w2 = 0.003b w2 =  0.005b

(NH3
+),  (COO = ) 25.36 26.16 26.88 25.68 26.52 27.06

(CH) 7.95 7.77 7.63 8.07 7.78 7.63

80.00 84.88 89.30 77.86 81.70 87.22

76.40 81.08 86.30 74.96 78.70 85.02

Groups B/kg mol−1

w1 = 0.001b w1 =  0.003b w1 = 0.005b w2 =  0.001b w2 = 0.003b w2 =  0.005b

(NH3
+),  (COO = ) 0.098 0.101  0.104 0.100 0.103 0.106

(CH)  0.026 0.030 0.033 0.030 0.034 0.037

0.489 0.519 0.541 0.450  0.494 0.505

0.454 0.478 0.518 0.409 0.440 0.457

a Standard uncertainties u are: u(T) =  0.01 K.
b w1 and w2 are mass fractions of �  and �-cyclodextrin in aqueous mixture respectively.

Table 3
Hydration number (nH),  solvation number (Sn) of the amino acids at different mass fraction of aqueous � and �-cyclodextrin respectively and binding constant (Kb) of
different amino acid-cyclodextrin inclusion complexes at 298.15 K.a

nH Sn Kb
E×10−3/M−1

0.001 0.003 0.005 0.001 0.003 0.005

Aqueous �-CD (w1)b

l-Leucine 5.24 5.02 4.83 5.41 5.46 5.48 0.56
l-Isoleucine 5.31 5.13 4.91 5.27 5.29 5.32 0.54

Aqueous �-CD (w2)b

l-Leucine 5.34 5.16 4.93 5.20 5.32 5.43 0.52
l-Isoleucine 5.44 5.21 4.99 4.96 5.01 5.10 0.50

a Standard uncertainties u are: u(T) =  0.01 K.
b w1 and w2 are mass fractions of �  and �-cyclodextrin in aqueous mixture respectively.
E Mean error in Kb = ±0.01×10−3 M−1.

tion of CD  (Ekka & Roy, 2013). In this study the solvation number
is more for l-Leu than l-Ile due to  more hydrophobic part of the
former than the later. l-Leu is more solvated, i.e.,  the encapsulation
of hydrophobic part inside the cavity of CD is  greater. Lower hydra-
tion numbers as well as higher the solvation numbers in �-CD than
�-CD for the two studied amino acids further suggests that �-CD is
more fascinated for solvation than �-CD.

3.7. Refractive index show the compactness of the inclusion
complexes

The molecular interactions taking place in solution systems can
be studied with the help of refractive index (nD) and molar refrac-
tion (RM) (Roy et al., 2014). The higher value of RM and the limiting
molar refraction (Ro

M) indicate that the medium is more compact
and dense (Table S10) (Saha et al., 2016). In this study the Ro

M value
increases with increasing concentration of � and �-CD. It is evident
from Fig. 4c that the ICs  of l-Leu with both � and �-CD are denser or
closely packed than those of l-Ile, may  be due to  greater hydropho-

bic interaction between l-Leu and both the cyclodextrins. These
data obtained from refractive index study are in good agreement
which have been found from density and viscosity measurements.

3.8. 1H  NMR titration: determination of binding constant

Inclusion of a  guest molecule into the cavity of CD results in  the
chemical shift of the guest and CD in the 1H  NMR spectra due to  the
interaction of the CD with the guest molecule (Caso et al., 2015).
In the structure of 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 CD molecule (Fig. 1)
(Sindelar et al., 2005; Wang, Wang, Ding, & Fu, 2014). Here, we have
titrated the amino acid molecules by adding CD  and observed the
chemical shift changes (��) of the concerned protons (Macomber,
1992; Thordarson, 2011). The chemical shift (�) of  the H3 of CD
was found to be shifted in  each of the four cases, indicating the
guest amino acid molecules enter into the cavity of  CD through the
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Fig. 5. 1H  NMR  titration spectra of (a) l-Leucine with �-CD, (b) l-Isoleucine with �-CD in D2O at 300 MHz at 298 K.

wider rim (Sompornpisut, Deechalao, & Vongsvivut, 2002). But for
simplicity and to find the binding constant with the help of reliable
Benesi–Hildebrand method for 1:1 host-guest ICs (equation (1)),
(Benesi & Hildebrand, 1949; Caso et al., 2015), we used the ��  of the
CH3 groups which are  situated at the terminal of the hydrophobic
moiety of the amino acids (Fig. 1).

1
�ı

= 1
k’[AA]Kb

· 1
[CD]

+ 1
k’[AA]

(1)

Fig. 5 shows the titration spectra of l-Leu and l-Ile with �-CD
respectively (Fig. S3 and Fig. S4 for �-CD). Each titration spectra
clearly shows the shift of signals arising from H3 of  CD and that of
the CH3 of the amino acids. The details of the titration and finding
out of binding constant (Kb) are shown in Table S11–S14. The values
of Kb for each of the ICs were evaluated by dividing the intercept by
the slope of the straight line of the double reciprocal plot (Fig. S5),
(Dotsikas, Kontopanou, Allagiannis, & Loukas, 2000). The binding
constants indicate that l-Leu forms stronger IC than L-Ile and �-CD
forms stronger IC than �-CD (Table 3).



M.N. Roy et al. /  Carbohydrate Polymers 151 (2016) 458–466 465

3.9. Structural influence of cyclodextrins

Cyclodextrin is  extensively used as host molecules because of its
hydrophobic cavity and hydrophilic rims which provide an appro-
priate environment for the apolar part of a  guest molecule to  reside
inside the cavity and the polar part makes association with the
polar rims, thereby stabilizing the whole IC (Connors, 1997; Szejtli,
1998).  The lipophilic cavity diameter of � and �-CD is  4.7–5.3 Å
and 6.0–6.5 Å  respectively (Roy et al., 2014). The two studied amino
acid molecules l-Leu and l-Ile have the diameter within this range
and can be  encapsulated inside the cavity of CD (Spies & Schowen,
2002). No covalent bonds are broken or formed during formation
of the ICs. Another factor responsible for the formation of ICs is
that polar water molecules are present inside the slightly apolar
cavity of cyclodextrin. This is generally energetically unfavoured
(Valle, 2004). So, the water molecules are readily substituted by the
hydrophobic moiety of the amino acids. This results in a more sta-
ble lower energy state. The stoichiometry of the inclusion complex
is found as 1:1, which is  supported by both surface tension and con-
ductivity measurements. This may  be explained as after inclusion
of one amino acid molecule the zwitterionic part blocks the rim, so,
it would be difficult for a  second molecule to be inserted into the
cavity (Roy et al., 2014). Insertion of the guest amino acid molecule
was found through the wider rim of the CD, so as to make maximum
contact of the hydrophobic side groups of the amino acids with the
hydrophobic cavity of � and �-CD (Fig. S2) (Saha et al., 2016).

4. Conclusion

The two amino acids viz.,  l-Leu and l-Ile form host-guest inclu-
sion complexes with both � and �-CD with 1:1 stoichiometry which
is confirmed by  NMR, surface tension and conductivity measure-
ment. The amino acid-CD interactions in  the solution have been
interpreted by density, viscosity, refractive index and solvation
number measurements. Thus the present work adds a dimension
in the field of contemporary science of controlled delivery of these
two amino acids by using � and �-CD.
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Cage to cage study of ionic liquid and cyclic
oligosaccharides to form inclusion complexes†

Aditi Roy and Mahendra Nath Roy*

The inclusion complexation behaviour, characterization and binding ability of

trihexyltetradecylphosphonium chloride with a and b-cyclodextrin have been investigated both in

aqueous solution and solid state by means of 1H NMR, surface tension, conductivity, density, viscosity,

refractive index, FTIR and HRMS measurements. The shifts in the NMR spectra reveal that part of the

ionic liquid is inserted into the cyclodextrin molecules. Surface tension and conductivity studies approve

the 1 : 1 stoichiometry of the inclusion complex while density, viscosity and refractive index

measurements show the interaction of the ionic liquid with the host molecules. FTIR and HRMS studies

confirm the inclusion phenomenon. Binding constants have been evaluated using a non linear

programme and NMR study, indicating a higher degree of encapsulation in the case of b-cyclodextrin

compared to a-cyclodextrin.

1. Introduction

The eld of Ionic liquids draws the attention of modern
chemists because of their unusual properties such as low
vapour pressure, high thermal and chemical stability, large
liquid temperature range and high solvation ability towards
inorganic, organic, complex salts and biopolymers.1 These
properties make them completely different from molecular
liquids. Ionic liquids generally constitute a large organic
cation and a small anion.2 They have vast applications in
various chemical industries because of their green nature.
They produce less hazardous compounds during their use.3

Phosphonium based ionic liquids are less toxic and more
thermally stable than nitrogen based ionic liquids.1 In this
research article the phosphonium based hydrophobic ionic
liquid Trihexyltetradecylphosphonium chloride (TTP)
(Scheme 1) has been used. This ionic liquid is highly used in
separation of different dyes including methylene blue from
aqueous media. This has also application as additives to
improve the yield of essential oils in the hydrodistillation
process.4

Cyclodextrin (CD), a cyclic oligosaccharide, is well known
in supramolecular chemistry as molecular host because of
their ability of inclusion of a range of guest molecules through
non covalent interaction in their hydrophobic cavity.5 a, b and
g cyclodextrins consists of 6, 7 and 8 glucose units respectively
linked by a-1,4 glucosidic linkage.6 They can be described as

a shallow truncated cone having primary and secondary
hydroxyl groups in the rims (Scheme 2).5 They can form stable
inclusion complex with drugs, vitamins, ionic liquids, amino
acids, neurotransmitters etc. guest molecules.7 The weak
intermolecular forces acting between the guest and host
includes van der Waal's force, dipole–dipole interaction,
electrostatic and hydrogen bonding interactions.8 CD's are
non-toxic and considered safe to humans. Formation of
inclusion complex is the best method to improve the physi-
cochemical properties of the guest molecule. Due to the
enormous application of the inclusion complexes formed by
them they are used in cosmetic, food and pharmaceutical
industeries.9

In the present study we attempt to ascertain the formation
and nature of IC of a and b-CD with TTP in aqueous environ-
ment by spectroscopic and physicochemical studies. Our aim is
to explore the formation, carrying and controlled release of this
ionic liquid by forming IC with CD without any chemical and
biological modication of the guest molecule. Thus it will nd
better utility in the dye industry and also in the hydrodistillation
process of oils. To the best of our knowledge no theoretical
investigation concerning inclusion complex formation between
a and b-CD and TTP has been performed so far.

Scheme 1 Two dimensional molecular structure of the ionic liquid
trihexyltetradecylphosphonium chloride.
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2. Results and discussions
2.1. 1H NMR spectra
1H-NMR study conrms the formation of inclusion complex of
TTP with a and b-CD.9,10 Insertion of ionic liquid molecule into
the hydrophobic cavity of CD molecules consequences the
chemical shi of both the guest and host molecule. The TTP
molecule results dimagnetic shielding of the protons as a result
of interaction with the CD protons aer inclusion. The position
of different protons in the CD molecules are shown in
Scheme 3. The H3 and H5 protons are situated inside the cavity

near the wider rim and narrower rim respectively. The other
protons H1, H2 and H4 are situated outside the CD mole-
cule.11,12 The respective d values of the ionic liquid TTP, a-CD,
b-CD and inclusion complexes are reported in Table S1.† The
protons of CD and TTP show considerable upeld shi in 1 : 1
inclusion complex of the ionic liquid and CD (Fig. 1 and 2). It
can be concluded from chemical shi that the protons of the
hydrocarbon chain of TTP interacts more with the H3 protons
than H5 suggesting the TTPmolecule enters in the hydrophobic
cavity from wider end. The shi in d value of both the CD
perhaps due to change of environment aer inclusion complex
formation. The H6 proton of a and b-CD remain uneffected
aer inclusion which again supports the fact that the guest
molecule inserts from wider end (Scheme 4).

2.2. Surface tension study

The formation and stoichiometry of the inclusion complexes
can be interpreted with surface tension study.13,14 Adding CD to
water does not change the surface tension (g) of water as it is
hydrophobic in nature. This fact also illustrates that CD is
surface inactive compounds.15 The ionic liquid TTP contains
many long hydrocarbon chains and acts as strong surface active
agent. The g value of TTP is lower than pure water. Here the g

Scheme 2 Structure of (a) a-CD (b) b-CD and (c) cone structure of cyclodextrin molecule.

Scheme 3 Location of different protons in truncated conical structure
of a and b-cyclodextrin.
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value of a series of solutions of TTP with increasing concentration
of a-CD and b-CD have been measured at 298.15 K (Tables S4 and
S5†). The g value is found to increase for both the CD molecules.
This is probably due to insertion of the hydrocarbon chain of the
ionic liquid from the solution to the hydrophobic cavity of the
host CD molecules. A single distinguishable break appears in the
two surface tension plots depicted in Fig. 3 which suggests the
formation of IC.16,17 The concentrations of TTP and the CD
molecules at the break point (Table 1) is approximately 1 : 1 which
further conrms the stoichiometric ratio of the two ICs as 1 : 1.
More number of breaks in the plot suggests complex stoichiom-
etry of the complex such as 1 : 2, 2 : 1, 2 : 2 etc. The surface
tension at the break point is slightly higher for b-CD indicating it
a better host compared to a-CD.

2.3. Conductivity study

Conductivity study also supports the formation and stoichi-
ometry of the two inclusion complexes formed.18,19 The aqueous

solution of the ionic liquid TTP shows considerable conduc-
tivity as it exists as a charged structure. In this study the
conductivity of a series of solutions of TTP with increasing
concentration of a-CD and b-CD have been measured at
298.15 K (Tables S4 and S5†). The conductivity value shows
regular decrease and aer a sharp break point the conductivity
value almost becomes constant. Similar results obtained in case
of both host CDmolecules. The decrease in the k value probably
due to the encapsulation of the long hydrocarbon chain of the
guest TTP molecules in the hydrophobic cavity of CD. The
values of k and corresponding concentration of the host CD
molecules are reported in Table 1 which suggests that the ratio
of concentration of TTP and the CD at the break point is almost
1 : 1. The appearance of sharp break (Fig. 4) points suggest the
formation of inclusion complex and also the stoichiometry as
1 : 1.20

The break point indicates certain concentration where
maximum number of TTP molecules are inserted in CD

Fig. 1 1H NMR spectra of (a) a-CD (b) TTP and (c) 1 : 1 molar ratio of a-CD + TTP in D2O in 298.15 K.
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molecule ever before.11 A dynamic equilibrium exsists between
the guest ionic liquid and host CD molecules

Ionic liquid + cyclodextrin # inclusion complex

Maximum inclusion takes place at break point, aer it the
concentration of CD is higher than the concentration of TTP
and the equilibrium shis more towards the formation of IC.

2.4. Density study: illustrates the interaction

The interaction between the ionic liquid and the host molecules
can be nicely explained with the help of density study. The
apparent molar volume (4v) and limiting apparent molar volume
ð4�

vÞ have been calculated to explain the interaction. 4v can be
dened as the summation of volume of the central solute mole-
cule and changes in the solvent volume as a result of interaction
of the solute around its co-sphere.21 The TTP forms a ternary
solution system with aqueous CD molecules. Here TTP acts as
solute and the CD plays the role of co-solvent. 4

�
v illustrates the

interaction between them in the following system. 4v values have
been determined from the solvent density (measured at 298.15 K)
(Table S3†) using eqn (S5)† as mentioned in ESI (Table S6†). 4

�
v

Fig. 2 1H NMR spectra of (a) b-CD (b) TTP and (c) 1 : 1 molar ratio of b-CD + TTP in D2O in 298.15 K.

Scheme 4 Plausible mechanism of formation of inclusion complex
between TTP and CD molecule.
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values were calculated by applying least square treatments to the
plots of 4v versus Om with the help of Masson eqn (ESI (S6)†).22,23

The limiting apparent molar volumes are depicted in Fig. 5. 4v

and 4
�
v values shows decreasing and increasing trend respectively

for TTP with the increase of concentration of CD molecules. This
trend clearly indicates that for this ionic liquid the ion-
hydrophilic group interactions are more than ion-hydrophobic

Fig. 3 Variation of surface tension of aqueous TTP solution with increasing concentration of (a) a-CD (b) b-CD respectively at 298.15 K.

Table 1 Values of surface tension (g) and conductance (k) data the
break point with corresponding concentration of a and b-CD at 298.15 K

TTP

a-CD b-CD

Surface tension

Concentration
(mM) g mN m�1

Concentration
(mM) g mN m�1

5.30 45.57 5.24 45.84

Conductivity

Concentration
(mM) k mS m�1

Concentration
(mM) k mS m�1

4.97 2.59 4.95 2.56

Fig. 4 Variation of conductivity of aqueous TTP solution with increasing concentration of (a) a-CD (b) b-CD respectively at 298.15 K.

Fig. 5 Plot of limiting molar volume ð4�
vÞ against mass fraction (w) of

aqueous a-CD and b-CD for TTP (a-CD blue, b-CD brown) at 298.15 K.

Fig. 6 Plot of viscosity B-coefficient against mass fraction (w) of
aqueous a-CD and aqueous b-CD for TPP (blue and green respec-
tively) at 298.15 K.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 40803–40812 | 40807
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interactions. The limiting apparent molar volume increases
regularly with increasing mass fraction of CD molecules. The
value is slightly higher for b-CD indicating that it is a better host
for TTP. The probable reason behind the assumption is that the
hydrocarbon chains are encapsulated in the hydrophobic cavity of
host CD and the positively charged P atoms interacts with the
hydrophilic –OH groups of the CD present in the rim. The larger
cavity of b-CD helps to formmore stable inclusion complexes with
TTP as it contains more number of polar –OH groups.

2.5. Viscosity

The inclusion of the ionic liquid TTP in the CD molecule can be
also explained with the help of viscosity study.24,25 The viscosity of
the solution increases with the increase of the molarity of TTP in
this ternary system due to structure making contribution of CD
with water molecules (Table S3†). The viscosity B coefficient have
been determined (Table S6†) which explains the solute solvent
interactions based upon the size and shape of solvent molecules.
This parameter is found to be positive and depicted in the Fig. 6.
The rising value of B signies the increasing interaction of TTP
with CD and higher solvation.21 The long hydrophobic decyl chain
is encapsulated in the CD cavity. Again the B value is higher for
b-CD than a-CD as the former is better host due to larger diameter
than the latter. The viscosity result shows similarity with that of
density study and it can be concluded that the structure of CDs
and TTP are responsible for this kind of interaction.

2.6. Refractive index

The refractive index (hD) also explains the interaction between the
ionic liquid TTP with CD molecules.20,21 It also supports the data
obtained from density and viscosity data. The hD values for a series
of solutions are measured (Table S3†) with increasing molarity of

Fig. 7 Plot of limiting molar refraction ðR�
MÞ for TPP in different mass

fraction of aqueous a-CD and b-CD at 298.15 K.

Fig. 8 FTIR spectra of (a) TTP (b) a-CD and (c) TTP-a-CD inclusion complex.
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TTP. The molar refraction (RM) and limiting molar refraction ðR�
MÞ

of the solutions were also determined using the eqn (S9) and (S10)
mentioned in ESI (Table S6).† The plot (Fig. 7) shows that the R

�
M

value increases with the increase of mass fraction of TTP. The
increasing values of both RM and R

�
M signify the ternary solution

becomes more compact and dense. This means the inclusion
complex of TTP with both the CD molecules are closely packed
than TTP probably due to greater hydrophobic and ion-hydrophilic
interactions. The higher R

�
M value for b-CD illustrates that it can

better accommodate the ionic liquid in comparison to a-CD.

Fig. 9 FTIR spectra of (a) TTP (b) b-CD and (c) TTP-b-CD inclusion complex.

Fig. 10 ESI mass spectra of TTP-a-CD inclusion complex.
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2.7. FTIR spectra

The encapsulation of TTP in the hydrophobic cavity of CD was
conrmed from FT-IR spectroscopy as the band resulted from
the inserted part of TTP showed a shi or their intensities are
changed.26,27 FT-IR spectra of TTP, a-CD, b-CD and the inclusion
complexes were represented in Fig. 8 and 9. The various
frequencies of the above mentioned compounds are reported in
Table S8.† The IR spectrum of the ionic liquid can be charac-
terized by principal absorption peaks at 3372.75 (symmetrical
stretching of –C–H from CH3), 2941.63 (symmetrical stretching
of –C–H from –CH2), 1454.58 (stretching of P–CH2–) etc. The
broad –O–H stretching frequency for a-CD and b-CD was
observed at 3412.10 and 3349.84 cm�1 respectively. In the two
IC's the –O–H frequency shied to lower region i.e.; 3378.08 and
3335.76 cm�1 for a-CD and b-CD respectively. The reason
behind the fact is the involvement of the –O–H groups of both
the CDs in hydrogen bonding with the guest TTP molecule.28,29

The prominent peaks of the ionic liquid for –P–CH2, –CH3,
–CH2– of the hydrocarbon chains are shied in both the IC's.
The changes in the FT-IR spectra of TTP are due to the

restriction of the vibration of free TTP molecules as the hydro-
carbon chains are inserted in the cavity of CD molecules. No
additional peaks are obtained in the spectra of IC's. This fact
again suggests that only non covalent interaction exsists
between the CD and TTP, only van der Waal's interaction are
present.30,31

2.8. HRMS study

The characterisation of the two inclusion complexes can also be
done by ESI-MS study.32,33 Although it is difficult to interpret
sometimes but m/z value helps to characterise the inclusion
complexes formed. Fig. 10 and 11 shows the MS spectra of the
two inclusion complexes TTP + a-CD, TTP + b-CD respectively.
The intense peaks at m/z 1491.80 and 1653.85 indicates the
proton adduct of TTP-a-CD IC and TTP-b-CD IC. No other
signicant peaks are observed at higher values. This study
conrms the formation of two inclusion complexes with 1 : 1
stoichiometry.34,35

2.9. Binding constants: non linear isotherms

Association constants (Kb) of the two inclusion complexes have
been determined from conductivity study.25 The insertion of the
ionic liquid molecule into the hydrophobic cavity of the two CD
molecule results the change in conductivity of the aqueous
solution. A non linear programme was used to determine the
binding constants depending upon this fact.36,37 There exsists
an equilibrium between guest TTP and host CD molecules
leading to the formation of 1 : 1 inclusion complex. The equi-
librium can be represented as

TTPf þ CDf )*
Kb

IC (1)

The expression of the binding constant can be obtained from
the above equation as

Kb ¼ ½IC�
½TTP�f ½CD�f

(2)

In the above equation, [IC], [TTP]f and [CD]f express the
equilibrium concentration of the inclusion complex, free TTP

Table 2 Binding constants (Kb) of various ionic liquid–cyclodextrin
inclusion complexes from conductivity study

Binding constantb Kb � 10�3/M�1

Temperaturea/K TTP-a-CD TTP-b-CD

293.15 2.35 2.47
298.15 2.14 2.27
303.15 1.98 2.02

a Standard uncertainties in temperature u are: u(T) ¼ �0.01 K. b Mean
errors in Kb ¼ �0.01 � 10�3 M�1.

Table 3 Binding constants ðK*
bÞ of various ionic liquid–cyclodextrin

inclusion complexes from NMR study at 298 K

Inclusion
complex Binding constant; K*

b � 10�3=M�1

TTP-a-CD 2.16
TTP-b-CD 2.30

Fig. 11 ESI mass spectra of TTP-b-CD inclusion complex.
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and cyclodextrin molecule respectively. The binding constant Kb

can be expressed in terms of conductivity k as

Kb ¼ ½IC�
½TTP�f ½CD�f

¼ ðkobs � koÞ
ðk� kobsÞ½CD�f

(3)

where,

½CD�f ¼ ½CD�ad �
½TTP�adðkobs � koÞ

ðk� koÞ (4)

where ko, kobs and k represent the conductivity of TTP initially,
during addition of host and nal state respectively. [TTP]ad and
[CD]ad are the concentrations of IL and the added CD respec-
tively. Application of the non linear programme to the binding
isotherms gives the value of Kb (Table 2). The association
constant for TTP is slightly higher in case of b-CD probably due
to the reason that it can better accommodate the ionic liquid
due to its more larger dimension compared to a-CD.

Binding constants ðK*
bÞ of the two inclusion complexes have

also been calculated by similar process from NMR shis of the
CD proton signals upon addition of TTP in the D2O solution at
298 K and shown in Table 3.21 These data are comparable with
that found form conductivity studies. Here also the binding
constant for b-CD is higher than a-CD, conrming that b-CD
can better encapsulate TTP due to its similar sized cavity
compared to a-CD.

3. Conclusion

The present article conrms that the above mentioned ionic
liquid trihexyltetradecylphosphonium chloride forms inclusion
complex with both a and b-CD in aqueous medium and in solid
state. These two ICs can be used for controlled release of this
ionic liquid. 1H-NMR study conrms the inclusion phenom-
enon whereas surface tension and conductivity study reveal the
1 : 1 stoichiometry of the complexes. Density, viscosity and
refractive index study show the interaction between the guest
and host CDs. FT-IR spectra and mass spectra also supported
the formation of IC. The binding constants for the formation of
the two ICs have been evaluated from non linear isotherms
using conductivity and NMR studies. It is found to be higher for
b-CD. These two ICs have application in various industrial
processes to make them greener.

4. Experimental section
4.1. Source and purity of samples

Trihexyltetradecylphosphonium chloride, a-cyclodextrin and b-
cyclodextrin of puriss grade were bought from Sigma-Aldrich,
Germany. The chemicals are used in the experiment in the
same condition as purchased. The mass fraction purity of TTP,
a-cyclodextrin and b-cyclodextrin are $0.98, $0.99 and $0.98
respectively.

4.2. Apparatus and procedure

The above mentioned ionic liquid trihexylte-
tradecylphosphonium chloride and the two CDs are freely
soluble in triply distilled, deionized and degassed water. The

stock solutions of TTP and aqueous CD were prepared by mass
at 298.15 K. Mettler Toledo AG-285 (uncertainty 0.0001 g) was
used for weighing.

1H NMR spectra were taken in D2O at 300 MHz with help of
Bruker Advance instrument at 298.15 K. Signals are mentioned
as d values in ppm. The internal standard is D2O (protonated
signal at 4.79 ppm). Data are cited as chemical shi.

The surface tension study was performed with platinum ring
detachment technique using a Tensiometer (K9, KRSS; Ger-
many). The temperature is maintained at 298.15 K by circula-
tion of thermostated water through a double wall glass vessel
containing the solution. The accuracy of the instrument is
about �0.1 mN m�1.

The conductivity study was carried out using a Mettler Toledo
Seven Multi conductivity meter (uncertainty �1.0 mS m�1) in
a thermostated water bath at 298.15 K. HPLC grade water was
used with a specic conductance of 6.0 mS m�1. Calibration of
the conductivity cell was done with 0.01M aqueous KCl solution.
Uncertainty of temperature was �0.01 K.

The densities (r) of the series of solutions were measured by
vibrating U-tube Anton Paar digital density meter (DMA 4500 M)
(precision �0.00005 g cm�3). Calibration of the density meter
was carried out by standard method. Uncertainty of tempera-
ture was �0.01 K.

The viscosities (h) of the solutions are measured with
Brookeld DV-III Ultra Programmable Rheometer (spindle size
42). Other information has already mentioned.

Digital Refractometer from Mettler Toledo has been used to
measure the refractive index of the solutions (uncertainty
�0.0002 units). Other information has already mentioned.

The two inclusion complexes of the ionic liquid TTP with both
CD molecules (TTP + a-CD, TTP + b-CD) have been prepared in
1 : 1 molar ratio. 1.0 mmol a-CD and 1.0 mmol TTP were sepa-
rately dissolved in 30 ml water. The two solutions were separately
stirred for 4 hours. Then the aqueous solution of the TTP was
drop wise added to aqueous a-CD solution. The mixture is stirred
for 72 hours at about 60 �C. The solution is ltered at 60 �C and
allowed to cool to 10 �C. It was kept for 12 hours. Aer that the
suspension was ltered and white crystalline powder was found.
It was washed with ethanol and dried in air.

The solid inclusion complexes are dissolved in methanol.
HRMS spectra were recorded with a Q-TOF high resolution
instrument by positive mode electro-spray ionization.

FTIR spectra were taken by Perkin Elmer FTIR spectrometer
by KBr disk technique. For preparation of KBr disk 1 mg of the
solid inclusion complex and 100 mg KBr were mixed. The
scanning range of the spectra is 4000–400 cm�1 at room
temperature.
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a b s t r a c t

Molecular inclusion of two natural amino acids, viz., L-asparagine and L-aspartic acid as guest into the
host cavity of a and b-cylodextrins in aqueous solution have been studied which have various applica-
tions in the field of present bio-medical science for controlled delivery of necessary amount of the guest
at the targeted site for a period of time efficiently and precisely. Surface tension and conductivity studies
establish the formation of inclusion complexes with 1:1 stoichiometry. The inclusion complexes have
been characterized by various thermodynamic factors basing upon density and viscosity studies. Con-
tributions of various groups of the guest amino acid molecules toward the limiting apparent molar
volume and viscosity B-coefficient have been calculated, as well as the solvation and hydration numbers
are determined to support the inclusion phenomenon. Formations of the inclusion complexes have been
explained with the help of hydrophobic effect, H-bonding, electrostatic forces and structural effects.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Cyclodextrins (CDs) have enormous applications in the modern
science for controlled release of various compounds due to their
special ability to form inclusion complexes with diverse guest
molecules [1]. They are cyclic oligosaccharides having six (a-CD),
seven (b-CD) and eight (g-CD) glucopyranose units, bound together
by a-(1e4) linkages [2]. CDs are formed during bacterial digestion
of cellulose and have shape like a truncated cone rather than per-
fect cylinders. They have unique structural features, i.e., polar hy-
drophilic rims having primary and secondary eOH groups and
hydrophobic inner cavity (Scheme 1) [3]. Due to this type of
structure CDs can act as molecular hosts for various biological,
pharmaceutical, organic and inorganic guest molecules by forming
hosteguest inclusion complexes [4,5]. Advantageous changes in the
physical properties of the guest molecules may occur after encap-
sulation by CD, which, hence, are used for stability, solubility,
bioavailability and as carrier for the bio-active molecules through
the formation of inclusion complexes [6,7].

L-Asparagine (L-Asn) or 2-amino-3-carbamoylpropanoic acid
and L-Aspartic acid (L-Asp) or 2-aminobutanedioic acid are two
natural amino acids that are used in the biosynthesis of proteins

(Scheme 1). L-Asn is required for the development of brain and
plays an important role in the synthesis of ammonia [8]. L-Asp is
the precursor of many essential amino acids and participates in
gluconeogenesis process in mammals [9]. In this present work we
have attempted to ascertain the nature of formation of inclusion
complexes of the above two a-amino acids viz. L-Asn and L-Asp in
0.001, 0.003, 0.005 mass fractions of a and b-CDs in aqueous media
with the help of the various important properties such as surface
tension, conductivity, density, viscosity and pH.

2. Experimental section

2.1. Source and purity of samples

The above mentioned two amino acids and CDs of puriss grade
were purchased from Sigma-Aldrich, Germany and used as it was.
The mass fraction purity of L-Asn, L-Asp, a-CD and b-CD were
�0.99, 0.99, 0.98 and 0.98 respectively.

2.2. Apparatus and procedure

Solubilities of the two CDs and that of the above two a-amino
acids in aqueous CDs have been verified in triply distilled, deionized
and degassedwater. It was detected that thesewere quite soluble in
aqueous CDs. All the stock solutions of L-Asn and L-Asp were pre-
pared by mass (Mettler Toledo AG-285 with uncertainty 0.0001 g)
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and the working solutions were got by mass dilution at 298.15 K.
Changes of molarity to molality were done using the densities of
the solutions [10]. Sufficient precautions weremade to decrease the
evaporation during mixing.

pH values were measured by Mettler Toledo Seven Multi pH
meter having uncertainty ±0.001. It was studied in a water bath
with thermostat maintaining the temperature at 298.15 K, having
uncertainty in temperature ±0.01 K.

Surface tensions of the solutions were determined by platinum
ring detachment technique using a Tensiometer (K9, KR}USS; Ger-
many) at 298.15 K. Accuracy of the study was ±0.1 mN m�1. Tem-
perature of the systemwas 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 mS m�1. The
studywas carried out in a thermostatedwater bath at 298.15 Kwith
uncertainty ±0.01 K. HPLC grade water was used with specific
conductance 6.0 mS m�1. The conductivity cell was calibrated using
0.01 M aqueous KCl solution.

The densities (r) of the solutions were studied by vibrating U-
tube Anton Paar digital density meter (DMA 4500 M) having pre-
cision ±0.00005 g cm�3 and uncertainty in temperature was
±0.01 K. The density meter was calibrated by standardmethod [10].

Viscosities (h) were determined by Brookfield DV-III Ultra Pro-
grammable Rheometer with spindle size 42. The detail has already
been depicted before [10].

3. Result and discussion

3.1. pH measurement proves the ionic structures of the amino acids

pH study is an important technique to get clue about the exis-
tence of zwitterionic states of amino acids in aqueousmedia [11,12].
The range of pH values for L-Asn in both aqueous a and b-CD was
from 7.12 to 6.11whereas for L-Asp it ranged from 3.53 to 2.74 in the
same system at 298.15 K. The pH value decreases with increasing
concentration of the two amino acids, also with increasing con-
centration of a and b-CD respectively (Table S2). These may be
attributed as the eOH groups at the rims of CD molecules interact
with the amino acids by making H-bonds or by ion-dipolar in-
teractions, the proton releasing ability and proton accepting ability

of eCOOH and eNH2 groups respectively vary in presence of
different amount of CD in solution. As the b-CD has one more
glucopyranose unit, it has more number of eOH groups, thus
interaction with amino acids is more in case of b-CD than in case of
a-CD. Consequently the pH values of the two amino acid solutions
are different in a and b-CD. Hence, these pH values evidently
illustrate the existence and difference in the zwitterionic states of
the amino acids, i.e., the amine and carboxylic acid groups exist in
ionic forms eNH3

þ and eCOO� respectively (Scheme 1) and the
carboxylic acid group in the side chain of L-Asp exists as -COO�. The
lower pH in case of L-Asp is due to liberation of an Hþ ion from
eCOOH group at the side chain.

3.2. Surface tension measurement proves inclusion and shows the
stoichiometry of the inclusion complexes

Surface tension (g) study may be applied to acquire important
information about the formation of inclusion complex inside CDs
[13,14]. Because of existence of polar groups in the side chain of
the two studied amino acid molecules, they show substantial in-
crease in g of their aqueous solutions, but there is no significant
change in g for aqueous CD solution compared to pure water [15].
In this work the two natural amino acids L-Asn and L-Asp exsist as
zwitterionic forms and also contain polar side groups (eCONH2
group in L-Asn and COO� in L-Asp) hence there may be ionic in-
teractions among the charged groups resulting an increase in g of
their solutions [16]. In presence of a and b-CD the surface tension
is markedly affected. Here g of aqueous amino acids has been
measured with increasing concentrations of a and b-CD at
298.15 K (Tables S4eS7).

The surface tension values were declining regularly for both the
two amino acids with increasing concentration of a and b-CDmight
be due to the formation of inclusion complexes inside the cavity of
a and b-CD (Fig. 1). Similar curves are obtained for both L-Asn and
L-Asp each with single noticeable break at a point where the con-
centration ratio of the host and the guest is about 1:1 for all the four
cases indicating 1:1 stoichiometry of each inclusion complexes
formed (Table 1). More break points in the curve would imply
complex stoichiometries (1:2, 2:1, 2:2 etc.) of the inclusion com-
plexes (Scheme 2) [17,18]. The two amino acids, therefore, form 1:1
inclusion complexes with both CDs. The amino acids enter into the
CDs via the wider rim to make highest contact with the CD cavity,
increasing the hydrophobic interactions (Scheme 3).

3.3. Conductivity measurement explains the inclusion phenomenon
and the stoichiometry

The formation of hosteguest inclusion complex and also the
stoichiometry of the inclusion complex can be established by
conductivity study [19,20]. From pHmeasurement it is obvious that
the conductivity of solutions is due to the zwitterionic forms of
amino acids. While the guest molecule goes into the hydrophobic
cavity of CD, the conductivity of the solution goes on decreasing
regularly. This is due to the decrease of mobility of amino acid
molecules after inclusion in the cavity of cyclodextrin. Therefore
the inclusion phenomenon has great effect upon the conductivity of
the solution. In the present study the conductivity of the solutions
having 10 mmolL�1 conc of aqueous L-Asn and L-Asp have been
measured with increasing conc of both the CDs (Tables S4eS7). The
conductivity of the solutions regularly decreases for both the two
natural amino acids in both aqueous a and b-CD which is obviously
for the formation of inclusion complex (Fig. 2).

In every curve of conductivity vs concentration of CD, a sharp
break is found at such a point where the concentration ratio of the
host and the guest is about 1:1, signifying that the stoichiometric

Scheme 1. 3D model of (a) L-Asn, (b) L-Asp (red: oxygen, blue: nitrogen, black: carbon,
white: hydrogen), (c) cyclodextrin molecule and chemical structure of (d) L-Asn and
(e) L-Asp.
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ratio of amino acid-CD inclusion complex is equimolar, i.e., 1:1 host-
guest inclusion complexes have been formed (Table 2) [11].

Scheme 4 shows the plausible mechanism of formation of in-
clusion complexes which illustrate the hydrophobic hydrocarbon
part is situated inside the cavity and the polar groups are situated
just at both the rims of CD and get stabilized by making H-bonds
with the rimmed eOH groups.

Different stoichiometry of the inclusion complexes such as 1:2,
2:1, 2:2 etc would be recognized by more break points in the
conductivity curve (Scheme 2). For both the amino acids the con-
ductivity at the break was found slight lower for b-CD than a-CD,

Fig. 1. Variation of surface tension of aqueous (a) L-Asn-a-CD, (b) L-Asp-a-CD, (c) L-Asn-b-CD and (d) L-Asp-b-CD systems respectively at 298.15 K.

Table 1
Surface tension (g) values at the break point with corresponding concentrations of
cyclodextrins and amino acids at 298.15 K.a

Conc of a-CD/mM Conc of amino acid/mM ga/mN m�1

L-Asparagine 4.94 5.06 74.33
L-Aspartic acid 4.99 5.01 74.43

Conc of b-CD/mM Conc of amino acid/mM ga/mN m�1

L-Asparagine 5.16 4.84 74.02
L-Aspartic acid 5.24 4.76 74.08

a Standard uncertainties (u): temperature: u(T) ¼ ±0.01 K, surface tension:
u(g) ¼ ±0.1 mN m�1.

Scheme 2. Proposal of various possibilities of host guest ratio of inclusion complex.

Scheme 3. Proposed possible and controlled inclusion of the guest into the host
molecule.
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which may be due to b-CD is better host than a-CD for the above
two amino acids.

3.4. Density study: group contributions and interaction involving
the host and the guest

The characteristic behavior of interactions (here, inclusion) of
solute can be obtained from apparent molar volume (4v) and
limiting apparent molar volume (4v

o) [13]. 4v is measure of the total
geometric volume of the central solute and the changes in solvent
volume due to the interactions with the solute surrounding the co-
sphere [21]. 4v

o signifies the solute-solvent interactions in the amino
acids þ aq. CD ternary solution systems. For this principle, 4v have
been calculated from the solution densities using the appropriate
equation at 298.15 K. The magnitudes of 4v (Table S8) are found to
be large and positive for all examined systems, indicating strong

solute-solvent interactions (here, solute ¼ amino acid and co-
solvent ¼ CD; thus, here 4V indicates host-guest interaction). The
limiting apparent molar volume (4v

o) has been determined from
Masson equation (Table S10) [11]. For the two amino acids, i.e., L-
Asn and L-Asp the 4v values decrease with increase in the molality
(m) of amino acid in both the aqueous CDs. 4v varies linearly with
√m and may be fitted to the Masson equation fromwhere 4v

o have
been estimated. The values of 4v

o increases with the increase of conc

Fig. 2. Variation of conductivity of aqueous (a) L-Asn-a-CD, (b) L-Asp-a-CD, (c) L-Asn-b-CD and (d) L-Asp-b-CD systems respectively at 298.15 K.

Table 2
Values of conductivity (k) at the break point with corresponding concentrations of
cyclodextrins and amino acids at 298.15 K.a

Conc of a-CD/mM Conc of amino acid/mM ka

L-Asparagine 4.92 5.08 mS m�1 131
L-Aspartic acid 4.95 5.05 mS m�1 1.83

Conc of b-CD/mM Conc of amino acid/mM ka

L-Asparagine 4.90 5.10 mS m�1 126
L-Aspartic acid 5.00 5.00 mS m�1 1.75

a Standard uncertainties (u): temperature: u(T) ¼ ±0.01 K, conductivity:
u(k) ¼ ±1.0 mS m�1.

Scheme 4. Plausible schematic presentation of the mechanism for formation of 1:1
inclusion complex of L-Asn and L-Asp with both a and b-cyclodextrin.
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of a and b-CD for both L-Asn and L-Asp signifying the ionehy-
drophilic group interactions are stronger than ionehydrophobic
group interactions. 4v

o for the two amino acids and CDs at different
mass fractions have been shown in Fig. 3.

The 4v
o for L-Asn is larger than L-Asp due tomore electrostriction

which is due to existence of eCONH2 that interacts better than the
eCOO� group, bymaking H-bonds with the rimmedeOH groups of
CD, resulting a net increase in the volume of L-Asn. If one H is

replaced from the side chain of glycine by and

the side groups L-Asn and L-Asp are found respec-

tively. Due to this correlation of structure there should be a corre-
lation in their 4v

o values. Contribution of different groups present in
the two amino acids to the limiting apparent molar volume (4v

o)
have been estimated in Table 3 [21,22]. The contribution of zwit-
terionic group (NH3

þ, COO�) is found in the range of
22.51e23.21 � 10�6 m3 mol�1 and 22.76e23.28 � 10�6 m3 mol�1

for a and b-CD respectively, suggesting that the interactions among
the eOH groups of CDs and the polar groups (NH3

þ, COO�) of amino
acids are strong and it is stronger for b-CD than a-CD. The contri-
bution of hydrophobic (CH) and (CH2) group and also the polar

group and group increases with the increase in

concentration of both the CDs, which suggest that the ion-dipolar
interactions increases for the two amino acids L-Asn and L-Asp.

The contribution of group is more compared to ,

indicating the former group interacts better with the eOH groups
at the rim of CDs than the later, which provide an enforcing affinity
in L-Asn resulting a net increase in the volume.

3.5. Viscosity study: group contributions

Viscosity study is another sensitive tool to interpret the in-
teractions between amino acids and CDs. For the studied ternary
system (amino acidþ aq. CD), the viscosity of the solution increases
with the increasing molarity of the amino acids (Table S2). The
viscosity B-coefficients (Table S10), are the indication of sol-
uteesolvent interactions (here, solute ¼ amino acid and co-
solvent ¼ CD; thus, viscosity B-coefficients indicate host-guest
interaction) which depend on the size and shape of the solute
molecules. The B-coefficients of the two amino acids L-Asn and L-
Asp are positive (Fig. 4) and increases with the increasing conc of

both a and b-CD due to increase of amino acideCD interaction as
well as increasing solvation [13]. The contributions of different
groups of the amino acids to the viscosity B-coefficient have been
estimated (Table 4). The contributions of the zwitterionic group

(NH3
þ, COO�) and the polar groups and present

in the side chain increase with increasing mass fractions of a and b-
CD due to better solvation of the ionic groups with the eOH groups
of CD molecules [21]. The contributions of the hydrophobic (CH),
(CH2) groups also increases suggesting that the interactionwith the
hydrophobic cavity of the CD increases.

3.6. Hydration number and solvation number: solvation by
cyclodextrin molecule

Hydration number (nH) is the order of hydration by water
molecules surrounding the amino acids whereas the solvation
number (Sn) expresses the solvation of the two amino acids by the
cyclodextrin molecule, i.e., the interaction between the polar
groups of the guest and the eOH groups at the primary and sec-
ondary rims of CD [13,15]. Sn are evaluated from apparent molar
volume and viscosity B-coefficient. nH decreases and Sn increases
with increasing concentration of both a and b-CD for the two amino
acids, i.e., L-Asn and L-Asp (Table 5). The trend in the Sn and nH value
suggest that in the ternary solution system the electrostriction of
water weakens with increasing conc of CD [21]. The solvation of L-
Asn is higher than that of L-Asp which may be explained due to the
presence of eCONH2 group which makes grater association with
the eOH groups at the rim of CDs than eCOO� group and the
encapsulation into the cavity of CD is higher in case of L-Asn. Low
hydration numbers as well as high the solvation numbers in case of
b-CD than a-CD for the above two amino acids again suggests that
b-CD is more fascinated for solvation than a-CD.

3.7. Structural influence of cyclodextrins

Formation of host-guest inclusion complexes of the two amino
acids, i.e., L-Asn and L-Asp with a and b-CD not only depends upon
the cavity diameters of the CDs but also the size of the two chosen
guest molecules. CD has an exceptional structure with hydrophobic
cavity and hydrophilic rims that afford suitable environment for the
non-polar part of a molecule to reside inside the cavity whereas the
polar part of the guest interacts with the polar rims and stabilize
the whole inclusion complex formed [1,5,23]. No covalent bonds
are broken or formed in formation of the inclusion complex. In
aqueous solution of CD, there are few water molecules inside the
hydrophobic cavity, which is thermodynamically unfavourable [17].
So, the apolar part of the amino acids readily substitute the water

Fig. 3. Limiting molar volume (40
V) versus mass fraction (w) of aq. a-CD and aq. b-CD for L-Asn (blue & green) and L-Asp (brown & pink) respectively at 298.15 K. (For interpretation

of the references to color in this figure legend, the reader is referred to the web version of this article.)

A. Roy et al. / Fluid Phase Equilibria 425 (2016) 252e258256



molecules resulting a more stable lower energy state which is the
other driving force for formation of the inclusion complex. The
trapped water molecules are liberated in the bulk increasing the
entropy of the system.

CD can accommodate one or more guest depending upon the
size of amino acid molecules to form inclusion complexes with
stoichiometry 1:1, 1:2, 2:1, and 2:2 and even more complicated
complex but surface tension and conductivity studies suggest that
here the stoichiometry is 1:1. The inclusion of the guest molecule is
likely through the wider rim of the CD molecule, which allows the

alkyl groups to make maximum contact with the cyclodextrin
cavity (Scheme 3) [11]. The charged end groups are projected in the
direction of the aqueous environment making H-bonds with the
eOH groups at the both rims of the CD molecule (Scheme 4).

4. Conclusion

The above mentioned studies conclude that the amino acids,
viz., L-Asn and L-Asp form host-guest inclusion complexes with
both a and b-CD. Surface tension and conductivity measurement

Table 3
Contributions of the zwitterionic group (NH3

þ), (COO�); (CH), (CH2) and end group to the limiting apparent molar volume (40
V) for the amino acids in different mass fraction of

aqueous a and b-cyclodextrin respectively at 298.15 K.a

Groups 40
V � 106/m3 mol�1

w1 ¼ 0.001b w1 ¼ 0.003b w1 ¼ 0.005b w2 ¼ 0.001b w2 ¼ 0.003b w2 ¼ 0.005b

(NH3
þ), (COO�) 22.51 22.87 23.21 22.98 22.98 23.28

(CH) 9.35 9.38 9.41 9.47 9.47 9.49
(CH2) 18.70 18.75 18.81 18.94 18.94 18.98

45.05 54.01 64.18 64.21 64.21 73.85

39.44 49.81 59.28 59.01 59.01 68.25

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. 4. Plot of viscosity B-coefficient against mass fraction (w) of aq. a-CD and aq. b-CD for L-Asn (blue & green) and L-Asp (brown & pink) respectively at 298.15 K. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Contributions of zwitter ionic group (NH3

þ), (COO�); (CH), (CH2) and end group to the viscosity B-coefficient for amino acids in different mass fraction of aqueous a and b-
cyclodextrin respectively at 298.15 K.a

Groups B/kg mol�1

w1 ¼ 0.001b w1 ¼ 0.003b w1 ¼ 0.005b w2 ¼ 0.001b w2 ¼ 0.003b w2 ¼ 0.005b

(NH3
þ), (COO�) 0.092 0.094 0.098 0.094 0.098 0.100

(CH) 0.028 0.031 0.035 0.032 0.035 0.040
(CH2) 0.056 0.062 0.070 0.064 0.070 0.080

0.176 0.220 0.250 0.215 0.253 0.280

0.129 0.167 0.198 0.156 0.200 0.226

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.

A. Roy et al. / Fluid Phase Equilibria 425 (2016) 252e258 257



reveal that the inclusion complex formed with 1:1 stoichiometry.
Density and viscosity studies were used to characterize the inclu-
sion complexes through determination of the group contributions
toward the limiting apparent molar volume and viscosity B-coef-
ficient. The solvation number and hydration number also support
the inclusion phenomenon. All the results demonstrate the for-
mation of the inclusion complexes and thus the present work has
diverse application in the field of controlled delivery of these two
amino acids by using a and b-CD.
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a b s t r a c t

Herein, we report the formation of inclusion complexes between a poor water soluble drug, namely,
probenecid and a/b-cyclodextrins. Solubility of probenecid has been enhanced by formation of inclusion
complexes with the two cyclodextrins. The stoichiometries of the inclusion complexes were determined
by Job's method using UVevisible spectroscopy. Surface tension and conductance study prove the in-
clusion phenomenon, while stereo-chemical nature of the inclusion complexes has been explained by 2D
ROSEY NMR spectroscopy. FT-IR spectra and HRMS study also support the inclusion process. Association
constants for both the inclusion complexes have been calculated using BenesieHildebrand method,
while the thermodynamic parameters have been estimated with the help of van't Hoff equation. The
association constant value was found to be higher in case of b-cyclodextrin than that of a-cyclodextrin
which was explained on the basis of their molecular structures.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Cyclodextrins (CDs) are extensively used in the pharmaceutical
industry as drug carriers to enhance the solubility, stability and
bioavailability of these bio-active molecules [1]. These are cyclic
oligosaccharides having a shape of truncated cone with a hydro-
phobic cavity and hydrophilic exterior rim [2]. CDs are composed of
six (a-CD), seven (b-CD) and eight (g-CD) glucopyranose units
linked through a-(1e4) bond (Scheme 1) [2,3]. Due to the differ-
ence in the hydrophilic-hydrophobic nature of exterior and interior,
CD can form stable host-guest inclusion complex (IC) with amino
acids, vitamins, ionic liquids, drug molecules etc. [1].

CD got prior importance in the field of supramolecular chem-
istry due to construction of metal nano-particle modified CDs.
Conjugation of CD and various nano-particles enhances their
characteristics such as electronic, thermal and catalytic properties
of the guest and modify the macrocyclic host as nanosensors, drug
delivery vehicles and recycling extraction agents [4]. CDs have
potential application in formulation of molecular switches, mo-
lecular machines, supramolecular polymers, etc. [5].

Probenecid [4-(dipropylsulfamoyl) benzoic acid] (PB) is a drug

which helps to lower uric acid level in human (Scheme 2). Basically
it is used to treat gout and hyperurecemia. Another important
function of this drug is to inhibit renal excretion of some other
drugs, thereby increasing their plasma concentration and pro-
longing their effects [6]. In order to have biological activity, drug
molecules should be able to penetrate the lipophilic cell membrane
[1]. But, as the solubility of PB is very low, it is difficult to apply PB in
human serum. Thus, CD can serve as encapsulating agent for PB by
forming host guest IC and deliver the drug to the physiological
target without losing any bioactivity of it [7]. CDs are considered
safe by food and drug administration and friendly to humans [1].

In this present work we attempt to ascertain the formation and
nature of IC of a and b-CD with PB in aqueous environment by
spectroscopic and physicochemical studies, so that, the drug may
be released in a controlled fashion from the IC without any chem-
ical and biological modification.

2. Experimental section

2.1. Source and purity of samples

Probenecid, a-cyclodextrin and b-cyclodextrin of pure grade
were bought from Sigma-Aldrich and used as received. The mass
fraction purity of probenecid, a-cyclodextrin and b-cyclodextrin are
�0.99, �0.99 and � 0.98 respectively.
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2.2. Apparatus and procedure

Solubility of PB is low in pure water. Thus, all the working so-
lutions have been prepared by taking 1:1 M ratio of PB and NaOH in
triply distilled and degassed water maintaining the pH of the so-
lution at 7.0. Solubilities of a and b-CD have been tested in triply
distilled and degassed water and found fair solubility of the cy-
clodextrins. All the stock solutions were prepared by mass
(weighed by Mettler Toledo AG-285 with uncertainty 0.0003 g) at
298.15 K. Solutions are prepared carefully to avoid weight loss due

Scheme 1. (a) Cyclodextrin (b) truncated conical structure of cyclodextrin with interior & exterior protons and (c) stereochemical configuration of cyclodextrin.

Scheme 2. Two dimensional structure of probenecid.

Fig. 1. Job plot of (a) PB-a-CD system at lmax ¼ 243 nm (b) PB-b-CD system at lmax ¼ 243 nm at 298.15 K. R ¼ [PB]/([PB] þ [CD]), DA ¼ absorbance difference of PB without and with
CD.

Fig. 2. Variation of surface tension of (a) PB with increasing concentration of a-CD and (b) PB with increasing concentration of b-CD at 298.15 K.
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to evaporation.
UVevisible spectra were taken by JASCO V-530 UV/VIS Spec-

trophotometer, with uncertainty in wavelength as ±2 nm. The
temperature during experiment is kept constant using a digital
thermostat.

Surface tensions of the solutions were measured by platinum
ring detachment Tensiometer (K9, KRUSS; Germany) at 298.15 K.
Temperature of the system was kept constant by circulating ther-
mostated water through a double wall glass vessel in which solu-
tion was kept.

Conductivities of the solutions are measured using a Mettler
Toledo SevenMulti conductivity meter having uncertainty 1.0 mSm-

1 having uncertainty ±0.01 K. Thermostated water bath kept the
temperature constant at 298.15 throughout the experiment. HPLC
grade water was used with specific conductance 6.0lSm�1. The
conductivity cell was calibrated using 0.01 M aqueous KCl solution.

2D ROSEY NMR spectra were recorded at 300 MHz in D2O so-
lution using Bruker Avance instruments at 298 K. Signals are quoted
as d values in ppm using residual protonated solvent signals as
internal standard (HDO: d 4.79 ppm). Data are reported as chemical
shift.

Fourier transform infrared (FT-IR) spectra were recorded on a
Perkin Elmer FT-IR spectrometer according to the KBr disk tech-
nique. Samples were prepared as KBr disks with 1 mg complex and
100 mg KBr. The FTIR measurements were performed in the scan-
ning range of 4000�400 cm�1 at room temperature.

HRMS analyses were executed with Q-TOF high resolution in-
strument by positive mode electro-spray ionization.

The two solid inclusion complexes [a-CD þ PB and b-CD þ PB]
have been prepared taking 1:1 M ratio of both the drug and CD. In
each case 1.0 mmol CD was dissolved in 20 mL water and 1.0 mmol
drug PB was dissolved in 20 mL ethanol and stirred separately for
4 h. Then the ethanol solution of the drug was added drop wise to
the aqueous CD solution. The mixture was then allowed to stir for
72 h at 50e55 �C. It was filtered at this temperature, then cooled to
5 �C and kept for 12 h. The resulting suspensionwas filtered and the
white polycrystalline powder was found, which was washed with
ethanol and dried in air.

Scheme 3. Suggested plausible mechanism of inclusion of probenecid into a and b-cyclodextrin.

Table 1
Values of Surface Tension (g) and Conductance (k) at the break point with corre-
sponding concentration of a and b-CD at 298.15 K.

Probenecid

a-CD b-CD

Surface Tension

Conc. of CD/mM g/mNm�1 Conc. of CD/mM g/mNm�1

5.20 71.06 5.12 71.18

Conductivity

Conc. of CD/mM k/mSm�1 Conc. of CD/mM k/mSm�1

5.11 0.411 5.06 0.390

Fig. 3. Variation of conductivity of (a) PB with increasing concentration of a-CD and (b) PB with increasing concentration of b-CD at 298.15 K.
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3. Result and discussion

3.1. Job plot demonstrates the stoichiometry of the hosteguest
inclusion complex

The stoichiometry of the host-guest IC was determined by Job's

method of continuous variationwith the help of UVevisible spectra
[8]. In this method DA � R is plotted against R (where DA indicates
the difference of absorbance of PB in presence and in absence of the
host CDmolecules and R¼ [PB]/([PB]þ [CD]) and the Job plots were
created varying the mole fraction of PB in the range of 0e1
(Tables S1eS2) [9,10]. Absorbance values were measured at

Table 2
Association constant (Ka) and thermodynamic parameters DHO, DSO and DGO of different PB-CD inclusion complexes.

Probenecid

Temp/Ka Ka � 10�3/M�1b DHo/kJ mol�1b DSo/Jmol�1K�1b DGo (298.15 K)/kJmol�1b

PBþa-CD 288.15 1.57 �19.13 �5.05 �17.62
293.15 1.41
298.15 1.25
303.15 1.08
308.15 0.94

PBþb-CD 288.15 1.78 �20.75 �9.74 �17.85
293.15 1.53
298.15 1.36
303.15 1.18
308.15 1.01

a Standard uncertainties in temperature u are: u(T) ¼ ±0.01 K.
b Mean errors in Ka ¼ ±0.02 � 10�3 M�1; DHo ¼ ±0.01 kJ mol�1; DSo ¼ ±0.01 J mol�1K�1.

Fig. 4. FTIR spectra of (a) PB, (b) a-CD and (c) PB-a-CD inclusion complex.
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243 nm at 298 K for a series of solutions. The stoichiometry of the IC
was determined by the value of R at maximum deviation. (R ¼ 0.5
for 1: 1 complexes; R ¼ 0.33 for 1:2 complexes; R ¼ 0.66 for 2: 1
complexes) [11,12]. In the present work both the plots of PBþa-CD
and PBþb-CD showmaxima at R¼ 0.5 suggesting the drug forms IC
with both the host CDs with 1:1 M ratio (Fig. 1).

3.2. Surface tension study

The formation of inclusion complex is also supported by surface
tension (g) study, which also reveals the stoichiometry of the ICs
[13,14]. The aqueous solutions of both a and b-CD do not show any
significant change of g in substantial range of concentration [15,16].
The studied drug molecule exists as charged structure and behaves
like surfactant molecule and there is remarkable decrease of g in
their aqueous solution. Therefore its g value is lower than pure
water. In this study the g of PB solution is measured with increasing
concentration of both a and b-CD (Tables S3eS4). The g value
regularly increases, reaches a maximum and after that almost be-
comes constant (Fig. 2). As the surface active drug molecules are
inserted in the cavity of host CD molecules the g value regularly

increases. The appearance of a sharp break point indicates the
formation of IC and also 1:1 stoichiometry of the host-guest in-
clusion assembly (Scheme 3). More number of breaks in the plot
indicates more complex stoichiometries such as 1:2,2:1,2:2 etc.
[14,17] The value of g at different break points and corresponding
concentrations of a and b-CD are listed in Table 1. The breaks have
been found at certain concentration where the ratio of concentra-
tion of PB and host CD molecule are almost 1:1.

3.3. Conductivity study

Conductivity (k) study gives valuable information about the
stoichiometry of the inclusion complex [18e20]. The conductance
of a series of solutions of PB with increasing concentration of both
the a and b-CD have been measured (Tables S5eS6). PB exists in
ionic form in aqueous solution and shows substantial conductance
value. As the aqueous solution of host CD was added to PB, the k
value regularly decreases due to insertion of the drug molecule into
the hydrophobic cavity of CD (Fig. 3). After a certain concentration
of CD and drug molecule, a single break was found in both the
conductivity curve, suggesting the formation of IC (Scheme 3)

Fig. 5. FTIR spectra of (a) PB, (b) b-CD and (c) PB-b-CD inclusion complex.
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[11,14]. The values of k and the corresponding concentration of a
and b-CD at each break point is shown in Table 1 which shows the
ratio of the concentration of drug and the CD was about 1:1 rec-
ommending the host eguest ratio to be 1:1. The k value near the
break point is found to be lower in case of b-CD than a-CD probably
due to the reason that the former is more able to encapsulate the
drug molecule than the later.

There always exists a dynamic equilibrium between the host
and guest molecule. At the break point most of the guest molecules
are inserted in the cavity of CD i.e., at this point maximum inclusion
takes place than before. After this point the concentration of CD is
more than the drug molecule and the equilibrium is shifted toward
the IC [12].

3.4. Association constants and thermodynamic parameters

Using the UV visible spectra we can determine the association
constant or binding constant (Ka) of the IC of PB with a and b-CD
[12]. As the PB molecules are encapsulated into the CD molecule,
the environment of the former changes and as a result the molar
extinction coefficient ( 3) changes [21]. The change of absorbance
(DA) was measured as a function of concentration of a and b-CD
molecule (Tables S7 and S8). The value of Ka has been calculated
from the double reciprocal plots on the basis of Benesi-Hildebrand

method which is described below [10,22].

1
DA

¼ 1
Dε½PB�Ka

$
1

½CD� þ
1

Dε½PB� (1)

The equation is valid in case of 1:1 host-guest IC only. It is a
linear equation and the value of Ka is obtained by dividing the
intercept by the slope from double-reciprocal plots [23]. The Ka
value is determined in five different temperatures (Table 2).

The thermodynamic parameters DGO, DHO and DSO for the for-
mation of IC can be determined from the Van't Hoff equation with
the help of association constant (Ka) [24].

lnKa ¼ �DHo

RT
þ DSo

R
(2)

In equation (2), lnKa varies linearly with 1/T. The DHO value de-
pends upon the equilibrium constant at different temperatures. The
thermodynamic parameters for the formation of two ICs were
mentioned in Table 2. The DGO values were found negative in both
the cases, which indicate that the two ICs form spontaneously. The
DHO values are negative which suggests the process to be
exothermic [11]. But the process is not favored by entropy since the
value of DSO is negative. The randomness of the molecules decrease
due to their insertion into the cavity of CD, as a result theDSO value is
negative. But this effect is surmounted by the higher negative value

Fig. 6. 2D ROESY spectra of 1:1 M ratio of a-CD and probenecid in D2O (Correlation signals are marked by blue circles). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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of DHO. The overall process of formation of inclusion complex is
thermodynamically favorable.

3.5. FT-IR study

The formation of inclusion complex of PB with a and b-CD in
solid state is supported by FT-IR study [25,26]. There are many

Fig. 7. 2D ROESY spectra of 1:1 M ratio of b-CD and probenecid in D2O (Correlation signals are marked by blue circles). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 8. ESI mass spectra of PB-a-CD inclusion complex.
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changes in the FT-IR spectra of solid inclusion complexes due to the
loss of bending and vibrating peaks of the guest molecule after
complexation [27]. The various frequencies of PB, a-CD, b-CD,
PBþa-CD and PBþb-CD are reported in Table S9. We can identify
the spectra of PB from the characteristic peaks ofeOH,eC]O, CeN,
aromatic C]C groups at 3428.57, 1690.22, 1346.09, 1422.42 cm�1

respectively (Figs. 4 and 5). Broad characteristic peaks of eOH at
about 3412.10 cm�1 and 3349.84 cm�1 are present in the spectrum
for a and b-CD. But if we examine the spectra of the two ICs, we can
see that many peaks of the drug are either absent or shifted. The
reason may be that after inclusion in the cavity of CD the envi-
ronment of the drug is changed [3]. The frequency of groupseOeH,
NeCeH, S]O, CeO, aromatic C]C aremissing in both the inclusion
complex spectra whereas the frequency of CeN, eCH3, eC]O are
shifted. The eOeH frequency of both a and b-CD are shifted to
lower region probably due to involvement of the eOeH groups of
the host molecules in hydrogen bonding with the guest molecule.
Moreover the spectra of the two inclusion complexes are similar to
CD. No additional peaks are recognized in the solid inclusion
complexes whichmean no chemical reaction occurred between the
drug and CD.

3.6. 2D ROSEY NMR

Two dimensional (2D) ROSEY NMR spectra are among the most
direct evidence for the formation of the inclusion complexes
[28,29]. It provides important information about the spatial prox-
imity between host and guest molecules via observations of the
intermolecular dipolar cross correlations [30,31]. Any two protons
in a molecule locating within a distance of 0.4 nm in space can
produce a Nuclear Overhauser Effect (NOE) cross correlation in NOE
spectroscopy (NOESY) or rotating-frame NOE spectroscopy (ROESY)
[32,33]. Part of the contour plot of the ROESY spectrum of the
PBþa-CD and PBþb-CD was shown in Figs. 6 and 7. The spectra
were taken in D2O with the two solid inclusion complexes
mentioned before. From Scheme 1 it is clear that in both the CD
molecule the H3 and H5 protons are located inside the hydrophobic
cavity while the other protons (H1, H2 and H4) are present outside
the cavity. The H3 proton is placed near the wider rimwhile H5 are
placed near the narrower rim [25,26,34]. We can gain valuable
information from the ROSEY Spectra by the appearance of NOE
cross-peaks between the H3 or H5 protons of the host and the ar-
omatic protons of the drug recognizing their spatial contacts

(Figs. 6 and 7) [35e38]. The ROSEY spectra shows appreciable
correlation of aromatic protons of PB with both a and b-CD. This
indicates that it is the aromatic ring that is encapsulated in the
cavity of host. The H6 proton remains unaffected after the inclusion
phenomenon which once again supports that the drug molecule is
inserted from the wider rim. 2D NMR results were in a good
agreement with results obtained from FT-IR spectra [26].

3.7. Mass spectra

ESI-mass spectrometric analyses were also used to detect the
formation of IC synthesized by the method described above in the
solid state [39,40]. The spectra is given in Figs. 8 and 9. The
observed peaks have been put into Table 3 which confirms that
both a and b-CD forms inclusion complexes with PB in the solid
state. The stoichiometric ratio of host CD and the guest drug is 1:1.

4. Conclusion

This work confirms that probenecid forms inclusion complex
with both a and b-CD in the aqueous medium and in the solid state
which can be used as regulatory releaser of this drug. 2D ROESY
NMR study confirms the inclusion phenomenon and its mecha-
nism. Surface tension, conductance and Job plot from UVevisible
spectroscopy determines the 1:1 stoichiometric ratio of the IC. FT-
IR spectra and mass spectra also supported the formation of IC. The
association constants and thermodynamic parameters have been
estimated for both the ICs by reliable techniques and it is higher for
b-CD. There is a drop in DSO, which is overcome by higher negative
value of DHO, making the overall inclusion process

Fig. 9. ESI mass spectra of PB-b-CD inclusion complex.

Table 3
The observed peaks at different m/z with corresponding ions for the solid inclusion
complexes.

PB-a-CD inclusion complex PB-b-CD inclusion complex

m/z Ion m/z Ion

308.09 [PB þ H]þ 308.09 [PB þ H]þ

330.08 [PB þ Na]þ 330.08 [PB þ Na]þ

973.32 [a-CD þ H]þ 1135.38 [b-CD þ H]þ

995.31 [a-CD þ Na]þ 1157.36 [b-CD þ Na]þ

1280.41 [PBþa-CD þ H]þ 1442.46 [PBþb-CD þ H]þ

1302.39 [PBþa-CD þ Na]þ 1464.44 [PBþb-CD þ Na]þ
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thermodynamically favorable. These two ICs have various appli-
cations in the field of modern biochemistry and medical science.
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Insertion behavior of imidazolium and
pyrrolidinium based ionic liquids into a and b-
cyclodextrins: mechanism and factors leading to
host–guest inclusion complexes†

Aditi Roy, Subhadeep Saha, Biswajit Datta and Mahendra Nath Roy*

Host–guest inclusion complexes formed from two ionic liquids (namely, 1-butyl-3-methylimidazolium

chloride and 1-butyl-1-methylpyrrolidinium chloride) with a and b-cyclodextrin have been investigated

by physicochemical and spectroscopic methods as stabilizers, carriers and regulatory releasers of the

guest molecules. 1H NMR, 2D ROESY NMR, FT-IR and ESI MS studies confirm the inclusion

phenomenon, whereas surface tension and conductivity studies indicate a 1 : 1 stoichiometry of the

inclusion complexes. The interactions of cyclodextrin with the two named ionic liquids were

characterized by density, viscosity and refractive index measurements, while the binding constants have

been evaluated using a non-linear programme by the conductivity method, indicating a higher degree of

encapsulation in the case of a-cyclodextrin than that in b-cyclodextrin. The formation of the inclusion

complexes was elucidated by hydrophobic effects, structural effects, electrostatic forces and H-bonding

interactions.

1. Introduction

Cyclodextrins (CDs) have been the focus of great interest in the
eld of modern biochemistry since the discovery for their
unique property of the controlled release of enormous
compounds due to the formation of inclusion complexes (ICs)
with hydrophobic guest molecules.1 Thus, CDs have vast
applications in various industries including pharmaceuticals,
food, textiles, pesticides, cosmetics etc.2 CDs are cyclic oligo-
mers of a-D-glucose having different numbers of glucopyranose
units (6 for a-CD, 7 for b-CD and 8 for g-CD) bound by a-(1–4)
linkages.3 They have a truncated cone shape with a fairly rigid
and well-dened hydrophobic cavity of varying diameter and
two discrete rims; the wider rim having all secondary hydroxyl
groups and the narrow rim having all primary hydroxyl groups
(Scheme 1).3 Thus, the structure of CD affords a hollow cone
shaped segment which is able to form stable supramolecular
host–guest inclusion complexes with a variety of molecules.4

Macrocyclic CD molecules always draw attention in this eld of
chemistry owing to their exceptional structure and potential
applications in the invention of molecular switches, molecular
machines, supramolecular polymers, etc.5 The conjugation of
CD with various nanoparticles improves the characteristics of

the entity, helping in molecular recognition for the hosts to
function as nano-sensors, drug delivery tools and recycling
extraction agents.6

Ionic liquids (ILs) have vast applications in chemical reac-
tions, synthesis, cellulose processing, nuclear fuel reprocessing,

Scheme 1 Structure of cyclodextrin molecules.
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waste recycling, metal air batteries etc.7 They are considered to
be green solvents as they do not produce any environmental
hazards.8 ILs have exceptional features such as low vapor
pressure, thermal stability, solvating properties and wide liquid
regions.7 Because of their distinctive properties they are
attracting increasing attention in many elds such as organic
chemistry, electrochemistry, catalysis, physical chemistry and
applied supramolecular chemistry.9–15 In our previous works the
inclusion phenomenon of various ILs with CDs have been
shown and characterized.16–18

In this article the two studied ILs, namely, 1-butyl-3-
methylimidazolium chloride [BMIm]Cl and 1-butyl-1-
methylpyrrolidinium chloride [BMP]Cl (Scheme 2) are
currently of interest in industry owing to their ability to be
innitely recycled and their ready solvation at room tempera-
ture, making them excellent green solvents.7 CD-IL ICs have
wide applications in industry for their stability against atmo-
spheric hazards and long term use without chemical modi-
cation. We investigated the formation of host–guest inclusion
complexes (ICs) of these two ILs with a and b-CD particularly
towards their formation, stabilization, carrying and controlled
release without chemical modication by different dependable
methods such as 1H NMR, 2D ROESY NMR, FT-IR, ESI MS,
surface tension, conductivity, density, viscosity and refractive
index measurements.

2. Results and discussion
2.1. 1H NMR study establishes inclusion

NMR study is the most important tool to ascertain the inclusion
phenomena of the guest IL inside the host CD molecule. In this
work we have studied the interactions of the two ILs (viz.,
[BMIm]Cl and [BMP]Cl) with a and b-CD by 1H NMR study,
taking a 1 : 1 molar ratio of IL and CD in D2O at 298.15 K (Fig. 1
and S1†). 1H NMR data of the two ILs, two CDs and four ICs are
listed in Table S1.† The protons of the CD molecule show
considerable chemical shi due to the incorporation of the
guest IL into the hydrophobic cavity.19 In the structure of CD, H3
and H5 are situated inside the cavity; more precisely the posi-
tions of the H3 and H5 protons are near the wider rim and the
narrower rim, respectively, while the H1, H2 and H4 protons are
found at the periphery of the CD molecule (Scheme 3).20,21

During the insertion of the guest IL molecule inside the cavity of
CD, the H3 and H5 protons show upeld chemical shis as
a result of interaction with the guest, which conrms the
formation of the host–guest inclusion complexes. The IL
molecules insert into the host CD through the wider rim; as
a result the H3 protons located near the wider rim show a higher
shi than the H5 protons which are present near the narrower
rim at the interior of CD (Scheme S1†). An upeld chemical shi
is also observed for the exterior protons but to a lesser extent.
The interacting protons of the two studied ILs also show upeld
chemical shis. Shis in the butyl as well as methyl groups are
found in the case of [BMP]Cl, while only a shi in the butyl
group is observed in the case of [BMIm]Cl, which illustrates the
mechanism of insertion as depicted in Scheme 4. Besides, the
shis of the butyl protons in [BMP]Cl are greater in comparison
to that in [BMIm]Cl for both CDs, indicating that the binding
affinity of the former is greater compared to the latter.

2.2. 2D ROESY NMR elucidates the binding mode

2D ROESY NMR provides valuable information about the
binding mode of the two ionic liquids [BMIm]Cl and [BMP]Cl
with the host CD molecules and is also helpful to under-
standing the geometry of the inclusion complexes, as any two
protons that are closely located in space within a distance of
0.4 nm can produce a nuclear overhauser effect (NOE) cross
correlation in NOE spectroscopy (NOESY) or rotating-frame
NOE spectroscopy (ROESY).22–25 2D ROESY NMR has been
done using the four solid ICs of the ILs and CDs. Part of the
contour plot of the ROESY spectrum of the [BMIm]Cl + a-CD IC
and the [BMP]Cl + a-CD IC is shown in Fig. 2, whereas the
spectra of the two ILs with b-CD are provided in Fig. S2 in the
ESI.† As mentioned above, the H3 and H5 protons of CD are
located in the hydrophobic cavity whereas the H1, H2 and H4
protons are placed outside (Scheme 3). In all four, Fig. 2(a) and
(b) and S2(a) and (b),† there are appreciable correlations
between the H3 or H5 protons of CD and the methylene and
methyl groups of the butyl chains of the two ILs, conrming
that the butyl chain in both of the guest ILs inserted into the
hydrophobic cavity of the host CDmolecules. The H6 protons of
a and b-CD remain unaffected aer the inclusion phenomena
which again supports that the guest IL molecules inserted from
the wider rim of the CDs.26 Thus, the 2D ROESY NMR results are
in good agreement with the results obtained from 1H NMR
chemical shi analysis.

2.3. Surface tension study supports inclusion

Surface tension (g) is another valuable parameter which also
suggests the formation of inclusion complexes of the two
studied ionic liquids with both a and b-CD.27 The addition of
CD to pure water does not show any considerable change to the
surface tension of water which is an indication that both
cyclodextrins are almost surface inactive compounds.28 In the
present study the g of the aqueous ionic liquids was determined
with increasing concentration of a and b-CD at 298.15 K (Tables
S4–S7†). The g values substantially increased for both [BMIm]Cl
and [BMP]Cl with the addition of CDs, probably due to the

Scheme 2 Molecular structure of (a) [BMIm]Cl and (b) [BMP]Cl.
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removal of surface active ionic liquid molecules from the
surface of the solution, i.e., the hydrophobic tails of the ionic
liquids enter the hydrophobic cavity of a and b-CD forming the

host guest inclusion complexes.29,30 All of the four curves show
a single break point and aer that point the g value becomes
approximately steady which conrms the formation of a 1 : 1

Fig. 1 (a) 1H NMR spectra of a-CD, [BMIm]Cl and a 1 : 1 molar ratio of a-CD + [BMIm]Cl in D2O at 298.15 K. (b). 1H NMR spectra of a-CD, [BMP]Cl
and a 1 : 1 molar ratio of a-CD + [BMP]Cl in D2O at 298.15 K.
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inclusion complex (Fig. 3 and S3†). More break points in the
surface tension curve would indicate the formation of inclusion
complexes with complex stoichiometry such as 1 : 2, 2 : 1, 2 : 2
etc. (Scheme S2†).31,32 The values of g and corresponding
concentration of CD and IL at each break are listed in Table 1.
The breaks have been found in certain concentrations of ILs
and CDs where their concentration ratio in the solution was
almost 1 : 1. Hence this study proves the formation of 1 : 1
inclusion complexes. The g value at the break point is a little
higher in the case of a-CD compared with b-CD which might be
due to the fact that the former is a better host than the latter.

2.4. Conductivity study informs inclusion

The conductivity (k) study not only conrms the formation of
a host–guest inclusion complex but also gives the stoichiometry
of the assembly.33–35 We have measured the conductivity of
aqueous solutions of the studied two ionic liquids having

initially 10 mmol L�1 concentration with the successive addi-
tion of a and b-CD at 298.15 K (Tables S4–S7†). It has been
found that the conductivity of both ionic liquids decreases on
a regular basis with increasing concentration of CD (Fig. 4 and
S4†). This observation is in agreement with the formation of
inclusion complexes. The insertion of the guest ionic liquid
molecule inside the cavity of the CD molecule decreases the
mobility of the former, thus the number of free ions per unit
volume decreases, resulting in the reduction in conductivity of
the solution. The four curves (Fig. 4 and S4†) show similar
results, each having a noticeable break suggesting the forma-
tion of the IL–CD inclusion with a stoichiometry of 1 : 1. The
values of k and corresponding concentration of the two ILs and
CDs at each break point are listed in Table 2. In both cases
([BMIm]Cl and [BMP]Cl) the conductivity values at the break
points are lower for a-CD than b-CD suggesting that the former
is better at encapsulating the guests than the later.

Scheme 3 (a) Stereochemical configuration and (b) truncated conical structure of a and b-cyclodextrin.

Scheme 4 Plausible schematic representation of the mechanism for the formation of 1 : 1 inclusion complexes of [BMIm]Cl and [BMP]Cl with
both a and b-cyclodextrin.
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2.5. Density study: interaction between host and guest

A density study may be carried out to obtain valuable informa-
tion about the interaction (here inclusion) between the ionic

liquids and the CD molecules. The two parameters used for this
purpose are apparent molar volume (fv) and limiting apparent
molar volume (fo

v).27 The sum of the geometric volume of the

Fig. 2 (a) 2D ROESY spectra of the solid inclusion complex of [BMIm]Cl and a-CD in D2O (correlation signals are marked by red circles). (b) The
2D ROESY spectra of the solid inclusion complex of [BMP]Cl and a-CD in D2O (correlation signals are marked by red circles).
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central solute molecule and changes in the solvent volume as
a result of interaction with the solute around the co-sphere is
termed the apparent molar volume.36 Ionic liquid + aqueous CD
is a ternary solution system. The limiting apparent molar
volume is used to express the solute–solvent interactions of this
system (here, solute ¼ IL and co-solvent ¼ CD). For the present
study fv values have been measured from the solution density
using eqn (S5) as mentioned in the ESI† at 298.15 K (Table S8†).
fo
v values were obtained by a least-squares treatment to the plots

of fv versus Om using the Masson equation (ESI, eqn (S6), Table
S9†).37 It is found that fv values regularly decrease and fo

v values
constantly increase for the two studied ILs with increasing
concentration of both a and b-CD. Thus, it is evident that in
both cases ([BMIm]Cl and [BMP]Cl) the ion–hydrophilic group
interactions are more effective than the ion–hydrophobic group
interactions. The fo

v values for both the ILs and CDs at different
mass fractions are depicted in Fig. 5. The fo

v values are found to
be more for [BMP]Cl than [BMIm]Cl due to the greater inter-
action of the hydrophobic groups of the former than the latter
within the cavity of the CDs. The values of fo

v increase with
increasing mass fraction of both CDs and are also found to be
greater for a-CD than for b-CD, indicating that the former
interacts more with the ILs than the latter. This may be
explained as follows: in case of [BMP]Cl, both the butyl and
methyl groups can be encapsulated into the cavity of CD and the
single positively charged N atom show a greater ion–hydrophilic
interaction with the –OH groups of CD; in case of [BMIm]Cl,
only the butyl group can be encapsulated into the cavity of CD
and the ion–hydrophilic interaction is weaker because of
sharing of the positive charge between the two N atoms. The
smaller diameter of a-CD helps in making more compact
structures with the ILs compared with b-CD with its relatively
larger cavity size showing less hydrophobic interactions with
the ILs.

Fig. 3 Variation of surface tension of aqueous (a) [BMIm]Cl–a-CD and (b) [BMP]Cl–a-CD systems, respectively, at 298.15 K.

Table 1 Values of surface tension (g) at the break point with corre-
sponding concentrations of cyclodextrins and ionic liquids at 298.15 Ka

Conc of a-CD/mM
Conc of ionic
liquid/mM ga/mN m�1

[BMIm]Cl 5.17 4.83 68.91
[BMP]Cl 5.15 4.85 67.75

Conc of b-CD/mM
Conc of ionic
liquid/mM ga/mN m�1

[BMIm]Cl 5.10 4.90 68.26
[BMP]Cl 5.16 4.84 67.19

a Standard uncertainties (u): temperature: u(T) ¼ �0.01 K, surface
tension: u(g) ¼ �0.1 mN m�1.

Fig. 4 Variation of the conductivity of aqueous (a) [BMIm]Cl–a-CD and (b) [BMP]Cl–a-CD systems at 298.15 K.
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2.6. Viscosity study: order of interactions

The interactions between ILs and CDs can also be interpreted
using a viscosity study.38 The viscosity of the solutions shows an
increasing trend with increasing concentrations of both ILs in the
present ternary system (IL + aqueous CD), (Table S3†). The viscosity
B-coefficients (Table S9†) signify the solute–solvent interactions
(here, solute ¼ IL and co-solvent ¼ CD) that depend upon the size
and shape of the solute molecules. For the two ILs, viz., [BMIm]Cl
and [BMP]Cl, the viscosity B-coefficients are depicted in Fig. 6 and
are found to be all positive. It may be observed that the viscosity B
values increase with increasing concentration of CD probably due
to greater IL–CD interactions and also higher solvation.29 It is again
greater for a-CD than b-CD for the two ILs suggesting that inclu-
sion is more favorable in case of the former than the latter. The
comparative result of [BMIm]Cl and [BMP]Cl for the viscosity B-
coefficient has been found to be similar to the density study, thus it
is the structural feature of the two ILs and CDs as explained earlier
for which these trends of interactions have been obtained.

2.7. Refractive index shows the compactness of the inclusion
complexes

Refractive index is another valuable parameter for establishing
the molecular interactions in the above mentioned ternary

solution systems.27 The refractive index (nD) and molar refrac-
tion (RM) values of the solutions have been estimated using
suitable equations (Tables S3 and S8†). Greater values of RM and
the limiting molar refraction (ROM) signify that the medium is
more compact and dense (Table S9†).28,29 Here, the RO

M values
show an increasing trend with increasing concentrations of
both CDs, suggesting that the ICs of [BMP]Cl with both a and b-
CD are more closely packed than those of [BMIm]Cl perhaps
due to greater hydrophobic as well as ion–hydrophilic interac-
tions between the guest and host as described earlier. The
RO
M values indicate that a-CD is more efficient than b-CD in

forming the ICs (Fig. 7). The observations obtained from the
refractive index data are in agreement with the density and
viscosity studies.

2.8. Binding constants: non-linear isotherms determined by
conductivity method

Binding constants (Kb) for the inclusion process have been
determined for the four IL–CD ICs with the help of a conduc-
tivity study. Here, a non-linear programme has been used based
upon the changes in conductivity as a result of encapsulation of
the IL molecule inside into the apolar cavity of a and b-CD.39,40

The following equilibrium is supposed to exist between the host
and the guest for a 1 : 1 IC:

ILf þ CDf )*
Kb

IC (1)

The binding constant (Kb) for the formation of IC may be
expressed as:

Kb ¼ ½IC�
½IL�f ½CD�f

(2)

here, [IC], [IL]f and [CD]f represent the equilibrium concentra-
tion of IC, free IL molecule and free CD, respectively. According
to the binding isotherm, the binding constant (Kb) for the
formation of IC may be expressed as:

Kb ¼ ½IC�
½IL�f ½CD�f

¼ ðkobs � koÞ
ðk� kobsÞ½CD�f

(3)

where,

Table 2 Values of conductivity (k) at the break point with corre-
sponding concentrations of cyclodextrins and ionic liquids at 298.15 Ka

Conc of a-CD/mM
Conc of ionic
liquid/mM ka/mS m�1

[BMIm]Cl 5.14 4.86 2.41
[BMP]Cl 5.03 4.97 2.82

Conc of b-CD/mM
Conc of ionic
liquid/mM ka/mS m�1

[BMIm]Cl 5.07 4.93 2.62
[BMP]Cl 5.01 4.99 2.97

a Standard uncertainties (u): temperature: u(T) ¼ �0.01 K, conductivity:
u(k) ¼ �1.0 mS m�1.

Fig. 5 Plot of limiting molar volume (fo
v) against mass fraction (w) of aqueous a-CD and aqueous b-CD for [BMIm]Cl (orange and green) and

[BMP]Cl (blue & purple) respectively at 298.15 K.
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½CD�f ¼ ½CD�ad �
½IL�adðkobs � koÞ

ðk� koÞ (4)

here, ko, kobs and k are the conductivity of IL molecule at initial
state, during addition of CD and nal state, respectively. [IL]ad
and [CD]ad are the concentrations of IL and the added CD,
respectively. Thus, the values of Kb for the ICs were evaluated
from the binding isotherm by applying a non-linear programme
(Table 3),41 and they indicate that [BMP]Cl has a higher binding
constant than [BMIm]Cl for ICs with both CDs, while a-CD
encapsulates both ILs more tightly than b-CD does, which may
be because of the narrower cavity dimension of a-CD, which
structurally ts better than b-CD with the ILs investigated in this
work.

2.9. ESI-mass spectrometric analysis of the inclusion
complexes

ESI-mass spectrometric analyses were carried out for the four
solid ICs synthesized by the method described in the Experi-
mental procedure section and have been shown in Fig. 8 and
S5.† The observed peaks have been put into Table 4, which
conrms that in all cases the desired ICs have been formed in
the solid state and the stoichiometric ratio of the host and guest
is 1 : 1.42,43

2.10. FT-IR spectra of solid inclusion complexes

FT-IR spectra also prove inclusion phenomena in the solid
state.44–46 The characteristic IR frequencies of [BMIm]Cl, [BMP]

Fig. 6 Plot of viscosity B-coefficient against mass fraction (w) of aqueous a-CD and aqueous b-CD for [BMIm]Cl (orange and green) and [BMP]Cl
(blue & purple), respectively, at 298.15 K.

Fig. 7 Plot of limiting molar refraction (RO
M) for [BMIm]Cl and [BMP]Cl in different mass fractions (w) of aqueous a-CD and aqueous b-CD,

respectively, at 298.15 K.

Table 3 Binding constants (Kb) of various ionic liquid–cyclodextrin inclusion complexes

Temperaturea/K

Binding constantb Kb � 10�3/M�1

[BMIm]Cl–a-CD [BMP]Cl–a-CD [BMIm]Cl–b-CD [BMP]Cl–b-CD

293.15 2.07 2.39 1.95 2.19
298.15 1.94 2.23 1.81 2.06
303.15 1.79 2.02 1.65 1.93

a Standard uncertainties in temperature u are: u(T) ¼ �0.01 K. b Mean errors in Kb ¼ �0.01 � 10�3 M�1.
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Cl, a-CD, b-CD and solid ICs are listed in Table S10.† The FT-IR
spectrum of [BMIm]Cl is characterized by the presence of peaks
for the –C]N, –C–N, –C]C etc. bonds, whereas [BMP]Cl is
characterized by peaks for –C–N and –C–H for –CH3 and CH2

groups (Fig. 9 and S6†). Broad characteristic peaks of –OH at
about 3412.10 cm�1 and 3349.84 cm�1 are present in the spectra
of a and b-CD. However, several peaks of the two ILs are either
absent or shied which is due to the change in environment of
the two guests aer inclusion in the cavity of CDs. The –C–H
stretching bands for –CH3 and –CH2 of both the ILs are absent
in the inclusion spectrum. The –O–H stretch of both a and b-CD
is shied to a lower frequency in the spectrum of the four ICs
possibly due to the involvement of the –O–H groups of the host
molecules in hydrogen bonding with the guest molecules. The
peaks for the C–N group of the guest molecules are present in
the spectrum of the ICs, which is an indication of the fact that
the hydrophobic side chains of both the IL molecules are
encapsulated in the hydrophobic cavity of a and b-CD.

2.11. Structural inuence of cyclodextrin

The formation of host–guest ICs between the two studied ILs
and CDs not only depends upon the size of the guest molecules
but also on the cavity diameter of the host. The cavity diameters
of a and b-CD are 4.7–5.3 Å and 6.0–6.5 Å, respectively.
Considering the size of the two ILs (the overall length of [BMIm]

Cl is 5.29 Å, and that of [BMP]Cl is 4.62 Å, but the length of the
inserted butyl chain is 3.08 Å), it is found that a-CD is more
suitable for forming ICs with both ILs perhaps due to greater
surface interaction, increasing the hydrophobic attractions,

Fig. 8 ESI mass spectra of (a) [BMIm]Cl–a-CD inclusion complex and (b) [BMP]Cl–a-CD inclusion complex.

Table 4 The observed peaks at differentm/z with corresponding ions
for the solid inclusion complexes

[BMIm]Cl–a-CD inclusion complex [BMP]Cl–a-CD inclusion complex

m/z Ion m/z Ion

175.10 [BMImCl + H]+ 178.14 [BMPCl + H]+

197.08 [BMImCl + Na]+ 200.12 [BMPCl + Na]+

995.31 [a-CD + Na]+ 995.31 [a-CD + Na]+

1147.42 [BMImCl + a-CD + H]+ 1150.45 [BMPCl + a-CD + H]+

1169.40 [BMImCl + a-CD + Na]+ 1172.44 [BMPCl + a-CD + Na]+

[BMIm]Cl–b-CD inclusion complex [BMP]Cl–b-CD inclusion complex

m/z Ion m/z Ion

175.10 [BMImCl + H]+ 178.14 [BMPCl + H]+

197.08 [BMImCl + Na]+ 200.12 [BMPCl + Na]+

1157.36 [b-CD + Na]+ 1157.36 [b-CD + Na]+

1309.47 [BMImCl + b-CD + H]+ 1312.51 [BMPCl + b-CD + H]+

1331.45 [BMImCl + b-CD + Na]+ 1334.49 [BMPCl + b-CD + Na]+
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which is in agreement with spectroscopic and physicochemical
observations.1 The hydrophobic butyl chains of both the ILs are
encapsulated into the hydrophobic cavity of the CD molecules

and no covalent bonds are formed or broken during the
formation of the ICs. One of the main factors for the formation
of an IC is that the hydrophobic cavity of CD is occupied by

Fig. 9 (a) FTIR spectra of [BMIm]Cl (top), a-CD (middle) and the [BMIm]Cl–a-CD inclusion complex (bottom). (b) FTIR spectra of [BMP]Cl (top),
a-CD (middle) and the [BMP]Cl–a-CD inclusion complex (bottom).
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a polar water molecule which is unfavourable, so the water
molecules are easily substituted by the more hydrophobic tails
of the IL and the trapped water molecules are released into the
bulk solution which increases the entropy of the system.47–49

This results in a more stable lower energy state of the system
and also reduces the ring strain of the CD moiety.47,48 The
stoichiometry of the host–guest IC is 1 : 1 probably because of
the difficulty for the second molecule of IL to be trapped by the
cavity aer the inclusion of the rst. The N atoms of the two ILs
form H-bonds with the –OH groups at the rim of CD, thus
stabilizing the whole IC.

3. Conclusion

With the help of the above mentioned spectroscopic and physi-
cochemical studies we reached the conclusion that the two ILs,
viz., [BMIm]Cl and [BMP]Cl form host–guest ICs with both a and
b-CD both in solution and the solid state. 1H NMR and 2DROESY
NMR data conrm the inclusion in the apolar cavity of both CD
molecules, while surface tension and conductivity measurements
suggest a 1 : 1 stoichiometry. Density, viscosity and refractive
index data are also in good agreement with the above results and
also indicate the IL–CD interactions. Binding constants for the
ICs have been determinedwith the help of a conductivity study by
using a non-linear programme. Solid state characterisations have
been carried out by ESI-MS and FT-IR, conrming their forma-
tion also in the solid state. The inclusion phenomenon has been
found to be more fascinating in the case of a-CD and [BMP]Cl
than the other combinations. Thus, the present study has
miscellaneous applications in the eld of nano-sensors, drug
delivery tools, recycling extraction agents etc.

4. Experimental section
4.1. Source and purity of the samples

The selected ionic liquids and cyclodextrins of puriss grade
were bought from Sigma-Aldrich, Germany, and used as
purchased. The mass fraction purity of [BMIm]Cl, [BMP]Cl, a-
cyclodextrin and b-cyclodextrin were$0.99, 0.99, 0.98 and 0.98,
respectively.

4.2. Apparatus and procedure

The solubilities of the two CDs and the two above mentioned
ionic liquids have been veried in triply distilled, deionized and
degassed water. The two ionic liquids were fairly soluble in
aqueous CDs. All the stock solutions of [BMIm]Cl and [BMP]Cl
were prepared by mass (Mettler Toledo AG-285 with uncertainty
0.0001 g) and the working solutions were obtained by mass
dilution at 298.15 K. The densities of the solutions were used to
change the molarity to molality.50

1H NMR and 2D ROESY NMR spectra were recorded in D2O
at 300 MHz using a Bruker Avance 300 MHz instrument at
298.15 K. Signals are cited as d values in ppm using residual
protonated solvent signals as the internal standard (HDO d ¼
4.79 ppm). Data are reported as chemical shi.

The surface tensions of the solutions were measured with
the help of the platinum ring detachment technique using
a Tensiometer (K9, KR�U�SS; Germany) at 298.15 K (accuracy �0.1
mN m�1). The temperature of the system was maintained by
circulating thermostated water through a double-wall glass
vessel holding the solution.

The conductivities of the solutions were studied using
a Mettler Toledo Seven Multi conductivity meter having an
uncertainty of 1.0 mS m�1. The study was carried out in a ther-
mostated water bath at 298.15 K with an uncertainty of�0.01 K.
HPLC grade water was used with a specic conductance of 6.0
mS m�1. The conductivity cell was calibrated using 0.01 M
aqueous KCl solution.

The densities (r) of the solutions were studied by vibrating U-
tube Anton Paar digital density meter (DMA 4500 M) having
a precision of �0.00005 g cm�3 and the uncertainty in
temperature was �0.01 K. The density meter was calibrated by
the standard method.50

The viscosities (h) were determined using a Brookeld DV-III
Ultra Programmable Rheometer with spindle size 42. The
detailed information has already been reported.50

The refractive indexes of the solutions were studied with
a Digital Refractometer from Mettler Toledo having an uncer-
tainty of �0.0002 units. The detailed information has already
been described before.50

Each of the four solid inclusion complexes ([BMIm]Cl + a-
CD, [BMP]Cl + a-CD, [BMIm]Cl + b-CD and [BMP]Cl + b-CD) has
been prepared in a 1 : 1 molar ratio of the ionic liquid and
cyclodextrin. In each case 1.0 mmol of cyclodextrin was dis-
solved in 20 mL of water and 1.0 mmol of ionic liquid was
dissolved in 20 mL of ethanol and stirred separately for 3 h.
Then the ethanol solution of the ionic liquid was added drop by
drop to the aqueous CD solution. The mixture was then allowed
to stir for 48 h at 50–55 �C. It was ltered at this temperature,
then cooled to 5 �C and kept for 12 h. The resulting suspension
was ltered and a white polycrystalline powder was found,
which was washed with ethanol and dried in air.

HRMS analyses were executed with a Q-TOF high resolution
instrument by positive mode electro-spray ionization dissolving
the solid ICs in methanol.

Fourier transform infrared (FT-IR) spectra were recorded
using a Perkin Elmer FT-IR spectrometer according to the KBr
disk technique. Samples were prepared as KBr disks with 1 mg
of complex and 100 mg of KBr. The FTIR measurements were
performed in a scanning range of 4000–400 cm�1 at room
temperature.
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