
 

 

 

 

 

,  

 

 

 

 

 



 



 

 

 

This Thesis is Dedicated to 

My Beloved Parents 

And 

All My Teachers 

 





UNIVERSITY OF NORTH BENGAL
lfrfq$tyd b ryAnC witfr grade ff

. I r' l Phone: 0353 2776381
Mobile:0943M 96154
Fax +91 353 2699001
Darieeling- 734OL3
West Bengal, INDIA
fanuary,2OL7
E- rnai h mahendraf py2 0Q2 @yahop.co.ifr

Awardee of One Time Grant from lrGG,
Prof. $uresh G. Ameta from IGS

and Bronze Medal from CR$l

Professor and Head
Department of Ghemistry

CHffiffifr#ffi

I certifu tfrat Tvlr. tsiraj Krtmar tsannan has yreyared tfie

tftesis entit{e{ "rg'{TESTIEArlo5t of Drvr?r;g, Mrr*C,rton,ts Aifi
${c-c'ustok{ cotu 

"tg^(Arfio^{ 
r9{ grryEngtff E5'{.Trfo5$.ffiE9frs W

"Wsrcoc$ErvlrcAt 
gvwfg{ouatoEy'", for tfre sward af 

"frD
degree af tfre'l,lnittersity of ${artfr. tsenga{ un^{er rny gui.{ance.

3{e fias carcied aut tfte wort at tfre Departmcnt af Cfiemistry,

\jr*iv ey s i*y #f fit*r t {L fi EW e{:

fbL* Ayat Nam 8r, &e=-ot^Lo tg)
T}R. MAHXHT}RftHATH ROV

Pr*fess$r nnd Hesd
Depmrfment sf Chsrxistry
tJniv*rsity sf N*rth Sr,ngal

barj a*ling i 734S13 .Elr*;{ .{n**"} Nt" tr;. r**sr

wesrBens*!,x-di; :*:: :::ffi::; ffiXT,
bATr: #q*# p -* p. #g tr "'*'H*t:;:;?;:yr.-{#.r,jyf:;x*

dii



Title of the Thesis: Investigation of Diverse Interactions and Inclusion Complexation in Different
Environments by Physicochemical Methodology

Lirkund Analysis Result

&mm*ys*d ffim*un**ffit:
Suhrn*ttffid:
Snxhrxx$ffimd ffiy:

S$gm8fficmy?cffi:

Bi raj_C henn istry. pdf t D342S0766)
1 2/30 {2*17 9:48:00 Atvt
nbuplg@gmail.com
1qb

Sources included in the report

http://wrmrr.rsc.org/suppdata/cc tb7 tb7 o}t 32gtbt 03I 32g.pdf
https://link.spri nger.com/artic lefi A.1 rcAnl S1-1 53X-3-9

Instances where selected sources appear:

5

'ffi,y,'-g bk'rr:r&,ru
Signature of the Candidat*

W;,*1tdn {ry
Signature of the Supervisor

tr:?*,{o,';!"#;,T;^#?"Y*
&

t_ . I 
Progrotnme Coordinator, SAP, DRS'lil

n *L-^)--o lW {o, (ae*, -ro, $';ffiIlxt? 
::#;:

Signature of the HOD, Chemisuy
Prof (Dr') tw' I!:.Ro. !

,Head-of the DePartment of Chemistry

Pr o g r omm e C o o r dt;nator' SJ e DRS-Ifl
" ltniuersitg of North Bengal

Darjeeling - 734013' India

nA
;, I

.d. :

#,w
'!-.



v 
 

   

 

The study of inclusion complexation and solvation consequence in solution by 

various physicochemical, thermodynamic and spectroscopic methodologies take in the 

modification in properties of one substrate in the presence of another one. ‘Solution 

Chemistry’ mostly treats with various physicochemical methods to evaluate the degree 

of solvation in solution. This approach comprises the studies of density, refractive index, 

viscosity, conductance, surface tension etc. of various electrolytic and non-electrolytic 

studies. The calculation of thermodynamic parameters such as change in free energy 

(∆G), enthalpy (∆H) and entropy (∆S) give idea about the feasibility of inclusion and 

solvation of various compounds. 

In solution, the studies on various interactions between molecules are valuable 

to obtain information about the geometrical effects and intermolecular interactions 

playing role in the liquid systems. Precise acquaintance of thermodynamic parameters 

in solution has great significance in both the theoretical and applied field of research. 

In solvent when solute or ion is added, the structures of both the solute and 

solvent get modified to a certain range. Solvation of electrolytes and non-electrolytes 

are greatly influenced by the extent of solute-solute, solute-solvent and solvent-solvent 

interactions. A number of non-covalent interactions, like, hydrophobic interactions, 

hydrogen bonding, dipole-dipole, ion dipole interactions are involved in such systems. 

This elucidates the efficiency of solution chemistry to explain the particular nature of 

interactions by means of diverse physicochemical, thermodynamic and spectroscopic 

methods. 

The physicochemical properties of solute or electrolyte are dependent mainly on 

ion-ion and ion-solvent interactions. Ion-solvent interactions are generally weaker than 

Ion-ion interactions. Dilute solution is hypothetical but ion-association or ion-solvation 

is yet an intricate process. 

To confirm the inclusion as well as solvation phenomena of various ionic liquids, 

drug molecules, bio-active molecules and many other molecules in aqueous, non-

aqueous and mixed solvent systems the spectroscopic experiments are of great 

significance.  The interesting fact of the spectroscopic measurements, such as UV-

Visible, FT-IR and NMR, is that the portion of the molecule that is exactly interacting in 
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the process of inclusion and solvation can be clearly depicted from the collected data. 

Therefore, the widespread studies in aqueous as well as non-aqueous binary  and 

ternary solvent systems is now days a rising interest to the researcher as most of the 

electrolytic, non-electrolytic and bio-active solutes are considerably modified by solvent 

systems. 

This research work contains study of physicochemical properties, inclusion 

complex formation and characterization of imidazolium based ionic liquids, pyridinium 

based ionic liquid and phosphonium ionic solid. These ionic liquids have good transport 

and surface properties. Ionic liquid with long chain acts as surface active substrate. 

Interesting physicochemical properties like favorable solubility, negligible vapor 

pressures, high thermal stability low melting points, high solvation ability towards 

organic, inorganic and polymeric materials, selective catalytic effects, adjustable 

polarity and high chemical stability make them “designer solvents” and also “green 

solvent”,. Moreover, along with these intrinsic properties, ionic liquids have applications 

as heat transfer substance for treating biomass and electricity transport liquids as 

electrochemical tool in electrochemistry. 

In addition to the ionic liquids physicochemical properties of inclusion 

complexes of various drug molecules were studied, which have potential applications in 

living organisms. In order to acquire potential health benefits of bio molecules 

information regarding the knowledge of their solubility, absorption, metabolism and 

biological effects is necessary. Pharmacological activity is often measured to define 

valuable effects of bio-molecules. Various vital properties are controlled by pulsed or 

fleeting release of bio-active material at a definite time and location in the body under 

physiological conditions. In the investigation of drug delivery, they were significantly 

used as therapeutic agents to a patient in a palatine or staggered release profile over the 

last two decades. 

Interactions of solutes molecules in aqueous and non-aqueous media with the 

cavity based molecules, e.g., α-cyclodextrins; β-Cyclodextrins provide the new insight 

into the molecular inclusion or complexation through non-covalent interactions. 

Supramolecular host-guest chemistry gives a broad idea about the formation of 

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

interaction has been performed by host-guest interaction. Among the host molecules, 

cyclodextrin seems to be the utmost favorable to form inclusion complexes exclusively 
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with various guest molecules having suitable dimensions and polarity. In host-guest 

chemistry, an inclusion complex is described as a complex in which one chemical 

compound (the "host") forms a hole in which another molecule with suitable 

dimensions and polarity or "guest" compound is incorporated. 

Thus, the study of various interactions in solution, complexation and 

characterization of these solutes and solvents with the help of various physicochemical 

methodologies are highly significant in various fields of science and industries. 

CHAPTER I 

In this chapter objective, scope and applications of the research work was 

discussed. Basically the assortment of solute and solvent molecules used and 

applications in various fields as well as the methods of work done and summary of the 

work associated with this thesis were discussed. 

CHAPTER II 

In this chapter general introductory discussion was briefed with the elucidation 

of the review of the earlier work. Concise discussion on solute-solute, solute-solvent and 

solvent–solvent interactions have been presented here. Various theoretical models for 

weak interactions are well considered emphasizing the importance of the work 

connected with this thesis. 

CHAPTER III 

This part of the thesis elucidates the experimental sections consisting of the 

source, purity, structure and application of the solute and solvents. Various 

experimental techniques are incorporated for volumetric, transport and spectroscopic 

measurements. 

CHAPTER IV 

This chapter precise measurements of electrolytic conductivities, densities and 

viscosities of lithium hexafluoroarsenate (LiAsF6) have been reported in w1=0.00, 0.25, 

0.50, 0.75, 1.00 mass fraction of ethylene glycol in methanol at 298.15 K. The limiting 

molar conductivities (Λ0), association constants (KA) and the distance of closest 

approach of the ions (R) have been evaluated using the Fuoss conductance equation 

(1978) for ion-pair formation. The Walden products have been obtained and discussed. 

Apparent molar volumes (V) and viscosity B-coefficients have been determined from 

the density (  ) and viscosity () data respectively. The limiting apparent molar 

volumes (Vo), experimental slopes (SV*) have been obtained from Masson equation and 

https://en.wikipedia.org/wiki/Complex_(chemistry)
https://en.wikipedia.org/wiki/Host-guest_chemistry
https://en.wikipedia.org/wiki/Chemical_compound
https://en.wikipedia.org/wiki/Chemical_compound
https://en.wikipedia.org/wiki/Host-guest_chemistry
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interpreted in terms of ion-solvent and ion-ion interactions respectively. The viscosity 

data have been analyzed using Jones-Dole equation and the derived parameters A- and 

B-coefficient have also been interpreted for ion-ion and ion-solvent interactions 

respectively in the solutions. 

CHAPTER V 

Here the formation of the host-guest inclusion complexes of ionic liquids namely 

[BMIm]Cl and [HMIm]Cl with α-CD and β-CD were studied by means of physicochemical 

and spectroscopic methods. Conductivity and surface tension study were in good 

agreement with the 1H-NMR and FT-IR study which confirms the formation of the 

inclusion complexes. The Density and viscosity was measured which also supported the 

formation of the ICs. Further the stoichiometry was determined 1:1 for each case and 

from the association constants the most feasible formation of the [BMIm]Cl-β-CD 

inclusion complex was confirmed. 

CHAPTER VI 

In this chapter light has been focused mainly on the formation of the water 

soluble inclusion complex of pyridinium based hydrophobic ionic liquids with α- and β-

cyclodextrin in the mixed solvent medium. Inclusion complexes prepared in solid state 

were studied by different physicochemical methodologies. Formation of inclusion 

complex was confirmed by 1-H NMR, 2D ROESY, FT-IR studies. Surface tension and 

conductance, was studied in the mixed solvent system, the 1:1 stoichiometric ratio of 

inclusion complex was obtained. The UV-VIS study, Fluorescence study and mass 

spectroscopic study supported the formation as well as stoichiometry of inclusion. 

Binding constant and thermodynamic parameters were calculated which supported the 

high stability and feasibility of formation of the inclusion complex. 

CHAPTER VII 

This chapter explains the formation of the inclusion complexes of the ionic solid 

tetrabutylphosphonium methanesulfonate with α-cyclodextrin and β-cyclodextrin. 

Nature, characterization and binding ability were examined in the solution and solid 

state investigating 1H-NMR, 2D-ROESY, surface tension, conductivity, FT-IR and EI-MS 

study. Stoichiometry of the inclusion complex was found 1:1 by means of surface 

tension and conductivity study. Study of FT-IR and EI-MS approve the inclusion 

phenomenon as well as the stoichiometry. From the conductivity study at three 

different temperatures binding constants was calculated for both the cases. All the 
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above study showed more feasible inclusion in the case of α-cyclodextrin than β -

cyclodextrin. 

CHAPTER VIII 

Here structurally different Molecules namely Pentoxifylline and Pralidoxim have 

been chosen along with α-cyclodextrin and β-cyclodextrin to study host-guest inclusion 

phenomena. The formations of inclusion complexes have been confirmed by studying 

1H-NMR spectra, FT-IR spectra, apparent molar volume and viscosity co-efficient. The 

stabilities of inclusion complexes have been compared calculating the binding constant 

from UV-VIS spectroscopic study. The 1:1 stoichiometry of the inclusion complexes have 

been determined by analyzing the surface tension. The feasibility of inclusion has been 

compared based on all the above experiments. 

CHAPTER IX 

In this chapter physicochemical interactions between alkali metal oxalates and 

the Uric acid (UA) were studied using easily available techniques such as density, 

viscosity and refractive index studies at three different temperatures. The values of 

Limiting Molar volume (φV0), Experimental slopes (SV*) were calculated from the 

density values using Masson equation to interpret the solute- solvent and solute – solute 

interactions respectively. Using Jones-Dole equation Viscosity A and Viscosity B co-

efficient were calculated to support the solute- solvent and solute – solute interactions 

obtained from density measurement. Again the studies were supported by the result 

obtained from the Refractive Index studies. Lorentz-Lorenz equation was used to 

calculate the Molar refraction (RM) values for refractive index studies. 

CHAPTER X 

This chapter includes the concluding remarks on the works associated with the 

thesis. 
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OBJECT, SCOPE AND APPLICATION 

Research, from the beginning of the era, is the tool for searching and developing 

new systems and procedures which are already present to be equipped with the 

environment.  This research work is to call attention to the importance of solvent 

systems and the (studies) on different interactions dominant in solid and liquid phases. 

The importance of solution in natural procedures is well known. In a word chemistry is 

meaningless without solution. This was summerised by the alchemists, "Corpora non 

agunt nisi soluta,"or in the equally concise, "Menstrua non agunt nisifluida." These 

interpretations are a bit too wide in that period what was known about solutions. 

Interaction in chemistry is the key factor for various systems to exist. The word 

interaction signifies both the attractive or repulsive forces (among) molecules or non-

bonded atoms. Molecular interactions are significant in diverse areas of protein folding, 

designing drug and drug delivery systems, material science, sensors, nanotechnology, 

separation science and most important origin of life. These types of interactions are 

recognized as non-covalent interactions [1] [2-4] 

The molecule is formed by the association of a set of atoms which are bound 

strongly enough to overcome various effects when it interacts with the environment in 

which it is exposed. But the interactions are not specifically the bonds or they are not as 

strong as covalent bonds. A number of processes such as melting of ice, boiling of water, 

unfolding of proteins and RNA, disassembling of membrane, vaporization the covalent 

bonds are not broken or remains unchanged. Such processes do not get completed by 

means of chemical reactions rather these processes involve changes in molecular 

interactions. A pair of non-bonded atoms when interact, the enthalpy of that interaction 

is 1-10 kCal/mol, which is significantly less than a covalent bond. It should be noted that 

though non covalent interactions are feeble individually, the energies molecular sense 

are significantly high. One tool is the boiling point of a particular compound which can 

give qualitative indications about the strength of the interactions in the molecule. 

CHAPTER I 

NECESSITY OF THE RESEARCH WORK 
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Molecules with high boiling points are considered to have strong molecular 

interactions. For example water boils at 1000C but nitrogen is in gaseous form in normal 

temperature. However, this difference is mainly due to the interactions playing the key 

role in both the systems. The interacting forces among molecules in water are greater 

than those in nitrogen. 

Molecular interactions can be better understood by studying various excess 

thermodynamic properties. The excess thermodynamic properties of the mixtures 

correspond to the difference between actual property and the property if the system 

behaves ideally. Thus, these properties provide significant information about the nature 

and strength of intermolecular forces operating among mixed components. Also, 

physico-chemical properties involving excess thermodynamic functions have relevance 

in carrying out engineering applications in the process industries and in the design of 

industrial separation processes. Information of these excess thermodynamic functions 

can also be used for the development of empirical correlations and improvement of new 

theoretical models. 

(REF) Various types of molecular interactions are (i) Van der waals interactions 

(ii) Short range repulsion (iii) Electrostatic interactions (iv) Hydrogen bonding 

interactions (v) Dipolar Interactions. Dipolar interactions are of various types such as 

(a) Dipole-dipole interactions or Keesom Interactions (b) Dipole-induced dipole 

interactions or Debye Interactions (c) Charge – Dipole (Ion-Dipole) Interactions (d) 

Fluctuating dipoles interaction, which are Dispersive interactions and London Forces 22-

25. 

Both the physical and chemical properties of a solution (liquid) are the 

consequences of strengths of their intermolecular interactions and the forces among 

molecules arise from the same source varying charges on neighbouring molecules that 

tend to electrostatic forces of attractions and governed by coulombs law. Assimilation of 

partial charges in molecules results in dipole-dipole forces, hydrogen bonding, dipole-

induced dipole forces etc. and these are collectively named as intermolecular forces. In a 

solution the intermolecular forces regulate their thermodynamic properties and the 

comprehension of the solvation thermodynamics is necessary for the characterization 

and interpretation of any process completed in the liquid phase. All these 

thermodynamic properties are quantities which are either an aspect of the total system 
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or are functions of position which is uninterrupted and do not differ fast over nano 

distances, except in the situations where, there are unexpected changes at borders 

between different phases of the system. Hence, the thermodynamic studies along with 

the transport properties of a solution would result a clear concept about the nature of 

the interactions prevailing within the ingredients of a solution. 

In solution chemistry the method for proper understanding of various 

phenomena concerning the molecular interactions forms the basis of elucidating 

quantitatively the effect of the solvent and the degree of interactions of ions in solvents. 

Estimates of ion-solvent interactions can be done thermodynamically as well as from 

the account of partial molar volumes, limiting ionic conductivity and viscosity B-

coefficient studies. Approximations of single-ion values make us able to refine our 

models of ion solvent interactions. Significant values of ion-solvent interactions would 

support the chemists to select solvents that will improve (i) the solubility of minerals in 

leaching operations (ii) the rates of chemical reactions, or (iii) reverse the route of 

equilibrium reactions. Now days the significance and uses of chemistry of electrolytes in 

mixed solvents are well accepted. 

The applications and inferences of the studies of reaction in aqueous and mixed 

solvent systems have been summarized by Franks[5], Meck[6], Bates[7], Marcus[8, 9], 

Criss9 , and others [10]. 

Though a wide collection of data on different electrolytic and non-electrolytic 

solutions in water are available, the structure of water and various types of interactions 

that water goes through with electrolytes are so far properly understood. However, the 

studies on physicochemical properties of solutions have provided adequate materials 

on the thermodynamic properties of various electrolytes and non-electrolytes, the 

effects of the difference in ionic constructions, mobility of ions and common ions along 

with a host of other properties [6]. The properties of electrolytes or solutes in non-

aqueous and solvent mixtures with a view to inspect solute-solute and solute-solvent 

interactions under diverse conditions the physicochemical properties have provided 

plenty of information. However, various structures of solubility, differences in solvation 

power and the probabilities of electrochemical reactions unknown in aqueous 

chemistry have opened landscapes for physical chemists and interest in these organic 

solvents exceeds the traditional borders of organic, inorganic, analytical, physical and 
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electrochemistry [11]. The research on non-aqueous electrolyte solutions has revealed 

their extensive uses in diverse fields. The Electrolyte solutions in non-aqueous solvents 

are actually conflicting with other conducting ion, especially at ambient and at 

significant low temperatures, due to their high flexibility basing upon the selection of 

abundant solvents, additives and electrolytes with extensively varying characteristics 

The high-energy flowing primary and secondary batteries, wet the double-layer 

capacitors as well as super capacitors, electro deposition and electroplating are some 

devices and procedures for which the use of non-aqueous electrolyte solutions had 

carried the major success [12] 

 

Fig.1. Solvation of a salt 

The supramolecular chemistry deals with a wide concept about the development 

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

interactions performed during the formation of inclusion complex are termed as host-

guest interaction. There are a number of host molecules being used in the recent era, 

but cyclodextrin seems to be the most favourable to form inclusion complexes with a 

plenty of guest molecules having suitable polarity and dimensions. In host-guest 

chemistry, an inclusion complex is the one in which one molecule (the "host") 

previously having or forming a cavity incorporate within itself the molecule (“guest”) 

having suitable chemical properties and dimensions. [13] [12] 
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Fig.2. Inclusion complex 

The stability of the inclusion complex lies primarily on the hydrophobic non-

covalent interactions. Molecules with hydrophobic nature or only the hydrophobic 

moiety of a polar molecule are encapsulated inside the hydrophobic cavity of CD 

releasing the water molecules from the cavity, which is preferred due to repulsions 

between the apolar guest and the water polar molecule as well as the unsuitability of 

water molecule inside the cavity. This procedure leads to the total or partial 

incorporation of the guest molecule, increasing solubility of the guest in the aqueous 

and polar solvents. However, on dilution of the inclusion complex in a greater volume, 

the phenomenon gets reverted and the guest species becomes free in solution. This 

special characteristic of the inclusion complexes exposes the vast field of application. 

Objectives of the research work 

The main object of this research work is to study interactions in various chemical 

systems and collect thorough information about the nature and the strength of various 

interactions. 

The study of various kinds of chemical systems in solution and in solid phase 

helped to understand various types of interactions that play the key role during the 

formation of inclusion complexes. 

The study of host-guest chemistry helps to elaborate the engagement of the 

inclusion complexes in the field of science. 

The understanding of the transport properties of various salts, the interactions 

of biologically active molecules, ionic liquids, drug molecules in green solvents and 

industrially important solvents along with the study of thermodynamic properties help 

to characterize molecular interactions in solutions. 
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1.3. METHODS OF INVESTIGATION 

To get a better understanding into the phenomena of various interactions in 

solvation and inclusion complexation different experimental methodologies in solution 

and in solid phase have been employed. Therefore, various important methods that 

have been used are densitometric, viscometric, conductometric, refractometric 

techniques to probe the solvation and inclusion phenomena. 

The use of various spectroscopic studies can elaborately define the various 

interactions in a broad sense. The specific characteristic properties of various molecules 

are seen in different spectroscopic studies in aqueous and mixed solvents. Depending 

on the fact spectroscopic studies like UV-Vis, NMR, FT-IR spectroscopic and Mass 

spectrometric study have been employed to elucidate various interactions. 

Thermodynamic properties, such as partial molar volumes from density 

measurements, are usually the suitable parameters for understanding solute-solvent or 

ion-solvent and solute-solute or ion-ion interactions in solution. The sign and 

magnitude of limiting apparent molar volume ( 0

V ) also delivers evidence about the 

nature and extent of ion-solvent interaction while the experimental slope ( *

vS ) offers 

the evidences of ion-ion interactions [14]Viscosity B-coefficient obtained from the 

viscosity values indicates the extent of ion-solvent interaction in a solution. 

In most of the cases the transport properties are interpreted by means of the 

data obtained from conductance study, especially at infinite dilution. The conductance 

data collected as a function of concentration can be used to study the ion-association or 

molecular association solving appropriate equations. 

Scope and applications 

In supramolecular chemistry or specifically the host-guest chemistry the 

development of the inclusion complexes by means of non-covalent interactions offer the 

root of unique methodologies in medicine and also support to comprehend the 

interactions taking place in living systems. The formation of the inclusion complex with 

cyclodextrin improves bio availability from solid and semi-solid formulations, increases 

stability and shelf-life; reduces side effects, masks unpleasant odour and taste. The 

characterisation of Physical and structural properties is of specific significance for these 

host-guest complexes, which are the base of most cyclodextrin applications in fields of 



Necessity of the Research work 

23 

 

medicine, catalysis, food chemistry, separation science, sensor technology etc. 

Pharmacological use of cyclodextrin for drug shield or aiming now requires physical 

characterisations of the administered complexes. To collect understanding of reactivity 

and selectivity in case of organic reactions so far and also to understand the binding 

manners of this unique host system, the present work has been carried out by 

physicochemical characterisation of cyclodextrin inclusion complexes by use of various 

analytical methodologies [15-17][18] [19]. To find the nature, constructions and 

interactions in the host-guest inclusion complexes of consecutive surface active 

imidazolium and pyridinium based ionic liquids with alpha and beta cyclodextrin the 

effect of size, shape and structural effects have been studied qualitatively and 

quantitatively using various physicochemical methodologies such as  Surface tension, 

density, viscosity, conductance and NMR, UV-Vis, IR, Mass spectroscopic techniques. 

The transport of drug molecules crossing biological cells and membranes 

depends mainly on the physical and chemical properties of drug molecules. But direct 

study of the physicochemical behaviour in physiological media like intracellular fluids, 

blood, is (highly challenging. One of the well-organized methods is the study of the 

dealing interactions in fluids using thermodynamic methods as thermodynamic 

parameters are suitable for understanding intermolecular interactions in fluid phase. 

Moreover, the understanding the thermodynamic properties of drug molecules in 

appropriate medium can be interrelated to its therapeutic effects[20, 21]. 

The stabilisation and the controlled release of the drugs now days, are of great 

concern in pharmacology. To guard drug molecules from environmental effects and to 

reduce the side effects for their controlled release it is vital to investigate whether they 

can be entrapped into the cyclodextrin molecule. Thus to fulfil such aim, the inclusion 

complex formation of drug molecules such as pentoxifylline and Pralidoxim with alpha 

and beta cyclodextrin have been studied(to achieve such goal) in detail based on 

physicochemical measurements including some spectroscopic techniques and the 

factors affecting the inclusion process are described. 

Lithium and its compounds have several industrial applications, including heat-

resistant glass and ceramics, high strength-to-weight alloys used in aircraft lithium 

batteries, and lithium-ion batteries. Lithium salt is used in lithium-ion batteries because 

of its high electrochemical potential. Lithium batteries are not to be confused with 
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lithium-ion batteries, which are high energy-density rechargeable batteries. Other 

rechargeable batteries include the lithium-ion polymer batteries, lithium-iron 

phosphate batteries, and the nanowire batteries. 

Study of the biologically active molecules in various solvents experience their 

changed properties due to various interactions in solution. Study of such interactions in 

solution systems is useful in medicinal chemistry. 
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II.1. INCLUSION COMPLEXES   

According to IUPAC, a complex in which one component (host) creates a 

cavity or, for crystal, a crystal lattice containing spaces in the form of long tunnels 

or canals in which molecular unit of a second chemical species (guest) are 

situated is the inclusion complex [Fig.II.a]. In inclusion complex there is no 

covalent bond formation between the guest and the host molecules and 

attraction being normally due to van der Waals forces [185]. The different host 

molecules can be considered as vacant capsules of molecular size. When this 

cavity is occupied with a molecule of another substance an inclusion complex 

is formed. The term 'Einschlussverbindung' (inclusion compound) was 

presented by Schlenk in 1950. There are some further names used in the 

literature, such as adduct, clathrate, molecular compound, cryptate and 

complex. 

 

      Guest                 Cyclodextrin                                Inclusion complex 

Fig.II.a. Pictorial representation of inclusion complex formation 

 

The supramolecular chemistry of host-guest inclusion complex emphases on the 

interactions between the molecules and the study of intermolecular bonds rather than 

covalent bonds. All the compounds exhibit supramolecular properties like molecular 

recognition, self-recognition, self-assembly, kinetic and thermodynamic 

complementarity. An effort in supramolecular chemistry has been used in attempts to 

model or mimic biological processes[[1]. The principles, perspectives and current 

CHAPTER II 

GENERAL INTRODUCTION (REVIEW OF THE EARLIER WORKS) 
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developments in the field of supramolecular chemistry have grown exponentially in last 

few decades [2-9] 

The appearance of supramolecular host-guest chemistry has a thoughtful effect 

on how efficiently chemists prepare complexes using spontaneous secondary 

interactions as hydrogen bonding, dipole-dipole, charge transfer, Van Der Waals and π-

π stacking interactions[10-14]. Macrocyclic host molecules are of great significance in 

inclusion complexes as the cyclized and constrained conformation deliver the benefits 

of molecular selectivity  [15] 

There are various guest molecules being used now days such as 

Cyclodextrin, crowns, cucurbiturils, porphyrins, calixarenes etc. (Fig.II.b). 

Besides, the guest molecules having suitable polarity and cavity dimensions form 

inclusion complexes through various favorable weak interactions. Ionic liquids, 

vitamin, amino acid and its derivatives, various drug molecules, surfactant 

molecules etc. are considered  as guest molecules for inclusion complexes with 

cyclodextrins, calixarenes, cucurbitrils, crowns, etc. 

 

  
 

(i) (ii)                      (iii)                            (iv) 

Fig.II.b. Pictorial diagram of (i) Inclusion complex (ii) Cucurbituril[6], (iii) 18-Crown-6 

and (iv) P-tert-butylcalix-4-arene. 

 

          The solubility and dissolution properties of molecules having biological 

significance play significant role in the method of formulation progress. Problem 

regarding solubility is a great challenge for the formulation chemist. Solid dispersion, 

solvent deposition, micronization are some important approaches routinely used to 

improve the solubility of weakly water soluble molecules. Each direction undergoes 

with some boundaries and advantages. Among all, complexation procedure has been 

employed precisely to improve the aqueous miscibility, dissolution rate and 
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bioavailability of sparingly water soluble drugs. Various physicochemical and 

spectroscopic techniques have been investigated to explain and understand the nature 

of interactions and of inclusion complexes.  

In the recent era the delivery of drug molecules are difficult due to bioavailability 

problems. Formulation of such delicate molecules are being tried to improve their 

solubility and bio-availability by physicochemical modifications. For such modifications, 

various excipients such as cyclodextrins, carbohydrates, and dendrimers are utilized. 

Most of the drugs are poorly water soluble drugs. There are a number of approaches 

available and reported in literature to enhance the solubility of poorly water soluble 

drug. The techniques are selected on the basis of certain aspects such as characteristics 

of drug under observation, nature of excipients to be selected and nature of proposed 

dosage form. Among these methodologies salting nature, solubility, particle size 

reduction, solid dispersion, and solvent deposition methods are most frequently used.  

Inclusion complex with cyclodextrin and other host molecules are the most attractive 

procedure to improve the aqueous solubility of weakly soluble drugs. CDs, act as the 

useful solubilizer allowing both solid and liquid oral and parenteral dosage forms. The 

solid binary structures of drug and cyclodextrin are capable to modify the 

physicochemical properties of drugs such as solubility, crystal habit, particle size, 

thermal behaviour, and there by making a highly water miscible amorphous forms. The 

CDs, due to their high aqueous solubility, they became capable of enhancing the 

dissolution rate and bio-availability of the sparingly soluble drugs. The permeation of 

insoluble or poorly soluble drugs through various biological membranes can also be 

improved by preparing drug-cyclodextrin inclusion compounds [15, 16]. 

         

II.1.2. Cyclodextrin 

 Cyclodextrins, a group of natural products having structural similarities are 

formed during bacterial digestion of cellulose. They have cage like supramolecular 

structures, which with the structures formed by cryptands, cyclophanes, calixarenes, 

crown ethers and spherands. Cyclodextrins are more important compared to all the 

supramolecular hosts stated above, and as a consequence they are widely used in many 

industrial products, technologies and analytical methods. The negligible  
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cytotoxicity of cyclodextirns is the most important property which allows applying it in 

various fields of drug delivery, gene therapy, packing textiles, cosmetics, fermentation, 

environment protection and many more.  

In 1891 Villers first isolated cyclodextrin by enzymatic cleavage of starch and later 

Schardinger, in 1904, confirmed the cyclic structure of glucose oligomers and enzymes. 

[17, 18]. Karl Freudenberg, in 1935, developed a method for separation of pure 

cyclodextrins and characterized the cyclic structure composed of α-1,4 linked glucose 

units[19, 20]. After a long time Cramer and French recognized and studied possible 

applications by forming complexes of cyclodextrins[21].    

 

II.1.3. Structure and properties 

 Cyclodextrins contain (α-1,4)-linked α-D-glucopyranose units and form a 

somewhat lipophilic cavity and a hydrophilic outer surface. The chair conformation of 

the glucopyranose units cyclodextrins are truncated cone shaped rather than perfect 

cylinders. The hydroxyl groups are orientated to the cone exterior with the primary 

hydroxyl groups of the sugar residues at the narrow edge of the cone and the secondary 

hydroxyl groups at the wider edge. The central cavity is lined by the skeletal carbons 

and ethereal oxygen atoms of the glucose residues, which provides it a lipophilic 

character. The polarity of the cavity was estimated to be similar to that of an aqueous 

ethanolic solution[22][23][24]Cyclodextrins are mainly insoluble in organic solvents. 

The hydrophobic cavity of cyclodextrin makes it capable of trapping various 

hydrophobic molecules or the aqueous insoluble part of hydrophilic molecules [25, 26]. 

The crystal structure of cyclodextrin showed its truncated cone shape with a cavity 

diameter of 5Å for α-cyclodextrin and 8.30nm for γ-cyclodextrin [Fig.II.c]. The chiral 

carbon atoms present in the monomer of cyclodextrin makes it chiral in nature. [1]  

 

(a)                                    (b)                           (c)                                (d) 

Fig.II.c. (a) Torus shape of cyclodextrin with dimensions and molecular structure 

of (b) α-cyclodextrin(c) β-cyclodextrin (d) γ-cyclodextrin. 
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Table II.a. Properties of Cyclodextrins 

Property α-Cyclodextrin  β-Cyclodextrin γ-Cyclodextrin 

Number of glucopyranose units 6  7  8 

Molecular weight (g/mol) 972.84 1134.98 1541.33 

Solubility at 25◦C (%, w/v) 14.5 1.85 23.2 

Outer diameter (Å) 14.6 15.4 17.5 

Cavity diameter (Å)  4.7–5.3 6.0–6.5 7.5–8.3 

Height of torus (Å)  7.9 7.9 7.9 

Cavity volume (Å3)  174 262 427 

 

 

II.1.4. Formation of inclusion complex 

When the guest molecule fits inside the cavity of  the host molecule both in 

dimention and neture, the complex is formed[27]. In the structure of the 

cyclodextrin molecule, in aqueous solution, it contains two molecules of water 

and the phenomena is energetically unfavourable, which is the main driving force 

behind the formation of inclusion complex. During the approach of the guest 

molecule inside cyclodextrin, the energy rich water molecules are released and 

the system is stabilised by the hydrophobic interaction betwen the hydrophobic 

cavity of host and the hydrophobic part of guest molecule. Various methods are 

available for preparation of inclusion complex such as co-precipitation, dry 

mixing, slury method etc.[28]. The host and the guest molecules construct a 

dynamic equilibrium. Depending on two factors the cyclodextrins form inclusion 

complexes with various guest molecules. One of them is the steric factor and 

other is the thermodynamic interactions among the various component of the 

systems such as guest molecule, host molecule, solvent molecule and others if 

present. Though in the  process of inclusion complex formation molecules 

associate resulting a negative entropy, the change in enthalpy in greater extent 

minimises the effect. 
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II.1.5. Stoichiometry 

 The inclusion complex formation is associated with another paramete 

stoichiometry, which depends upon the size of the guest molecule and the cavity 

of the host. Depending on the dimentions of the guest and the host cavity various 

stoichiometric ratio of host and guest are possible such as 1:1, 1:2, 2:1, 2:2 and 

higher[29-36]. 

 

 

 Fig.II.d. Different stoichiometric ratios in host-guest inclusion complexes. 

 

The stoichiometry of inclusion complex is determined using various studiessuch 

as UV-Vis spectroscopic study, Surfacetension and conductance study.  

II.1.6. Association Constant 

 The association constant gives idea about how effectively the guest 

molecule is incorporated inside the host molecule. Asociation constant (also 

termed as binding constant, formation constant and equilibrium constant) is 

determined using various chemical approaches such as UV-Vis, NMR, 

fluorescence spectroscopy and gas and liquid chromatography. [37] .Benesi-

Hildebrand method (equation II.a) is often used to calculate the association 

constant of  the inclusion complexes from UV-Vis spectroscopic study.  

     
1 1 1 1

a

X
A H K H G 
 

  
                                              (II.a)
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II.1.7. DETECTION OF INCLUSION COMPLEX 

 The structueral elucidation of the inclusion complex reveals significant 

infromation sbout the formatio of the inclusion complex. Various experimental 

study such as NMR, FT-IR, UV-Vis spectroscopiy as well as surface tension, 

conductance, refractive index, density and viscosity study are employed to 

confirm the formation of inclusion complex.  

 

II.1.7.1. NMR Spectroscopy 

 The formation of the inclusion complex and the interactions in between 

the host and the guest molecules are sophisticatedly determined using NMR 

spectroscopic study [38-41]. Demarco and Thakkar first observed the 1H 

chemical shift variation of H3 and H5 protons of cyclodextrin in presence of 

differnt substrates and revealed the idea of characterisation by NMR 

spectroscopy[42, 43]From the characterisation of the H3 and H5 protons the 

nature of the inclusion is determined[26].  

 

II.1.7.2. FT-IR spectroscopy 

 The inclusion complex prepared in the solid form are characterised by FT-

IR spectroscopic study. The deviation of the bands in the spectra of complex from 

the spectra of pure components the formation of the inclusion complex is 

confirmed [44] [45-48] 

 

II.1.7.3. UV-Vis spectroscopy 

 The convinient and widely used method for determining the complexation, 

stoichiometry and the association constnt is the UV-Visible spectroscopic study 

[49-53]. Spectrophotometric determination of inclusion complexes rely in the 

difference of the absorbtivities of free and complexed substrates. The 

photochemical and photophysical characteristics of the substrates  are modified 

due to inclusion and hence the absorbance signals can be used to interpreet 

inside into the characteristics of the complexes formed[54].  
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Absorbance (A) is directly proportional to the path length, l, and the concentration, c, of 

the absorbing species.  According to Beer's Law  

A = log (I0/I) = εcl                                                           IIb 

Here, ε is proportionality constant, termed as absorptivity, I0 and I are the intensity of 

incident light and leaving light respectively. Each molecule absorbs radiation of 

particular wavelengths. Absorption of energy of atom or molecule results promotion of 

electrons from their ground state to an excited state.  

The stoichiometry of the complex is determined by Job’s continuous variation method. 

In this method addition of host solution to the solution of guest changes the absorption 

and absorption values at a particular wavelength are plotted to get the stoichiometry of 

the complex. Again, from the change of absorption values, at a particular wavelength, 

obtained during addition of the host of different concentration to the guest of a fixed 

concentration the association constant is calculated.  

 

II.1.7.4. Mass Spectrometry 

Mass spectrometry, the most precise analytical method, is used in various fields 

to determine the elemental composition. [55], [56] . Here, molecules are bombarded 

with a beam of energised electrons to break and ionize the fragments. Specific kind of 

ions has a specific mass to charge ratio (i.e. m/z ratio). The m/z ratio is equal to the 

molecular mass for most of the ions as the ions mostly contain single charge. A parent 

ion or a molecular ion is formed when single electron is removed from the molecule. 

M + e- --------------> M+ + 2e- 

 

In case of the parent ion the m/z value is the molecular mass of the compound. 

Sometimes, the parent ion peak becomes the base peak that can be easily recognized 

but in most of the cases, molecular ion peak does not appear as base and is often of 

insignificant abundance. [55]. In the process of inclusion complexation there is no bond 

formation or breaking and hence the m/z ratio of inclusion complex should be equal to 

the sum of the masses of host and the guest molecules or it may add with proton or 

certain impurities such as sodium. Thus From the mass spectrometric analysis 

formation of the inclusion complex can be confirmed. The stoichiometry of inclusion 

complex can also be discussed[57].  
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II. 1.7.5. Surface Tension  

  Another reliable tool for determination of inclusion complexation is the 

study of fluorescence. Cyclodextrin when added in pure water the surface 

tension of water does not change to a considerable value indicating the 

cyclodextrin to be surface inactive compound. On addition of the cyclodextrin 

solution to the solution of guest the increased value of surface tension 

indicates the formation of inclusion complex due to the removal of the surface 

active molecule from the bulk to the cavity of cyclodextrin[110 [58]]. Sudden 

change in the surface tension during addition of cyclodextrin is the indication 

of completion of one type of inclusion. Thus a single break point indicates the 

1:1 inclusion complexation and more break points indicate 1:2, 2:1, 2:2 

stoichiometries depending on the concentration of the cyclodextrin and the 

guest molecule at the break point [59, 60]  

 

II. 1.7.6. Conductivity 

 The molar conductance (Ʌ) obtained from specific conductance gives vital 

information about the formation of inclusion complexes. Cyclodextrins, with negligible 

conductivity in water, when added to the solution of guest, the conductance gradually 

decreases due to the incorporation of the conducting ions or molecules into itself 

resulting the increase in the size. At a certain concentration when all the guest 

molecules are encapsulated a sudden break is obtained, which indicates the formation 

of the inclusion complex with a specific stoichiometry. More than one break points may 

be obtained for various stoichiometries]. [61] [62] 

 

II. 1.7.7. Thermodynamic Aspect 
 

The Gibbs free energy change (ΔG), enthalpy change (ΔH°) and entropy change 

(ΔS°) are the important parameters for determining formation of inclusion complexes. 

The negative value of the Gibbs free energy change (ΔG) indicates the spontaneity of the 

process and which can be calculated from the change of entropy and enthalpy values. 

The inclusion process is the association of molecules which leads to the negative 
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entropy change while the hydrophobic interaction between the host and guest molecule 

stabilises the system to a greater extent resulting a high negative enthalpy change 

which, intern, overcomes the effect due to negative entropy change.  

The change of entropy and enthalpy can be calculated from the association 

constant using Van’t Hoff equation (II.c) [1] 

0 0

2.303 log
H S

K

RT R
a

 
  

                                                  (II.c) 

 

II.2. IONIC LIQUIDS 

In the last few decades a new class of materials came into the focus of many 

research groups around the world: ionic liquids (IL). The physical and chemical 

characteristics are growing interests to modern scientists. A much more exhaustive 

overview about the probable applications and properties can be found in the current 

book “Ionic Liquids in Syntheses”, edited by Peter Wasserscheid and Tom Welton [63].  

The commonly accepted definition of ionic liquids is that they are “ionic materials that 

are liquid below 373 K” [64] .  However, the opinions about the definition of “ionic 

material” are more spread. Many alternatives to organic solvents have been proposed 

over the last two decades. However,  many  organic  compounds  do  not  dissolve  in  

water,  and particularly  solids  cannot  be  assorted  without  a  solvent.  Thus 

appropriate alternatives of water  have  been  required  and  it was found  that ionic  

liquids  have  gained  a  lot  of  attention  as  emerging green replacements of water, i.e., 

ideal solvent[65].  Ionic liquids are salts with melting points below 373 K. They  consist  

of  an  organic  cation  combined  with  an  organic  or  inorganic  anion [66]. The melting 

points of these organic salts are frequently found below 150 °C and occasionally as low 

as –96 °C.  They normally have high solvency power, low vapor pressure and high ionic 

conductivity for polar and non-polar compounds. Furthermore, the ability to tune the 

solvent properties of the ionic liquids is one of their outstanding features, which makes 

them unique solvents for various reactions and separations [67]. The room temperature 

ionic liquids (RTILs) remain in the liquid form at room temperature. In the older (and 

some current) review, ionic liquids are occasionally called liquid organic salts, it may be 

fused salts or molten salts or ionic melts. RTIL are also termed as non-aqueous ionic 

liquids or room-temperature molten salts or organic ionic liquids and ionic fluids  [68]. 
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In existing times Ionic liquids (IL) have appeared as room temperature ionic liquids 

(RTILs) and atmosphere responsive solvents for the development of the industrialized 

chemical compounds. Ionic liquids now have been increasingly used for various 

commercial and prospective purposes such as organic synthetic chemistry, catalytic 

process, electrochemical industries and solvent extraction techniques. Usually, organic 

or inorganic part of the IL is cation and inorganic part is anion [69]. 

 

          Commonly ionic liquids consist of a large and asymmetric organic cation based on 

1-alkyl-3-methylimidazolium (abbreviated [Cnmim]+, where n = number of carbon 

atoms constructing the linear alkyl chain), N-alkylpyridinium (accordingly abbreviated 

[Cnpy]+), tetraalkylammonium (Bu4N+) or tetraalkylphosphonium (Bu4P+) cations, and 

many more; and inorganic anions like hexafluorophosphate [PF6]-, tetrafluoroborate 

[BF4]-, some alkylsulfates [RSO4]-, alkylsulfonates [RSO3]-, halides as chloride [Cl]-, 

bromide [Br]- or iodide [I]-, nitrate [NO3]-, sulfate [SO4]-, aluminum chloride [AlCl4]-, 

triflate ([CF3SO3]- = [TfO]-), bis(trifluoromethylsulfonyl)imide ([(CF3SO2)2N]- = [Tf2N]-), 

etc.  

       Ionic liquids have wide applications in different industries, such as the recovery of 

bio-fuels, desulfurization of diesel oil and supercritical fluid extractions etc. Ionic liquids 

also have potential applications in lubricants, in solar cells, heat transfer and storage, in 

nuclear fuel processing, in membrane technology and for the dissolution of cellulose.   
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Because of these versatile applications and properties, scientific community has 

great demand of ionic liquids (both in academic and industrial). Almost 8000 papers 

have been published in the last decade. About one million (106) simple ionic liquids are 

possible and which can be easily prepared in laboratory by the combination of various 

cations and anions and this total are just for simple primary systems. If there are one 

million possible simple IL systems, then there are one billion (1012) possible binary 

combinations of these, and one trillion (1018) ternary possible IL systems that can be 

prepared from the combination of anions, cations, and other substituent. At the moment 

only about 300 ionic liquids are commercialized.    

 

II.3. SOLUTION CHEMISTRY  

Solution chemistry is the heart of 

physical chemistry in which the change 

in properties arised due to dissolution of 

one substance in another one is studied. 
 

The solubility of  the substances and effect on solubility of the chemical nature of both 

the solute and the solvent are also investigated. One of the interesting facts of solution 

chemistry is that in a solution the exact structure of the solvent molecule is unknown. In 

‘Solution Chemistry’ broadly three types of approaches have been made to estimate the 

degree of solvation. The first is the solvation approach involving the studies of viscosity, 

conductance, etc., of electrolytes and the derivation of various factors associated with 

ionic solvation [70], the second is the thermodynamic 
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approach by measuring the free energies, enthalpies and entropies of solvation of ions 

from which factors related with solvation can be revealed [71] and the third is to use 

spectroscopic measurements where the spectral solvent shifts or the chemical shifts 

find out their qualitative and quantitative nature[186]. 

 The interactions in between solute and solute, solute and solven and solvent and 

solvent species determines tghe extent of ion solvation in solution. In such systems the 

characterisation of ion-pairing is necessary as it effect on the ionic conductivity and 

consequently on the mobility of ions in solution. For the elucidation of the exact 

properties of all these interactions by experimental studies such as conductometry, 

viscometry, densitometry, interferrometry, refractometry and other suitable 

methodology and to analyse the observed data collected. The majority of the reactions 

occurring in solutions are either chemical or biological in nature. The solvent only 

provides an inert medium for chemical reactions. The significance of solute-solvent 

interactions was realized only recently as a result of extensive studies in aqueous, non-

aqueous and mixed solvents [72] [73] [74].Complete understanding of the phenomena 

of solution chemistry will become a reality only when solute-solute, solute-solvent and 

solvent-solvent interactions are elucidated and thus the present research work is 

intimately related to the studies of solute-solute, and solvent-solvent interactions in 

some industrially important   liquid systems. 

 

II.3.1. Interactions in the solution 

In solution chemistry various kind of interactions in the molecular and atomic 

level are of main interest. Solvation is a term, describes the dissolution of a 

molecule in a solvent forming solution by means of various interactions.  

 

There are three main kinds of interactions in the solution phase namely solvent-

solvent, solute-solvent and solute-solute interactions and apart from all these 

there are various interactions that affect the properties of solute and solvent in 

the solution.  

a. Solvent – solvent interactions  

The minimum amount of energy required to break the binding forces due to 

interactions in between solvent molecules.  
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b. Solute – solute interactions 

The minimum amount of energy required to break intermolecular bonds between 

the solute molecules. The properties of the solution are affected by solute-solute or 

ion-ion interactions. 

c. Solute – solvent interactions 

The minimum amount of energy required to dissolve a solute molecule in a solvent.  

This lowers the energy of the system to stabilize and hence the enthalpy change (H) 

of this process is negative.  

 

II.3.2. Investigation on various interactions 

The forces of interactions are attractive or repulsive basing on the like or unlike 

charges of the solute and solvent molecules. In general, dipoles of the solute and solvent 

in a liquid arrange themselves to generate attractive interactions with the neighbours, 

but it is the thermal motion which makes the process unfeasible. 

Polar solvent molecules attract the dissociated ions of the solute molecules. For shake of 

simplicity, the water molecules on the crystal surfaces of ionic crystals then water 

molecules slowly surround and separate the surface ions of the soluble crystals. Thus 

the ions move into solution from the crystal. This phenomenon of ion separation is 

called ion dissociation. The process of surrounding solute particles by solvent molecules 

is termed as solvation. The dissociated ions act as the bare ions. In a solution of salt, 

likewise, the ins act as separate anion and cation..   

 The determination of thermodynamic, transport and volumetric properties of 

different electrolytes in various solvents would thus give an essential step in this 

direction. Therefore, the development of theories, involving with electrolyte solutions, 

much interest has been devoted to ion-solvent interactions which are the determining 

forces in infinitely dilute solutions where ion-ion interactions are absent. Also, the 

contributions due to cations and anions of the solute can determine by the ionic-

contribution estimation in the solute-solvent systems. Thus, ion-solvent interactions 

explain a very key role to know the physicochemical behavior of the solute particles in 

diverse liquid systems. 

The ion-solvent interactions can also be investigated from the evaluation of 

thermodynamic parameters, such as, changes of free energy, enthalpy and entropy, etc. 

associated with a particular reaction.  



General Introduction (Review of the Earlier Works) 

39 
 

II.3.3. ION-SOLVENT INTERACTION 

Every living organism has solvated ions with their optimum existence. Presence 

or absence of these solvated ions can vitally alter the functions of life. Ions solvated in 

organic solvents or mixtures of water and organic solvents are also very common [[73]. 

The exchange of solvent molecules around ions in solutions is fundamental to the 

understanding of the reactivity of ions in solution [74]. Solvated ions also play a key 

function in electrochemical industries, where for instance the conductivity of 

electrolytes depends on ion-solvent relations [75]. 

 

 

In the ionic states, the solvent have collision with the walls of the crystal gives 

the ions in the crystal lattice and the process is energetically favorable. Thus there is a 

substantial energy of interaction between the ions and the solvent molecules. These 

interactions are together termed as ion- solvent interactions.  

Water is the universal solvent in nature and its major consequence to chemistry, 

biology, agriculture, geology, etc., water has been broadly used in kinetic and 

equilibrium studies. But still our knowledge of molecular interactions in water is 

tremendously limited. Moreover, the uniqueness of water as a solvent has been a 

subject of debate [67] and it has been realized that the studies of other solvent media 

like non-aqueous and mixed solvents would be of great help in understanding different 

molecular interactions. 

Organic solvents have common features such as dielectric constants, organic 

moieties, acid base properties or association through hydrogen bonding [73]  donor-

acceptor properties hard and soft acid-base characters etc.  Organic solvents show a 

wide variance of properties influencing their thermodynamic, transport and volumetric 
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properties in presence of solute particles. Thus, the resolve of physicochemical 

properties of different electrolytes or non-electrolytes in various solvents would thus 

afford significant information in this way [76].  

 In water and water-organic solvent mixture ion solvation is most common [64]. 

The properties of ions in solvated state are deviated to some extents which are reflected 

in various physicochemical studies. Thus, the ion solvation in aqueous, organic and 

mixed solvents is extensively studied. [66, 73, 74, 76-83] 

Ion-solvent interactions can also be investigated by spectrometry[84]. The 

spectral shifts of solvent or the chemical shifts can determine the qualitative and 

quantitative nature of ion-solvent associations. But even qualitative or quantitative 

assign of the ion-solvent interactions into the various probable factors is still a rising 

task.  

 

II.3.4. ION-ION INTERACTION 

The surrounding of an ion sees not only solvent molecules but also other ions. 

The mutual interactions between these ions comprise the fundamental part- ‘ion-ion 

interactions’ or solute –solute interactions. The extent of ion-ion an interaction affects 

the properties of solution and depends on the nature of electrolyte under investigation. 

Ion-ion interactions are stronger than ion-solvent interactions. Ion-ion interaction in 

dilute solutions is now theoretically well implicit, but ion-solvent interactions or ion-

solvation still remains a complex practice. While proton transfer reactions are 

predominantly sensitive to the nature of the solvent, it has become cleared that the 

solvents appreciably modify the majority of the solutes. On the contrary, the nature of 

the strongly structured solvents, such as water, is significantly modified by the presence 

of solutes. 
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II.3.5. SOLVENT-SOLVENT INTERACTION (THEORY OF MIXED SOLVENTS) 

Non-aqueous and mixed solvents are gradually more used in chromatography, 

solvent extraction, in the verification reaction mechanism, in batteries,   etc. a number of 

molecular theories, based on either the radial distribution function or the choice of 

suitable physical model, have been developed for mixed solvents. Theories of 

perturbation type have been extended from their successful applicability in pure 

solvents to mixed solvents. L. Jones and Devonshire [85] were first to evaluate the 

thermodynamic functions for a single fluid in terms of interchange energy parameters. 

They used “Free volume” or “Cell model”. Prigogine and Garikian[187] extended the 

above approach to solvent mixtures. Random mixing of solvents was their main 

assumption provided the molecules have similar sizes. Prigogine and Bellemans [82] 

developed a two fluid version of the cell model. They found that while excess molar 

volume (VE) was negative for mixtures with molecules of almost same size, it was large 

positive for mixtures with molecules having small difference in their molecular sizes. 

Treszczanowicz et al. [83] suggested that VE is the result of several contributions from 

several opposing effects. These may be divided arbitrarily into three types, viz., physical, 

chemical and structural. 
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Physical contributions add a positive term to VE. The chemical or specific 

intermolecular interactions result in a volume decrease and add negative values to VE. 

The contributions due to structures are commonly negative and generate from some 

effects, especially from interstitial accommodation and deviations in the free volume. 

The actual volume change would therefore depend on the relative strength of these 

effects. However, it is generally assumed that when VE is negative, viscosity variation 

(Δη) may be positive and vice-versa. This assumption is not a concrete one, as evident 

from some studies [73] [86]. It is observed in many systems that there is no simple 

correlation between the strength of interaction and the observed properties. Rastogi et 

al. [87]therefore suggested that the experientially found excess property is the effect of 

both the interaction and non-interaction part. Then ion-interaction part in the form of 

size effect can be comparable to the interaction part and may be sufficient to reverse the 

trend set by the latter. Based on the principle of corresponding states as suggested by 

Pitzer [88], L. Huggins [89] introduced a new approach in his theory of conformal 

solutions. Using a simple perturbation approach, he showed that the properties of 

mixtures could be obtained from the knowledge of intermolecular forces and 

thermodynamic properties of the pure components.   

Recently, Rowlinson et al. [90] [91] [92]  reformulated the average rules for       

Vander Waal’s mixtures and their calculated values were in much better agreement 

with the experimental values even when one fluid theory was applied. The more recent 

independent effort is the perturbation theory of Baker and Henderson [93] ]. A more 

successful approach is due to Flory who made the use of certain features of cell theory 

[94] [95] [96] and developed a statistical theory for predicting the excess properties of 

binary mixtures by using the equation of state and the properties of pure components 

along with some adjustable parameters. This theory is applicable to mixtures containing 
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components with molecules of different shapes and sizes. Patterson and Dilamas [97] 

combined both Prigogine and Flory theories to a unified one for rationalizing various 

contributions of free volume, internal pressure, etc. to the excess thermodynamic 

properties. Recently, Heintz[98] [99] [100] [101] and co-workers suggested a 

theoretical model based on a statistical mechanical derivation and accounts for self-

association and cross association in hydrogen bonded solvent mixtures is termed as 

Extended Real Associated Solution model (ERAS). It combines the influence of 

association and non-associative intermolecular interaction happening in solvent 

mixtures based on the equation of state established originally by Flory et.al. 

Subsequently the ERAS model has been successfully applied by many workers [[102]] to 

describe the excess thermodynamic properties of alkanol-amine mixtures. Recently, a 

new symmetrical reformation on the Extended Real Association (ERAS) model has been 

described in the literature [188]. The symmetrical-ERAS (S-ERAS) model makes it 

possible to describe excess molar enthalpies and excess molar volumes of binary 

mixtures containing very similar compounds described by extremely small mixing 

functions. The symmetrical Extended Real Associated Solution Model (S-ERAS) is, in 

fact, a simple continuation of the ERAS model. It was developed in order to widen its 

applicability to the thermodynamic properties of systems that could not be satisfactorily 

described by the equations of the ERAS model [103] [104]. Gepert et al. [105] applied 

this model for studying some binary systems containing alcohols. 

Interactions between two or more molecules are called intermolecular     

interactions, while the interactions between the atoms within a molecule are 

called intramolecular interactions.  Intermolecular interactions occur between all types 

of molecules or ions in all states of matter.  In a molecule the atoms are bound by the 

chemical bonds. The minimum energy required to disrupt a bond is termed as bond-

energy. In water the average bond-energy for O-H bonds is 463kJ/mol. On the other 

hand the forces that associate molecules are usually named as intermolecular forces. 

The intermolecular forces are much weaker than typical bond-energy; however, 

intermolecular forces play significant roles in determining the characteristic properties 

of substances.  

In general, intermolecular forces can be divided into several categories. The well-

known types are:  
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a. Strong ionic attraction: It deals the properties of solids. The higher lattice energy 

of a compound indicates the more ionic nature of the compound. 

 

b. Intermediate dipole-dipole forces:  

Dipole-dipole interactions           

generate when Molecules with 

permanent dipoles come close to each 

other. These types of interactions are 

electrostatic in nature.  The molecular 

dipole vectors orient themselves in 

 

such a way that they are pointed towards high electron density. Permanent dipoles 

generate in the molecules having highly different electro negativity atoms. The 

molecule with permanent dipole moment has high melting and boiling points. 

 

c. Ion-dipole forces:  

           When an ion comes close to a 

permanent dipole, the attractive forces 

generate between them generates the ion-

dipole force. 
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d. Weak London dispersion forces or van der Waal's force: 

       At a close proximity the temporary 

dipoles induced in atoms or molecules an 

attraction force arises is called the London 

dispersion force. A molecule with a 

permanent dipole can induce a dipole in a 

second molecule that is located nearby in 

space. The strength of such interaction is 

 

Ion-induced dipole interaction 

dependent on the dipole moment of the inducing molecule and the polarizability of 

the second. This produce always positive interaction and can stabilize the system 

contributing up to 0.5 kcal/mole of energy. 

In the liquid phases, there are diverse 

interactions among the molecules. The 

higher is the order of interaction 

between a molecule and a solvent, the 

higher is the solubility of the solute in 

the liquid phase. 

 

In general, the heavier is the molecule, the stronger is the Vander Waal's 

force of interaction, which is like increasing boiling point of the inert gases with 

increased mass.  
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e. Hydrogen bond: 

Hydrogen bond is generally 

constructed between the H atom 

bound with strong electronegative 

atom and other strongly 

electronegative atom. These strong 

electronegative atoms generally are  

nitrogen, oxygen and fluorine. Hydrogen bonds are totally different from the covalent 

bond of hydrogen). These can form between molecules (named as intermolecular 

hydrogen bond) or within a molecule (named as intramolecular hydrogen bond). These 

types of bonds are stronger than Van Der Waals interaction and contribute about 5 to 

30 kJ/mole of energy to stabilize a system. However, it is weaker than covalent or ionic 

bonds. In both organic and inorganic molecules such bonds are observed. Water, 

ammonia etc. molecules possess unusual physical properties such as melting point, 

boiling point etc. due to the formation of intermolecular hydrogen bond. Hydrogen 

bonds in some organic compounds containing –OH and -NH2 groups makes biologically 

essential. 

 

f. Covalent bonding: One of the most common chemical bonds is the  

Covalent bond, which is formed by the 

sharing of electrons between two atoms. 

Enthalpy of a covalent bond is about 400 

k Joule/mole. Some solids like diamond,  
 

silicon etc. are formed by the formation of covalent bond. These solids are of high 

melting and boiling as well as hard and brittle. Sometimes, covalent bonds hold atoms 

tighter than ionic bond. 

 

http://en.wikipedia.org/wiki/Ionic_bond
http://en.wikipedia.org/wiki/Ionic_bond
http://en.wikipedia.org/wiki/Van_der_Waals_force
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Covalent_bond
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g. Metallic bonding: A metallic bond is formed by the sharing of free 

electrons of metal atoms. The metallic bonds may be compared to molten salts. 

The positive ions and the electrons in the metal have a heavy attractive force 

between metallic bond. Hence metals frequently have high point of boiling or 

melting.  

 

The outer electrons, in a metal, are loosely bound to metal atoms and hence they are 

free to move across the entire metal.  

 A summary of the interactions is illustrated in the following diagram:  
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Intermolecular forces also have significance role in determining the solubility of a 

substrate. Furthermore, solubility is affected by (a) Energy of attraction (due Ion-dipole 

force) affects the solubility. (b) Lattice energy (energy holding the ions together in the 

lattice. (c) Charge on ions: larger charge means higher lattice energy and (d) Size of the 

ion: large ions mean smaller lattice energy. 

 

II.4. DENSITY 

In various fields like chromatography, solvent extraction, battery industry, 

interpretation of reaction mechanism etc., the mixed, aqueous, and non-aqueous 

solvents are used, depending on various physical models or radial distribution function.   

The volumetric information includes ‘Density’ as a function of weight, volume 

and mole fraction and excess volumes of mixing. One well-recognized approach is the 

use of thermodynamic methods to study the molecular interactions in liquid phase. 

Generally, the thermodynamic characteristics are suitable factors for understanding 

solute-solvent and solute-solute interactions in the solution. The change in enthalpy, 

entropy and Gibbs free energy represent the macroscopic state of the liquid system. 

However, the interpretation of such macroscopic properties in relations with molecular 

phenomena is very difficult. Sometimes higher derivatives of these properties can be 
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interpreted more effectively in terms of molecular interactions. The volumetric 

information may be of great importance in this regard. Various ideas concerning 

molecular processes in solutions like electrostriction [106]], hydrophobic 

hydration[107], micellization [108] and co-sphere overlap during solute-solvent 

interactions J.E. Desnoyers, M. Arel, H. Perron, C. Jolicoenn, J. Phys. Chem.73 (1969)] 

were derived and described studying partial molar volume in many systems. 

 

II.4.1. APPARENT AND PARTIAL MOLAR VOLUMES 

The volume contributed to a solvent by the addition of one mole of an ion is 

difficult to determine. This is so because, upon entry into the solvent, the ions change 

the volume of the solution due to a breakup of the solvent structure near the ions and 

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

electrostriction. Electrostriction is a general phenomenon and whenever there are 

electric fields of the order of 109-1010 V m-1, the compression of ions and molecules is 

likely to be significant. The effective volume of an ion in solution, the partial molar 

volume, can be determined from a directly obtainable quantity- apparent molar volume 

( V ). The apparent molar volumes, ( V ), of the solutes can be calculated by using the 

following relation [58]. 

 

 0
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c
                                                                        

(1) 

Here, M signifies molar mass of experimental solute, c signifies the molarity of the 

experimental solution; ρ and ρ0 signify densities of experimental solution and solvent 

accordingly. The partial molar volumes,
2v can be obtained from the equation [59 ] 

[109]. 
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II.d 

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

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

been made by four major equations over a period of years – the Masson equation[189], 
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the Redlich-Meyer equation [110], the Owen-Brinkley equation[190] and the Pitzer 

equation [111]. Masson found that the apparent molar volume of electrolyte, V , 

change with the square root of the molar concentration by the linear equation:      

 

0 *

V V VS c                                                            II.e 

where,
0

V  stands for apparent molar volume at infinite dilution and *

VS for experimental 

slope. The majority of V  data in water [112] and nearly all V data in non-aqueous 

[113] [114] [115] [116] [109]solvents have been extrapolated to infinite dilution 

through the use of equation (3). 

The temperature dependence of 
0

V or various investigated electrolytes in various 

solvents can be articulated by the general equations follows: 

 

0 2

0 1 2   V a aT a T                                                   II.f 

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

temperature in Kelvin.  

Using the following equation, the parameter limiting apparent molar expansibilities (

0

E ) is calculated. 

 

 0 0

1 2δ δ 2E V P
T a a T   

                                               
II.g 

0

E changes with temperature. According to Helper [117], long–range structure-making 

and structure-breaking capability of the electrolytes in mixed solvent systems can be 

determined by examining the sign of  
PE Tδδ 0 .The expression is used is as follows: 

 

   0 2 0 2

2δ δ δ δ 2E VP P
T T a  

                                       
II.h 

For positive or small negative value of   
PE Tδδ 0  the electrolyte is said to be a 

structure maker and for negative value, it is said to be structure breaker in that 

particular solvent system. Redlich and Meyer [110] suggested the equation: 
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0

v v v vS c b c                                                   II.i 

Where, 
3

2
vS Kw                                                       II.j 

SV is the theoretical slope, based on molar concentration, including the valence factor 

where  

20.5
j

i i

i

w Y Z 
                                                  

II.k 
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                             II.l 

In equation (10), K  is the compressibility of the solvent and the other terms having 

their usual significance. 

The Redlich-Meyer’s extrapolation equation [110] adequately represents the 

concentration dependence of many 1:1 and 2:1 electrolytes in dilute solutions; however, 

studies [109][110][118][112][113][114][115][117][119][120][121] on some 2:1, 3:1 

and 4:1 electrolytes show deviations from this equation. Thus, for polyvalent 

electrolytes, the more complete Owen-Brinkley equation [II.m] can be used to aid in the 

extrapolation to infinite dilution and to adequately represent the concentration 

dependency of V . The Owen-Brinkley equation [118] which includes the ion-size 

parameter, a (cm), is given by: 

 

   0 0.5 0.5        V V V V VS a c w a c K c
                  

II.m 

Where, the symbols have their usual significance. However, this equation is not widely 

used for non-aqueous solutions. 

 

    

II.5. VISCOSITY 

As fundamental and important properties of liquids, viscosity and volume could 

also provide a lot of information on the structures and molecular interactions of liquid 

mixtures. Viscosity and volume are different types of properties of one liquid, and there 

is a certain relationship between them. So by measuring and studying them together, 

relatively more realistic and comprehensive information could be expected to be gained. 
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The relationship between them could also be studied. The viscometric information 

includes ‘Viscosity’ as a function of composition on the basis of weight, volume and mole 

fraction; comparison of experimental viscosities with those calculated with several 

equations and excess Gibbs free energy of viscous flow. Viscosity, one of the most 

important transport properties is used for the determination of ion-solvent interactions 

and studied extensively [79, 80]. Viscosity is not a thermodynamic quantity, but 

viscosity of an electrolytic solution along with the thermodynamic property,
0

,2v , i.e., the 

partial molar volume, gives a lot of information and insight regarding ion-solvent 

interactions and the nature of structures in the electrolytic solutions. 

 

II.5.1. VISCOSITY OF ELECTROLYTIC SOLUTIONS 

The viscosity relationships of electrolytic solutions are highly complicated. 

Because ion-ion and ion-solvent interactions are occurring in the solution and 

separation of the related forces is a difficult task. But, from careful analysis, vivid and 

valid conclusions can be drawn regarding the structure and the nature of the solvation 

of the particular system. As viscosity is a measure of the resistance of adjacent, parallel 

moving planes of the liquid, anything that increases or decreases the interaction of the 

two planes will raise or lower the friction and thus, the viscosity. If large spheres are 

assumed to place in the liquid, the interacting planes will be set together to increase the 

viscosity of the liquid. Likewise, presence of hydrogen bonding will increase the friction 

between the planes, thereby viscosity. The ion with a bulky rigid co-sphere for a 

structure-promoting ion will behave as a rigid sphere placed in the liquid and increase 

the inter-planar friction. Similarly, an ion increasing the degree of correlation among the 

neighboring molecules of solvent will raise the viscosity. Conversely, ions destroying 

correlation would decrease the viscosity. In 1905, Grüneisen [122] performed the first 

systematic measurement of viscosities of a number of electrolytic solutions over a wide 

range of concentrations. He noted non-linearity and negative curvature in the viscosity 

concentration curves irrespective of low or high concentrations. In 1929, Jones and Dole 

[123] suggested an empirical equation quantitatively correlating the relative viscosities 

of the electrolytes with molar concentrations (c):  

1r

o

A c Bc





                                                   II.n 

 



General Introduction (Review of the Earlier Works) 

53 
 

The above equation can be rearranged as:  

1r A B c
c

 
                                                        II.o 

Where A and B are constants specific to ion-ion and ion-solvent interactions. The 

equation is applicable equally to aqueous and non-aqueous solvent systems where there 

is no ionic association and has been used extensively. The term A√c, originally ascribed 

to Grüneisen effect, arose from the long-range columbic forces between the ions. The 

significance of the term had since then been realized due to the development Debye-

Hückel theory [124] of inter-ionic attractions in 1923. The A -coefficient depends on the 

ion-ion interactions and can be calculated from interionic attraction theory [125] and is 

given by the Falkenhagen Vernon [126]-122 [127] equation: 
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Where, the symbols have their usual significance. In very accurate work on aqueous 

solutions [123], A-coefficient has been obtained by fitting ηr to equation (22) and 

compared with the values calculated from equation (23), the agreement was normally 

excellent. The accuracy achieved with partially aqueous solutions was however poorer 

[124]. A-coefficient suggesting that should be calculated from conductivity 

measurements. Crudden et al. [128] suggested that if association of the ions occurs to 

form an ion pair, the viscosity should be analysed by the equation: 

1 1r
i P

A c
B B

c

  

 

   
   

                                        
II.q 

Where A , Bi and BP are characteristic constants and a is the degree of dissociation of ion 

pair. Thus, a plot of (ηr-1-A√αc/αc) against (1−α)/α , when extrapolated to (1−α)/α= 0 

gave the intercept  Bi. However, for the most of the electrolytic solutions both aqueous 

and non-aqueous, the equation (22) is valid up to 0.1 (M)[127, 128]with in 

experimental errors. 

At higher concentrations the extended equation (25), involving an additional coefficient 

D, originally used by Kaminsky, has been used by several workers [128] , [129] and is 

given below: 

21r

o

A c Bc Dc
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The coefficient D cannot be evaluated properly and the significance of the constant is 

also not always meaningful and therefore, equation (22) is usedby the most of the 

workers. 

The plots of (η/ηo -1)/√c against √c for the electrolytes should give the value of 

A-coefficient. But sometimes, the values come out to be negative or considerably scatter 

and also deviation from linearity occur [130] [131]. Thus, instead of determining A- 

coefficient from the plots or by the least square method, the A -coefficient are generally 

calculated using Falkenhagen-Vernon equation (23).A -coefficient should be zero for 

non-electrolytes. According to Jones and Dole, the A -coefficient probably represents the 

stiffening effect on the solution of the electric forces between the ions, which tend to 

maintain a space-lattice structure [132]. The B -coefficient may be either positive or 

negative and it is actually the ion-solvent interaction parameter. It is conditioned by the 

ions and the solvent and cannot be calculated a priori. The B –coefficients are obtained 

as slopes of the straight lines using the least square method and intercepts equal to the 

A values. 

The factors influencing B - coefficients are: 

(1) The effect of ionic solvation and the action of the field of the ion in producing long-

range order in solvent molecules, increase η or B -value. 

(2) The destruction of the three dimensional structure of solvent molecules (i.e., 

structure breaking effect or depolymeriation effect) decreases η values. 

(3) High molal volume and low dielectric constant, which yield high B-values for similar 

solvents. 

(4) Reduced B-values are obtained when the primary solution of ions is sterically 

hindered in high molal volume solvents or if either ion of a binary electrolyte cannot be 

specifically solvated. 

 

II.6. IONIC ASSOCIATION 

The equation (93) successfully represents the behaviour of completely 

dissociated electrolytes. The plot of  against c (limiting Onsager equation) is used to 

assign the dissociation or association of electrolytes. Thus, if o exp is greater than o theo , 

i.e., if positive deviation occurs (ascribed to short range hard core repulsive interaction 

between ions), the electrolyte may be regarded as completely dissociated but if negative 
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deviation ( o exp o theo  ) or positive deviation from the Onsager limiting tangent (

o  )occurs, the electrolyte may be regarded to be associated. Here the electrostatic 

interactions are large so as to cause association between cations and anions. The 

difference in o exp  and o theo would be considerable with increasing association [133]. 

Conductance measurements help us to determine the values of the ion-pair association 

constant, KA for the process: 

 

z zM A MA    

2 2

(1 )
AK

c



  


  

2 21 AK c                                                                   II.s 

where 
is the mean activity coefficient of the free ions at concentration c  

For strongly associated electrolytes, the constant, KA and o has been determined using 

Fuoss-Kraus equation[134]or Shedlovsky’s equation [135]. 

 

    

 
 

 

  
 

  

  
  

   
  

    
                                                                                   

where ( ) ( )T z F z  (Fuoss-Kraus method) and 1/T(z)=S(z) (Shedlovsky’s method). 
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A plot of ( ) /T z    against 2 / ( )c T z  should be a straight line having 1/ o  for its 

intercept and 2/A oK   for its slope. Where AK  is large, there will be considerable 

uncertainty in the determined values of o  and AK  from equation (98). 

 The Fuoss-Hsia [136]conductance equation for associated electrolysis given by: 

3

22
1 2( ) ln( ) ( ) ( ) ( )o AS c E c c J c J c K c                             II.w 

The equation was modified by Justice [137] [138]. The conductance of symmetrical 

electrolytes in dilute solutions can be represented by the equations: 
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The conductance parameters are obtained from a least square treatment after setting,

2

2

e
R q

kT
  (Bjerrum’s critical distance). 

According to Justice the method of fixing the J -coefficient by setting, R = q clearly 

permits a better value of KA to be obtained. Since the equation (101) is a series 

expansion truncated at the 3/2c term, it would be preferable that the resulting errors be 

absorbed as must as possible by J2rather than by KA, whose theoretical interest is 

greater as it contains the information concerning short-range cation-anion interaction. 

From the experimental values of the association constant KA, one can use two methods 

in order to determine the distance of closest approach, a, of two free ions to form an 

ion-pair. The following equation has been proposed by Fuoss [139]: 
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In some cases, the magnitude of KA was too small to permit a calculation of a. The 

distance parameter was finally determined from the more general equation due to 

Bjerrum [140]. 
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The equations neglect specific short-range interactions except for solvation in which the 

solvated ion can be approximated by a hard sphere model. The method has been 

successfully utilized by Douheret[141]. 

 

II.6.1.  ION SIZE PARAMETER AND IONIC ASSOCIATION 

For plotting, equation (93) can be rearranged to the ‘ ’ function as: 

 

3
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With 2J  term omitted. 

Thus, a plot of o vs. c gives a straight line with o as intercept and J1as slope and ‘a’ 

values can be calculated from J1values. The ‘a’ values obtained by this method for DMSO 

were much smaller than would be expected from sums of crystallographic radii. One of 

the reasons attributed to it is that ion-solvent interactions are not included in the 

continuum theory on which the conductance equations are based. The inclusion of 

dielectric saturation results in an increase in ‘a’ values (much in conformity with the 

crystallographic radii) of alkali metal salts (having ions of high surface charge density) 

in sulpholane. The viscosity correction leads to a larger value of ‘a’ [286] but the 

agreement is still poor. However, little of real physical significance may be attached to 

the distance of closest approach derived from J1[287]. Fuoss[288] in 1975 proposed a 

new conductance equation. Latter he subsequently put forward another conductance 

equation in 1978 replacing the old one as suggested by Fuoss and co-workers. He 

classified the ions of electrolytic solutions in one of the three categories. 

(i) Ions finding an ion of opposite charge in the first shell of nearest neighbours (contact 

pairs) with rij=a. The nearest neighbours to a contact pair are the solvent molecules 

forming a cage around the pairs. 

 (ii) Ions with overlapping Gurney’s co-spheres (solvent separated pairs). For them rij= 

a+ns, where n is generally 1 but may be 2, 3 etc.;‘s’ is the diameter of sphere 

corresponding to the average volume (actual plus free) per solvent molecule.  

(iii) Ions finding no other unpaired ion in a surrounding sphere of radius R, the 

diameter of the co-sphere (unpaired ions). Thermal motions and interionic forces 

establish a steady state, represented by the following equilibria:  

 

A B (A B ) A B AB                    

Solvent separated ion-pair    Contact ion-pair   Neutral molecule 

 

Contact pairs of ionogens may rearrange to neutral molecules A B AB   , e.g.,H3O⁺ and 

CH3COO⁻. Let γ be the fraction of solute present as unpaired (r>R) ions. If cγ is the 

concentration of unpaired ion and α is the fraction of paired ions(r ≤ R), then the 

concentration of unpaired ion and c(1 )(1 )    and that of contact pair is c(1 )  . 

The equation constants for eq. 107 are: 
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Where KR describes the formation and separation of solvent separated pairs by diffusion 

in and out of spheres of diameter R around cations and can be calculated by continuum 

theory; KS is the constant describing the specific short-range ion-solvent and ion-ion 

interactions by which contact pairs form and dissociate. ES is the difference in energy 

between a pair in the states (r = R) and (r = a);  is ES measured in units of kT. 

Now, 

1
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1 SK
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and the conductometric pairing constant is given by: 
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The equation determines the concentration, cγ of active ions that produce long-range 

interionic effects. The contact pairs react as dipoles to an external field, X and contribute 

only to changing current. Both contact pairs and solvent separated pairs are left as 

virtual dipoles by unpaired ions, their interaction with unpaired ions is, therefore, 

neglected in calculating long-range effects (activity coefficients, relaxation field X and 

electrophoresis ( eX  ). The various patterns can be reproduced by theoretical 

fractions in the form: 
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which is a three parameter equation ( , , , ), /o Sc R E X X    (the relaxation field) and

e  (the electrophoretic counter current) are long range effects due to electrostatic 

interionic forces and p is the fraction of Gurney co-sphere. 

The parameters KR(or ES) is a catch-all for all short range effects: 
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In case of ionogens or for ionophores in solvents of low dielectric constant,   is very 

near to unity (-ES/kT) >> 1 and the equation becomes: 
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The equilibrium constant for the effective reaction, A B AB   , is then 
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as 1SK  . The parameters and the variables are related by the set of equations: 
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The details of the calculations are presented in the 1978 paper [288]. The shortcomings 

of the previous equations have been rectified in the present equation that is also more 

general than the previous equations and can be used for higher concentrations (0.1 N in 

aqueous solutions). 

      

II.6.2. LEE-WHEATON CONDUCTANCE EQUATION 

As Fuoss 1978 conductance equation contained a boundary condition error,[289, 

290] Fuoss introduced a slight modification to his model [142], [143]. According to him, 

the ion pairs (ion approaching with their Gurney co-sphere) are divided into two 

categories- contact pairs (with no contribution to conductance) and solvent separated 

ion pairs (which can only contribute to the net transfer of charge). To rectify the 

boundary errors contained in Fuoss 1978 conductance equation, Lee-Wheaton [144] in 

the same year described in the derivation of a new conductance equation, based on the 
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Gurney co-sphere model and henceforth the new equation is referred to as the Lee-

Wheaton equation [144]. The conductance data were analyzed by means of the Lee-

Wheaton conductance equation[145] in the form: 
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The mass action law association [295]is 
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and the equation for the mean ionic activity coefficient: 
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where C1to C5are least square fitting coefficients as described by Pethybridge and 

Taba[144], o is the limiting molar conductivity, ,A cK , is the association constant, i is 

the dissociation degree, q is the Bjerrum parameter and  the activity coefficient andβ= 

2q . The distance parameter R is the least distance that two free ions can approach 

before they merge into ion pair. The Debye parameter κ, the Bjerrum parameter q and ρ 

are defined by the expressions [144]: 
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where the symbols have their usual significance [297]. 

[1]. The equation (118) was resolved by an iterative procedure. For a definite R value 

the initial value of o and ,A cK , were obtained by the Kraus-Bray method [146]. The 

parameter o and ,A cK , were made to approach gradually their best values by a 

sequence of alternating linearization and least squares optimizations by the Gauss-

Siedel method. until satisfying the criterion for convergence. The best value of a 
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parameter is the one when equation [123] is best fitted to the experimental data 

corresponding to minimum standard deviation ( A ) for a sequence of 

predetermined R value and standard deviation ( A ) was calculated by the following 

equation: 
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Where n is the number of experimental points and m is the number of fitting  

parameters. The conductance data were analyzed by fixing the distance of closest 

approach R with two parameter fit (m=2). For the electrolytes with no significant 

minima observed in the A versus R curves, the R values were arbitrarily preset at the 

centre to centre distance of solvent-separated pair: 

 

R=a+d                                                                       II.ax 

Where, c ca r r    ,i.e., the sum of the crystallographic radii of the cation and anion and 

d is the average distance corresponding to the side of a cell occupied by a solvent 

molecule. The definitions of d and related terms are described in the literature [147] . R 

was generally varied by a step 0.1 Å and the iterative process was continued with 

equation [123]. 

 

II.6.3. LIMITING EQUIVALENT CONDUCTANCE 

The limiting equivalent conductance of an electrolyte can be easily determined 

from the theoretical equations and experimental observations. At infinite dilutions, the 

motion of an ion is limited solely by the interactions with the surroundings solvent 

molecules as the ions are infinitely apart. Under these conditions, the validity of 

Kohlrausch’s law of independent migration of ions is almost axiomatic. Thus: 

0 o o                                                           II.ay 

At present, limiting equivalent conductance is the only function which can be 

divided into ionic components using experimentally determined transport number of 

ions, i.e., 

  0 0ando ot t    

                                               II.az 
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 Thus, from accurate value of 0of ions it is possible to separate the contributions 

due to cations and anions in the solute-solvent interactions. However, accurate 

transference number determinations are limited to few solvents only.           

In the absence of experimentally measured transference numbers it would be 

useful to develop indirect methods to obtain the ionic limiting equivalent conductances 

in solvents for which experimental transference numbers are not yet available. Various 

attempts were made to develop indirect methods to obtain the limiting ionic equivalent 

conductance, in ionic solvents for which experimental transference numbers are not yet 

available. 

The method has been summarized by Krumgalz [148] and some important 

points are mentioned as follows: 

 

(i) Walden equation [302] 
25 25

o water o,water o acetone o,acetone( ) ( )                                                      II.ba 

 

(ii) 
4

o,pic o oo,Et N
( ) 0.267, 0.269       [301,302] (                                      II.bb 

based on 
4 pico,Et N 0.563   

Walden considered the products to be independent of temperature and solvent. 

However, the 
4 pico,Et N values used by Walden were found to differ considerably from 

the data of subsequent more precise studies and the values of (ii) are considerably 

different for different solvents.  

 

(iii) 25 25

o 4 o 4(Bu N ) (Ph B )                                                                                  II.bc 

The equality holds well in nitrobenzene and in mixture with CCl4 but not realized in 

methanol, acetonitrile and nitromethane. 

(iv) 25 25

o 4 o 4(Bu N ) (Bu B )   [303,304]                                           II.bd 

The method appears to be sound as the negative charge on boron in the Bu4B⁻ ion is 

completely shielded by four inert butyl groups as in the Bu4N⁺ ion while this 

phenomenon was not observed in case of Ph4B⁻. 

 

(v) The equation suggested by Gill is: 
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whereZ and ir are the charge and crystallographic  radius of proper ion, 

respectively: o  and  o  are solvent viscosity and dielectric constant of the 

medium, respectively; yr = adjustable parameter taken equal to 0.85 Å and 

1.13 Å for dipolar non-associated solvents and for hydrogen bonded and 

other associated solvents respectively. 

However, large discrepancies were observed between the experimental and calculated 

values [148] In a paper [149] Krumgalz examined the Gill’s approach more critically 

using conductance data in many solvents and found the method reliable in three 

solvents e.g. butan-1-ol, acetonitrile and nitromethane. 

 

(vi)    25 25

43o oi Am BuN Ph B                                                          
 II.bf 

It has been found from transference number measurements that the 

 25

3
   o i Am BuN and  25

4 

o Ph B values differ from one another by 1%. 

 

(vii)    25 25

4 4
1.01o oPh B i Am B                                                     II.bg 

The value is found to be true for various organic solvents. 

Krumgalz suggested a method for determining the limiting ion conductance in organic 

solvents. The method is based on the fact that large tetraalkyl (aryl) onium ions are not 

solvated in organic solvents due to the extremely weak electrostatic interactions 

between solvent molecules and the large ions with low surface charge density and this 

phenomenon can be utilized as a suitable model for apportioning o values into ionic 

components for non-aqueous electrolytic solutions. 

Considering the motion of solvated ion in an electrostatic field as a whole, it is 

possible to calculate the radius of the moving particle by the Stokes equation: 
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Where A is a coefficient varying from 6 (in the case of perfect sticking) to 4 (in case of 

perfect slipping). Since the 
Sr values, the real dimension of the non-solvated tetra alkyl 

(aryl) onium ions must be constant, we have: 

 

0 constanto                                                   II.bi 

This relation has been verified using 
o
 values determined with precise transference 

numbers. The product becomes constant and independent of the chemical nature of the 

organic solvents for the i-Am4B⁻, Ph4As⁺, Ph4B⁻ ions and for tetra alkylammonium 

cationstarting with Et4N⁺. The relationship can be well utilized to determine 
o
 of ions 

in other organic solvents from the determined o values. 

 

II.6.4. STOKES’ LAW AND WALDEN’S RULE 

The starting point for most evaluations of ionic conductances is Stokes’ law that 

states that the limiting Walden product (the limiting ionic conductance-solvent viscosity 

product) for any singly charged, spherical ion is as function only of the ionic radius and 

thus, under normal conditions, is constant. The limiting conductances   
 of a spherical 

ion of radius iR  moving in a solvent of dielectric continuum can be written, according to 

Stokes’ hydrodynamics, as  
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whereo = macroscopic viscosity by the solvent in poise, iR is in angstroms. If the radius 

iR is assumed to be the same in every organic solvent, as would be the case, in case of 

bulky organic ions, we get: 
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This is known as the Walden rule[150] [151]. The effective radii obtained using this 

equation can be used to estimate the solvation numbers. However, Stokes’ radii failed to 

give the effective size of the solvated ions for small ions. 
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 Robinson and Stokes [152], Nightingale [153] and others [154] [155] [156] have 

suggested a method of correcting the radii. The tetra alkylammonium ions were 

assumed to be not solvated and by plotting the Stokes’ radii against the crystal radii of 

those large ions, a calibration curve was obtained for each solvent. However, the 

experimental results indicate that the method is incorrect as the method is based on the 

wrong assumption of the invariance of Walden’s product with temperature. The idea of 

microscopic viscosity was invoked without much success[157] , [74]  but it has been 

found that: 

 

0 constanti

o                                                            II.bl 

Where p is usually 0.7 for alkali metal or halide ions and p = 1 for the  large ions [158], 

[159] Gill[160] has pointed out the inapplicability of the Zwanzig theory[161] of 

dielectric friction for some ions in non-aqueous and mixed solvents and has proposed 

an empirical modification of Stokes’ Law accounting for the dielectric friction effect 

quantitatively and predicts actual solvated radii of ions in solution. This equation can be 

written as: 
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where ir is the actual solvated radius of the ion in solution and yr is an empirical constant 

dependent on the nature of the solvent [160], [161]. 

 The dependence of Walden product on the dielectric constant led Fuoss to 

consider the effect of the electrostatic forces on the hydrodynamics of the system. 

Considering the excess frictional resistance caused by the dielectric relaxation in the 

solvent caused by ionic motion, Fuoss proposed the relation: 
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where R is the hydrodynamic radius of the ion in a hypothetical medium of dielectric 

constant where all electrostatic forces vanish and A is an empirical constant. 
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Boyd [281] gave the expression: 
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by considering the effect of dielectric relaxation in ionic motion;  is the Debye 

relaxation time for the solvent dipoles. Zwanzig [162] treated the ion as a rigid sphere of 

radius ir moving with a steady state viscosity, Vi through a viscous incompressible 

dielectric continuum. The conductance equation suggested by Zwanzig is: 
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where o

r and r
 are the static and limiting high frequency (optical) dielectric constants. 

6VA  and 3 / 8DA   for perfect sticking and 4VA   and 3 / 4VA   foe perfect slipping. It 

has been found that Born’s and Zwanzig’s equations are very similar and both may be 

written in the form: 
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The theory predicts [325] that  i

o  passes through a maximum of
1 1

4 427 / 4A B at 

1/4(3 )ir B .The phenomenon of maximum conductance is well known. The relationship 

holds good to a reasonable extent for cations in aprotic solvents but fails in case of 

anions. The conductance, however, falls off rather more rapidly than predicted with 

increasing radius. For comparison with results in different solvents, the equation 

[163]can be rearranged as [164]: 
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In order to test Zwanzig’s theory, the equation (152) was applied for Me4N⁺and Et4N⁺ in 

pure aprotic solvents like methanol, ethanol, acetonitrile, butanol and pentanol [74] 

[164] [165] [166] [167] [168]. Plots of *L against the solvent function *P were found to 
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be straight line. But, the radii calculated from the intercepts and slopes are far apart 

from equal except in some cases where moderate success is noted. It is noted that 

relaxation effect is not the predominant factor affecting ionic mobility and these 

mobility differences could be explained quantitatively if the microscopic properties of 

the solvent, dipole moment and free electron pairs were considered the predominant 

factors in the deviation from the Stokes’ law. 

[2]. It is found that the Zwanzig’s theory is successful for large organic cations 

in aprotic media where solvation is likely to be minimum and where viscous friction 

predominates over that caused by dielectric relaxation. The theory breaks down 

whenever the dielectric relaxation term becomes large, i.e., for solvents of high P* and 

for ions of small ri. Like any continuum theory Zwanzig has the inherent weakness of its 

inability to account for the structural features e.g., 

(i) It does not allow for any correlation in the orientation of the solvent 

molecules as the ion passes by and this may be the reason why the equation is not 

applicable to the hydrogen-bonded solvents [165]. 

(ii) The theory does not distinguish between positively and negatively charged 

ions and therefore, cannot explain why certain anions in dipolar aprotic media possess 

considerably higher molar concentrations than the fastest cations. 

The Walden product in case of mixed solvents does not show anyconstancy but it 

shows a maximum in case of DMF + water and DMA.  [164-168] [83] [169] [170] [171] 

[172] mixtures and other aqueous binary mixtures [173] [174] [174] [175] [176]-340]. 

To derive expressions for the variation of the Walden product with the composition of 

mixed polar solvents, various attempts[177] have been made with different models for 

ion-solvent interactions but no satisfactory expression has been derived taking into 

account all types of ion-solvent interactions because  

(i) it is difficult to include all types of interactions between ions as well as 

solvents in a single mathematical expression, and  

(ii) it is not possible to account for some specific properties of different kinds of 

ions and solvent molecules. 

Ions moving in a dielectric medium experience a frictional force due to dielectric 

loss arising from ion-solvent interactions with the hydrodynamic force. Though 

Zwanzig’s expression accounts for a change in Walden product with solvent 

composition but does not account for the maxima. According to Hemmes [178] the 
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major deviations in the Walden products are due to the variation in the electrochemical 

equilibrium between ions and solvent molecules of mixed polar solvent composition. In 

cases where more than one types of solvated complexes are formed, there should be a 

maximum and/or a minimum in the Walden product. This is supported from 

experimental observations. Hubbard and Onsager have developed the kinetic theory of 

ion-solvent interaction within the framework of continuum mechanics where the 

concept of kinetic polarization deficiency has been introduced. However, quantitative 

expression is still awaited. Further, improvements naturally must be in terms of(i) 

sophisticated treatment of dielectric saturation, (ii) specific structural effects involving 

ion-solvent interactions. From the discussion, it is apparent that the problem of 

molecular interactions is intriguing as well as interesting. It is desirable to explore this 

problem using different experimental techniques. We have, therefore, utilized four 

important methods, viz., volumetric, viscometric, interferometric and conductometric 

for the physico-chemical studies indifferent solvent media. 

 

 

II.7. REFRACTIVE INDEX 

 

Optical data (refractive index) of electrolyte mixtures provide interesting 

information related to molecular interactions and structure of the solutions, as well as 

complementary data on practical procedures, such as concentration measurement or 

estimation of other properties [182]]. 

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
  

 

 Whenever light changes speed as it crosses a boundary from one medium 

into another, its direction of travel also changes, i.e., it is refracted. The relationship 

between speed of light in the two mediums of different density (VA and VB) and the 

angles of incident light ( Asin ) and refracting light ( Bsin ) and also the refractive 

indices of the two differently dense mediums ( An and Bn ) is given as: 
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A A B

B B A

V sin n

V sin n




                                                         II.bu 

Thus, it is not necessary to measure the speed of light in a sample in order to determine 

its index of refraction. As an alternative, measurement of the angle of refraction, 

refractive index of the sample can be determined quite accurately with the known 

values of the index of refraction of the layer in contact of the analyzing sample. The 

refractive index of mixing can be correlated by the application of a composition-

dependent polynomial equation. Molar refractivity, was obtained from the Lorentz- 

Lorenz relation.  

 By using, nD experimental data according to the following expression 

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

Where, M is the mean molecular weight of the mixture and ρ is the mixture density. Dn

can be expressed as the following: 

 

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

whereA is given by: 
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                        II.bx 

Where, n1 and n2 are the pure component refractive indices, wj the weight fraction, ρ the 

mixture density, and ρ1 and ρ2 the pure component densities. 

The molar refractivity deviation is calculated by the following expression: 

 

1 1 2 2  R R R R                                                  II.by 

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 deviations of refractive index were used for the correlation of the binary 

solvent mixtures: 

1 1 2 2  D D D Dn n x n x n                                             II.bz 
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Where, ΔnDis the deviation of the refractive index for this binary system and nD, nD1, and 

nD2 are the refractive index of the binary mixture, refractive index of component-1, and 

refractive index of component-2, respectively. X is the mole fraction. 

The computed deviations of refractive indices of the binary mixtures are fitted 

using the following Redlich-Kister expression [[183]]. 
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II.ca 

Where Bp are the adjustable parameters obtained by a least squares fitting method, w is 

the mass fraction, and S is the number of terms in the polynomial. 

In case of salt-solvent solution the binary systems were fitted to polynomials of 

the form: 

,

1

 
N

i

Ds sol Dsol i

i

n n Am

                                                 

II.cb 

where nDs,sol is the refractive index of the salt + solvent system and nDsol is the refractive 

index of the solvent respectively, m is the molality of the salt in the solution, Ai are the 

fitting parameters, and N is the number of terms in the polynomial. 

For the ternary systems of the salt + solvent-1 + solvent-2 solutions a polynomial 

expansion[360 [184]].Similar to that obtained for the salt + solvent solutions was used 

to represent ternary refractive indices: 

 

1

 
P

i

D Dw i

i

n n C m

                                               
II.cc 

 nD is the refractive index of the ternary solution, Ci are the parameters, and P is the 

number of terms in the polynomial. 

 There is no general rule that states how to calculate a refractivity deviation 

function. Conversely, to a volume the molar refractivity is isomorphic; basing on this the 

ideal behavior in terms of mole fraction can be stated. To complete, both the 

calculations of refractivity deviance function, the deviation of molar refractivity was 

fitted to Redlich and Kister-type expression and the variable parameters and the 

relevant standard deviation ó were calculated for the expression in terms of volume 

fractions and in terms of mole fractions, respectively. 
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From the discussion, it is apparent that the problem of molecular interactions is 

intriguing as well as interesting. It is desirable to attack this problem using different 

experimental techniques. We have, therefore, utilized five important methods, viz., 

volumetric, viscometric, interferometric, conductometric and refractometric for the 

physico-chemical studies in different solvent systems.  
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III.1. NAME, STRUCTURE, PHYSICAL AND CHEMICAL PROPERTIES, 

PURIFICATION AND APPLICATIONS OF THE CHEMICALS USED IN THE 

RESEARCH WORK 

 

III.1.1. SOLVENTS 

The details of the aqueous and non-aqueous solvents used in the research work 

are given below:  

 

Water (H2O):               

 Water is an omnipresent chemical substance 

 is composed of hydrogen and oxygen and is essential 

 for all known forms of life.     In typical usage, water 

 refers only to its liquid form or state, but the 

substance also exists as solid state, ice, and a gaseous 

state, water vapour or steam. Water is a good solvent 

and is often referred to as the universal solvent. 
 

Source: Distilled water, distilled from fractional 

distillation method in Lab. 
 

Purification: Water was first deionised and then 

distilled in an all glass distilling set along with 

alkaline KMnO4 solution to remove any organic matter therein. The doubly distilled 

water was finally distilled using an all glass distilling set. Precautions were taken to 

prevent contamination from CO2 and other impurities. The triply distilled water had 

specific conductance less than 1 × 10-6 S∙cm-1.  

 

 

 

WATER 

State : Liquid 

Molecular Formula : H20 

Molecular Weight : 18.02 g∙mol-1 

Density :0.99713  g∙cm3 

Viscosity :0.891  mP∙s 

Refractive Index :1.3333 

Dielectric Constant :78.35 at 298.15K 

CHAPTER III 

EXPERIMENTAL SECTION 
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Application: Water is widely used in chemical reactions as a 

solvent or reactant and less commonly as a solute or catalyst. 

In inorganic reactions, water is a common solvent, dissolving 

many ionic compounds. Supercritical water has recently been a 

topic of research. Oxygen saturated supercritical water 

combusts organic pollutants efficiently. It easily forms 

hydrogen bond with other molecules and has suitable polarity 

to dissolve a numerous number of molecules and hence, it   is called the universal 

solvent. Water is the main component of life in this earth.  Not only a high percentage of 

living bodies, both plants and animals are found in water, all life on earth is thought to 

have arisen from water and the bodies of all living organisms are composed mostly of 

water. About 70 to 90 percent of all organic substance is water.  The chemical reactions 

in all plants and animals that support life take place in water medium. Water not only 

provides the medium to make these life sustaining reactions possible, but water itself is 

often an important reactant or product of all these reactions. In short, the chemistry of 

life is nothing but the “water chemistry.” 

 

Ethanol (EtOH):  

Ethanol, also known as methyl alcohol, 

wood alcohol, wood naphtha or wood 

spirits, is the simplest alcohol, and is a 

light, volatile, colourless, flammable, 

liquid with a distinctive odour that is 

very similar to but slightly sweeter than 

ethanol (drinking alcohol). 
 

Source: Merck, India. 
 

Purification: It was passed through 

Linde Å molecular sieves and then 

distilled [1] 

 

 

 

Ethanol 

Appearance :Colourless Liquid 

Molecular Formula :C2H6O 

Molecular Weight :46.07 g∙mol-1 

Density (300C) :0.8029 g∙cm3 

Viscosity  :0.948mP∙s (303.15K) 

Refractive Index :1.361(298.15 K) 

Dielectric Constant : 24.3 (298.15 K) 

Application: The largest use of methyl alcohol by far is in making other chemicals. 

Methanol is a traditional denaturant for ethanol, thus giving the term methylated spirit. 

Methanol is also used as a solvent, and as an antifreeze in pipelines. In some waste water 

http://en.wikipedia.org/wiki/Volatility_(chemistry)
http://en.wikipedia.org/wiki/Supercritical_water
http://en.wikipedia.org/wiki/Wastewater_treatment_plant
http://en.wikipedia.org/wiki/Flammable
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http://en.wikipedia.org/wiki/Ethanol
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http://en.wikipedia.org/wiki/Color
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treatment plants, a small amount of methanol is added to waste water to provide a food 

source of carbon for the denitrifying bacteria, which converts nitrates to nitrogen to reduce 

the denitrification of sensitive aquifers. Methanol is used on a limited basis to 

fuel internal combustion engines. Methanol is also useful as an energy carrier. It is easier to 

store than hydrogen, burns cleaner than fossil fuels, and is biodegradable. 

 

Ethylene glycol: (C2H6O2): 

 

Methanol (MeOH): 

           Methanol is the first alcohol of its 

homologues series. It is named as methyl 

alcohol or methanol, wood naphtha or 

wood alcohol. It is light, volatile, flammable, 

Colourless which has a distinctive odour.  
 

Source: Merck, India. 
 

Purification: It was passed through Linde 

4Å molecular sieves and then distilled [1]. 
 

Application: The largest use of methyl 

alcohol by far is in making other chemicals. 

About 40% of methanol is converted to  
 

 

                    Methanol 

Appearance: Liquid 

Molecular Formula: CH3OH 

Molecular Weight: 32.04 g/mol 

Boiling Point: 176 K 

Melting Point: 337.8 K 

Dielectric Constant: 32.70 at 298.15 K 

          Ethylene glycol is a hygroscopic liquid 

which has no colour, no odour, low-

volatility and low-viscosity. It is completely 

miscible with water and many organic 

liquids. The hydroxyl groups on glycols 

undergo the usual alcohol chemistry, giving 

a wide variety of possible derivatives. 
 

Source: Merck, India. 
 

Purification: It was dried with anhydrous 

CaSO4 and distilled under vacuum.  The 

distillate was passed through linde type 4 Å 

molecular sieves. [1] [2] 

                 

                   Ethylene glycol 

Appearance: Liquid 

Molecular Formula: C2H6O2 

Molecular Weight: 62.07 g/mol 

Boiling Point: 197.30C 

Melting Point: -12.90C 

Dielectric Constant: 40.97 at 250C 

 

http://en.wikipedia.org/wiki/Wastewater_treatment_plant
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formaldehyde, and from there into products as diverse as plastics, plywood, paints, 

explosives, and permanent press textiles. Methanol is a usual denaturant for ethanol 

and hence it is named as methylated spirit.  

Methanol is well known as solvent and another wide use is antifreeze substance 

in pipelines. In some waste water treatment plants, a small amount of methanol is 

added to waste water to provide a food source of carbon for the denitrifying bacteria, 

which converts nitrates to nitrogen to reduce the de nitrification of sensitive aquifers. 

Methanol is used on a limited basis to fuel internal combustion engines. Methanol is also 

useful as an energy carrier. It is easier to store than hydrogen, burns cleaner than fossil 

fuels, and is biodegradable. 

 

III.1.2 ELECTROLYTES AND NON-ELECTROLYTES 

The electrolytes ionic liquids, and non-electrolytes amino acids, respectively, and 

other chemicals than these two categories that are used in the research work have been 

describing follow: 

III.1.2.1 Ionic Liquids 

Tetrabutylphosphonium methanesulfonate: 

Tetrabutylphosphonium 

methanesulfonate is an ionic liquid with 

molecular formula C16H36PCH3SO3. 

Phosphonium-based ILs is less toxic, 

thermally more stable, and readily available 

in bulk quantities and less expensive. 

Source: Sigma-Aldrich, Germany 

Purification: Used as purchased 

Application: Phosphonium based ionic 

liquids are now days used as extraction 

solvents, chemical synthesis solvents, 

electrolytes in batteries and super-capacitors, 

and in corrosion protection 

Tetrabutylphosphonium methanesulfonate 

 
 

Tetrabutylphosphonium methanesulfonate 

Appearance: White powder 

Molecular Formula: C16H36PCH3SO3 

Molecular Weight: 354.53 g/mol 

Melting Point: 59-620C 
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ionic liquid is now appearing in applications as phase transfer catalysts , organic 

synthesis and electrochemical media [3]. 

 

1-Benzyl-3-methylimidazolium 

chlorides: 

It is an imidazolium based compound 

compounds. The nitrogen atom is joined to 

benzyl group which is hydrophobic in nature. 

They show a variety of physical, chemical, and 

biological properties and most compounds are 

soluble in water and strong electrolytes.  
 

Source: Sigma Aldrich, Germany 
 

Purification: Used as purchased. The purity of 

the chemical is ˃99.0% 
 

Application: The ionic liquid 1-Benzyl-3-methylimidazolium chlorides used for synthesis, 

antistatic Agent, detergent sanitisers, softner for textiles and paper products, phase 

transfer catalyst, antimicrobials, disinfection agents And sanitizers, Slimicidal Agents, 

Algaecide, Emulsifying Agents, Pigment Dispersers 

 

 

1-hexyl-3-methylimidazolium chloride: 

1-hexyl-3-methylimidazolium chloride is an 

imidazolium based ionic liquid with a hexyl group 

a methyl group attached to the two active nitrogen 

atoms. 
 

Source: Sigma Aldrich, Germany 
 

 

Purification: Used as purchased. The purity of the 

chemical is ˃98.50% 
 

 

Application:       1-hexyl-3-methylimidazolium 

chloride is widely used in industry as it can be 

 

  1-Benzyl-3-methylimidazolium chlorides 

Appearance: Crystalline 

Molecular Formula: C11H13ClN2 

Molecular Weight: 208.69 g∙mol-1 

 

1-hexyl-3-methylimidazolium chloride 

Appearance: Pale yellow liquid 

Molecular Formula: C10H19ClN2 

Molecular Weight: 202.72 g∙mol-1 

Relative Density: Not available 
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recycled infinitely and amenability to solvation at room temperature, making them 

excellent green solvents. 

 

1-butyl-4-methylpyridinium hexafluorophosphate: 

1-butyl-4-methylpyridinium 

hexafluorophosphate is a pyridinium based 

ionic liquid, of molecular formula C10H16F6NP, 

containing methyl, and butyl group with an 

active nitrogen atom. It exists in solid form. 
 

Source: Sigma Aldrich, Germany 
 

Purification: Used as purchased. The purity 

of the chemical is ˃99.0% 
 

Application: 

1-butyl-4-methylpyridinium hexafluorophosphate is used as solvents for 

polymerchemistry. The ionic liquid is good examples of neoteric solvents, new types of 

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

nisms, 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 andsolar 

cells) and so forth. In the modern technology, industry, and also in academic 

researchfield, the vast application is frequently increases.ronmentally 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 andsolar 

cells) and so forth. In the modern technology, industry, and also in academic 

researchfield, the vast application is frequently increases. 

 

 

 

 

 

 

1-butyl-4-methylpyridinium hexafluorophosphate 

Appearance: Solid 

Molecular Formula: C10H16F6NP 

Molecular Weight: 295.20 g∙mol-1 

Melting point: 318.15 K 
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Uric acid: 

The molecular structure of uric acid is the 

combination of carbon, nitrogen, oxygen and 

hydrogen with the formula C5H4N4O3. It forms 

ions and salts known as urates and acid 

urates, such as ammonium acid urate. Uric 

acid is produced by the metabolic break 

of purine nucleotides, and is found normally in 

urine. High blood concentrations of uric 

acid can lead to gout and are associated with 

other medical conditions including diabetes 

and the formation of ammonium acid 

urate kidney stones. 

 

Uric acid 

Appearance White crystals 

Molecular Formula C5H4N4O3 

Molecular Weight 168.11 g∙mol-1 

Melting point 573.15 K 

The molecular structure of uric acid is the combination of carbon, nitrogen, oxygen and 

hydrogen with the formula C5H4N4O3. It forms ions and salts known as urates and acid urates, 

such as ammonium acid urate. Uric acid is produced by the metabolic break of purine 

nucleotides, and is found normally in urine. High blood concentrations of uric acid can lead 

to gout and are associated with other medical conditions including diabetes and the formation of 

ammonium acid urate kidney stones. 
 

 

Source: Sigma Aldrich, Germany 
 

Purification: Used as purchased. The purity of the chemical is ˃99.0% 

 

III.1.2.2 Drug molecules 

Pyridine-2-aldoxime methochloride: 
 

 

Source: Sigma Aldrich, Germany  
 

 

Parlidoxime is an important drug and act as 

a nerve agent for the treatment of 

organophosphorus poisoning in the nervous 

system. Parlidoxime or 2-pyridine 

aldoximemethochloride (2-PAM) is an oxime 

based drug molecule. It has a suitable 

charged pyridine moiety and an oxime part 

resides at C-2 position of pyridine ring.  

 

Appearance : white crystaline solid 

Molecular Formula :  C7H9N2O·Cl 

Molecular Weight 172.61 g∙mol-1 

Melting Point : 503.15 K  
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https://en.wikipedia.org/wiki/Hyperuricemia
https://en.wikipedia.org/wiki/Urine
https://en.wikipedia.org/wiki/Kidney_stones
https://en.wikipedia.org/wiki/Hyperuricemia
https://en.wikipedia.org/wiki/Gout
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Diabetes
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Kidney_stones
https://en.wikipedia.org/wiki/Uric_acid#Medicine
https://en.wikipedia.org/wiki/Hyperuricemia
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Gout
https://en.wikipedia.org/wiki/Chemical_formula


Experimental Section 

79 

 

Purification: Used as purchased. The purity of chemical is more than 95.0% pure.  

 

Pentoxifylline:  

Pentoxifylline, C13H18N4O3, (3,7-dimethyl-1-(5-

oxohexyl)purine-2,6-dione), (PTX), is a 

nonselective methyl xanthine 

phosphodiesterase inhibitor, which improves 

the blood flow by decreasing viscosity. PTX, at 

the position 3, the C atom contains aliphatic 

chain with polar electrophilic carbonyl group. 

Source: Sigma Aldrich, Germany. 

Purification: Used as purchased. The purity of 

the chemical is ˃98.0%. 

 

III.1.2.3 Non-electrolytes  

α-Cyclodextrin (α-CD):  

α-Cyclodextrin is a cyclic 

oligosaccharide composed of 6 glucose 

groups. This is white amorphous solid 

with a cylinder like molecular structure.  

The structural arrangement makes it versatile in different fields. The properties are 

widely used in industry for various purposes. 
 

Source:  Sigma Aldrich, Germany. 
 

Purification: Used as parched. The purity is 99.98%. 
 

Application: α-Cyclodextrin is a new substance with high solubility in water and which 

has wide application in medicinal chemistry, food processing industry. Moreover, it is 

extensively used in modification of cosmetics, food stuffs etc.; whose function is to 

improve stability, solubility and good smell. In the production of medicine, it can 

strengthen the stability of medicine without being oxidized and resolving. On the other 

hand, it can improve the solubility. And the effect on living of medicine, lower the toxic 

and side-effect of medicine and cover the strange and bad smell. In the food industry, it 

is used to cover strange and bad smell of food, improve the stability of perfume and the  

 

               Pentoxifylline 

Appearance :Amorphous 

Molecular Formula : C13H18N4O3 

Molecular Weight : 278.31 g∙mol-1 

Solubility in water : 43mg.mol-1 
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condiment and keep food dry or wet at will. α-CD 

with a cavity diameter of 4.7-5.3Å, is of the good 

interest because it is easily available in market 

and its cavity size allows to encapsulate many 

common guest moieties like hormones, vitamins, 

and many compounds. This capability has also 

been of assistance for different applications in 

medicines, cosmetics, food technology, 

pharmaceutical, and chemical industries as well 

as in agriculture and environmental engineering 

as an encapsulating agent to protect sensitive 

molecules in hostile environment. 

 

β-Cyclodextrin (β-CD):  
 

β-Cyclodextrin is white amorphous solid compound 

composed of 7 glucose groups having a cylinder like 

molecular structure. The function of β- Cyclodextrin depends 

on its molecular structure which can be easy to integrate  

other materials. That feature is applied widely in industry 
 

Source:  Sigma Aldrich, Germany. 
 

Purification: Used as parched. The purity is 99.98%. 
 

 

Application: β-Cyclodextrin is a new stuff which can be widely applied in production of 

medicine and food. It can be applied widely in production of medicine, food and 

cosmetics, whose function is to improve stability, solubility and good smelled. In the 

production of medicine, it can strengthen the stability of medicine without being 

oxidized and resolving. On the other hand, it can improve the solubility. And the effect 

on living of medicine, lower the toxic and side-effect of medicine and cover the strange 

and bad smell. In the production of food, it can mainly cover strange and bad smell of 

food, improve the stability of perfume and condiment and keep food dry or wet at will. 

β-CD with a cavity diameter of 6.4-7.5 Å, is the most interest because its cavity size  

α-Cyclodextrin 

 

                  α-Cyclodextrin 

Appearance :Crystalline Powder 

Molecular Formula C42H70O35 

Molecular Weight :1134.98 g∙mol-1 

Melting Point :563.15-573.15 K 

Boiling Point :1814.33 K 

Relative Density :1.44  g∙cm-3 at 20oC 

Refractive Index :1.59 (nD
20) 
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allows for the best special fit for many common 

guest moieties. For this reason, β-cyclodextrin 

is widely used as host in the host-guest 

chemistry with various biologically active 

molecules such as hormones, vitamins, drug 

molecules and various compounds commonly 

used in tissue and cell-culture applications. 

This capability has also been of assistance for 

different applications in medicines, cosmetics, 

food technology, pharmaceutical, and chemical 

industries as well as in agriculture and 

environmental engineering as an encapsulating 

agent to protect sensitive molecules in hostile 

environment. 

 

III. 2 EXPERIMENTAL METHODS 

 

III.2.1 PREPARATION OF SOLUTIONS 

A sock solution for each salt was prepared by mass (digital electronic analytical 

balance, Mettler Toledo, AG 285, Switzerland), and the working solutions were obtained 

by mass dilution of the stock solution. The uncertainty of concentration (molarity or 

molality) of different working solutions was evaluated to be ±0.0002. 

 

III.2.2. PREPARATION OF MULTICOMPONENT LIQUID MIXTURES 

 The binary and multicomponent liquid mixtures can be prepared by any one of 

the methods discussed below: 

(a) Mole fraction 

(b) Weight fraction 

(c) Volume fraction 

 

(a) Mole fraction: The mole fraction (xi) of the multicomponent liquid mixtures 

can be prepared using the following relation: 

 

β-Cyclodextrin 

Appearance :Crystalline Powder 

Molecular Formula :C42H70O35 

Molecular Weight :1134.98 g∙mol-1 

Melting Point :563.15-573.15 K 

Boiling Point :1814.33 K 

Relative Density :1.44  g∙cm-3 at 20oC 

Refractive Index :1.59 (nD
20) 
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 Where, wi, and Mi are weight and molecular weight of ith component, respectively. 

The values of idepends on the number of components involved in the formation 

of a mixture. 

 

(b) Weight fraction: The mole fraction (wi) of the multicomponent liquid mixtures 

can be prepared using the following relation: 
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(c) Volume fraction: The volume fraction (ϕi) of the multicomponent liquid 

mixtures can be prepared by following employing three methods: 

i. Using volume: The volume fraction (ϕi) of the multicomponent liquid 

mixtures can be prepared by following relation 

i
i n

i

i

V

V








1

 

Where, Vi, is the volume of pure liquid i. 

 

ii. Using molar volume: The volume fraction (ϕil) of the multicomponent 

liquid mixtures can be prepared by following relation 
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Where, Vmi is the molar volume of pure liquid i. 

 

iii. Using excess volume: The volume fraction (ϕiex) of the multicomponent 

liquid mixtures can be prepared by following relation 

ex i i
i n

E

i i

i

xV

( xV ) V
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Where, VE is the excess volume of the liquid mixture. 
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III.2.3 MEASUREMENTS OF EXPERIMENTAL PROPERTIES 

III.2.3.1 MASS MEASUREMENT 

Using digital electronic analytical 

balance Mettler Toledo, AG 285, 

Switzerland, mass in different cases were 

measured.  

It can measure mass with a very high 

precision and accuracy. The weighing pot is 

of high accuracy and precision (0.0001g) is 

kept inside a glass enclosure with sliding 

doors to protect from dust and air currents. 

 

Instrument Specification: 

 

Readability  : 0.1 mg/ 0.01mg 

Maximum capacity : 210 g/81g/41g 

Taring range : 0. . . . 210 g 

Repeatability  : 0.1 mg/ 0.05 mg 

Linearity : ±0.2 mg/±0.1 mg 

Stabilization time : 3 s/ 15 s 

Adjustment with external 

weights 

:200 g 

Sensitivity  : ±0.003% 

Display  : LCD 

Interface : Local CAN universal 

interface  

Weighing  : Ф 85 mm, stainless steel  

Effective height above pan  : 240 mm 

Dimensions(w/d/h) : 205×330×310 mm 

Net wt./with packaging : 4.9 kg/7.25 kg 
 

III.2.3.2 CONDUCTIVITY MEASUREMENT 

Conductivity measurement was done using Systronics Conductivity TDS meter-308. It 

can provide both automatic and manual temperature compensation. Systronic 

Conductivity-TDS meter 308 is a microprocessor based instrument used for measuring 
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specific conductivity of the solution. It can provide both automatic and manual 

temperature compensation. Provision for storing the cell constant and calibrating 

solution type, is provided with the help of battery back-up. This data can be further used 

for measuring the conductivity of an unknown solution, without re calibrating the 

instrument even after switching it off.  

 

 

Systronic-308 Conductivity Bridge 

The conductance measurements were carried out on this conductivity bridge of 

accuracy ±0.01%, using a dip-type immersion conductivity cell, CD-10 having a cell 

constant of approximately (0.1±0.001) cm-1. Measurements were made in a thermostate 

water bath maintained at T = (298.15 ± 0.01) K. The cell was calibrated by the method 

proposed by Lind et al [4] and cell constant was measured based on 0.01 M aqueous KCl 

solution [5]. During the conductance measurements, cell constant was maintained 

within the range 1.10–1.12 cm−1. The conductance data were reported at a frequency of 

1 kHz with the accuracy of ±0.3%. The conductivity cell was sealed to the side of a 500 

cm3 conical flask closed by a ground glass fitted with a side arm through which dry and 

pure nitrogen gas was passed to stop admittance of air into the cell during the addition 

of solvent or solution. The measurements were made in a thermostatic water bath 

maintained at the required temperature with an accuracy of  0.01 K by means of 

mercury in glass thermoregulator [6]. 
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Instrument Specifications 

 

Frequency :100 Hz or 1 KHz Automatic 

Range : 0.1 µS to 100 mS. (6 decadic range) 

Accuracy : ±1% of F.S. ±1 digit 

Resolution : 0.001 µs 

TDS  

Range :0.1 ppm to 100 ppt. (6 decadic range) 

Accuracy : ±1% of F.S. ±1 digit 

Temperature  

Range : 0oC to 100oC (Auto/Manual) 

Accuracy : ± 0.2 oC ±1 digit 

Resolution : 0.1 oC 

Cell Constant : Acceptable from 0.1 to 5.0 

Auto Temp. 

Compensation 

 

: 0oC to 100oC with PT 100 sensor 

Manual Temp. 

Compensation 

 

: 0oC to 60oC user selectable 

Conductivity temp. Co-

efficient 

 

: 0.0% to 9.9% user selectable  

Display : 7 digits, 7 segment LEDs 

   (3 digits for TEMP/TEMPCO 

4 digits for Conductivity/TDS) 

With automatic decimal point selection 

TDS-factor : 0.00 to 9.99 user selectable  

Printer Port : Epson compatible 80 Column Dot 

Matrix 

Power : 230V AC, ±10%, 50 Hz 

Dimensions : 250(W)× 205(D)× 75(H) 

Weight : 1.25 Kg (Approx.) 

Accessories : i) Conductivity cell, cell constant 0.1 

 ii) Conductivity cell, cell constant 1.0 

  iii) Temp. Probe (PT-100 sensor) 

  iv) Stand & Clamp 
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Solutions were prepared by weight precise to ± 0.02 %. The weights were taken 

on a Mettler electronic analytical balance (AG 285, Switzerland). The molarity being 

converted to molality as required. Several independent solutions were prepared and 

runs were performed to ensure the reproducibility of the results. Due correction was 

made for the specific conductance of the solvents at desired temperatures. The 

following figure shows the Block diagram of the Systronics Conductivity-TDS meter 308. 

 

III.2.3.3 DENSITY MEASUREMENT 

The density measurement was performed with the help of Anton Paar DMA 

4500M digital density-meter with a precision of ±0.0005 g⋅cm-3. 

 

 

 

 

Anton Paar DMA 4500M digital density-meter 

 

In the digital density meter, the mechanic oscillation of the U-tube is e.g. 

electromagnetically transformed into an alternating voltage of the same frequency. The 

period τ can be measured with high resolution and stands in simple relation to the 

density ρ of the sample in the oscillator: 

ρ = A ∙ τ2 - B      (III.a) 

A and B are the respective instrument constants of each oscillator. The values of 

A and B are determined by the calibration with the solutions of two different substances of 

known densities ρ1 and ρ2. Modern instruments calculate and store the constants A and 

B after the two calibration measurements, which are mostly performed with air and 

water. They produce suitable values to balance various influences during the 

measurement, 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 triply-

distilled water and dry air.   

http://en.wikipedia.org/wiki/Frequency
http://en.wikipedia.org/wiki/Air
http://en.wikipedia.org/wiki/Voltage
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Oscillation
http://en.wikipedia.org/wiki/Water
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Instrument Specification: 

 

Density : 0  to 1.5 g.cm-3 

Temperature : 15oC to 25oC  

Pressure : 0 to 6 bar 

Repeatability Standard deviation 

Density : 0.00001 g.cm-3 

Temperature : 0.01 oC 

Additional information  

Minimum sample volume : approx. 2 ml 

Dimensions (L×W×H) : 400×225×231 mm 

Weight : approx. 15 kg 

Automatic bubble detection : yes 

Interfaces : 2×CAN 

Power  : Supplied by the master 

instrument 

 

III.2.3.4 VISCOSITY MEASUREMENT 

 

Brookfield DV-III Ultra Programmable Rheometer: The viscosities (η) were 

measured using a Brookfield DV-III Ultra Programmable Rheometer with fitted spindle 

size-42. The viscosities were obtained using the following equation 

η = (100 / RPM) × TK × torque × SMC 

Where, RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque 

constant and spindle multiplier constant, respectively. The calibration of the instrument 

was done using the standard viscosity sample solutions supplied with the instrument, 

water and aqueous CaCl2 solutions [7]. The temperature was maintained to within ± 

0.01°C using Brookfield Digital TC-500 thermostat bath. This instrument provides 

viscosity values with an accuracy of ± 1 %. Each measurement was reported as an 

average of three separate reading with a precision of 0.3 %. 
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Instrument Specifications: 

Speed Range  : 0-250 RPM, 0.1 RPM increments 

Viscosity Accuracy : ±1.0% of full scale range for a 

specific spindle running at a 

specific speed. 

Temperature sensing range : -100°C to 300°C (-148°F to 572°F) 

Temperature accuracy : ±1.0°C from -100°C to 150°C 

  ±2.0°C from +150°C to 300°C 

Analog Torque Output : 0 - 1 Volt DC (0 - 100% torque) 

Analog Temperature Output : 0 - 4 Volts DC (10mv / °C) 

 

III.2.3.5 REFRACTIVE INDEX MEASUREMENT 

 Refractive index was be measure with the help of Digital 

Refractometer (Mettler Toledo 30GS). 

The instrument was calibrated using double-distilled water, toluene, 

cyclohexane, and carbon tetrachloride at defined temperature. The 

accuracy of the instrument is ±0.0005. A few drops of the sample 

solution were placed onto the measurement cell and the value of 

refractive index was taken. As refractive index is dependent on 
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temperature, refractometer is designed to determine the temperature to produce the 

exact value.  

 

              Specifications-Refracto 30GS- extended RI measuring range 

Model : Refracto 30GS 

Measurement range  : 1.32 -1.65  

Resolution : 0.0001 

Accuracy : +/- 0.0005 

Measurement range BRIX : 0 - 85 Brix%  

Resolution : 0.1 Brix% 

Accuracy  : +/- 0.2 Brix% 

Temperature range : 10 - 40° 

Resolution of temperature : 0.1° 

display : °C or °F 

Trade Name  : 51324660 

 

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 (aka refractive index or nD) for the substance. 

D

Speed of light inavacuum
Refractiveindex of the substance(n ) =

Speed of light insubstance
  (III.b) 

A A B

B B A

V sin n

V sin n




       (III.c) 

Hence, without measuring the speed of light in a sample its index of refraction can easily 

be determined. It measures angle of refraction with refraction index of the layer which 

is in contact with the solution of the sample and calculates the refractive index precisely 

[8] [9] Nearly all refractometers utilize this principle, but may differ in their optical 

design. 
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 A light from its source is projected towards the illuminating prism with ground 

bottom surface that means roughened like a ground-glass joint so that each point on 

this surface can be regarded as producing light rays to be travelled in all directions. As 

in figure2 light propagating from point A to point B with largest angle of incidence (qi) 

and consequently the largest possible angle of refraction (qr) for a particular sample. 

Rest of the rays of light which go into the refracting prism with qr and consequently get 

revealed to the left of point C. Thus, the detector positioned on the back side of the 

refracting prism would show a light region to the left and a dark region to the right. 

 

III.2.3.6 SURFACE TENSION MEASUREMENT 

           Surface tension was measured by using Digital 

Tensiometer KRUSS K9 (Germany). The tensiometer is a 

precision instrument which will only perform reliably 

on a solid and vibration-free base. It places the same 

demands on its surroundings as a laboratory balance 

with a resolution of 0.1 mg. In addition surface tension 

measurements require a clean and dust-free atmosphere 

as atmospheric pollutants could directly falsify the 

results. 
 

 

III.2.3.7 FT-IR MEASUREMENT 

Infrared spectra were recorded in 8300 FTIR spectrometer (Shimadzu, Japan). 
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The intensity of light (I0) passing through a blank is measured. The intensity is the 

number of photons per second. The blank solution is identical to the sample solution 

only differing in the case that it does not contain the substrate which absorbs light. The 

intensity of light (I) passing through the sample solution is measured. (In practice, 

instrument measures the power rather than the intensity of the light per second, which 

is the result of the flow of the photons per second (or intensity) and the energy per 

photon. The experimental data is used to calculate two quantities: the transmittance (T) 

and the absorbance (A).  

10

0

I
T ; A log T

I
         (III.d) 

The fraction of light in the original beam passing through the sample and reaches the 

detector is the transmittance.  

 

III.2.3.8 UV-VIS SPECTRA MEASUREMENT 

Compounds that absorb Ultraviolet and/or visible light have characteristic 

absorbance curves as a function of wavelength.  Absorbance of altered wavelengths of 

light arises as the molecules travel to upper energy states. 

The UV-VIS spectrophotometer uses two light sources, a deuterium (D2) lamp for 

ultraviolet light and a tungsten (W) lamp for visible light. After bouncing from a 

specially designed mirror, the light beam travels through a narrow slit and hits a 

diffraction grating. The grating can be rotated allowing for a specific wavelength to be 

selected. At any specific orientation of the grating, only monochromatic (single 
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wavelength) successfully passes through a slit. A filter is used to remove unwanted 

higher orders of diffraction. There is a half mirror where half of the light is reflected and 

the other half passes through. Before the half mirror the light beam hits a second mirror 

to avoid the splitting. The spectra of the solvent is first recorded and saved to use it 

further as reference while recording the spectra of the sample. The intensities of the 

light beams are then measured at the end. Regarding this the Beer-Lambert law has 

been stated below[10]. 

 

Beer-Lambert Law 

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

proportional to the following: 

(i) Path length (b), the longer the path, more photons should be absorbed 

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

absorbed 

(iii) Intensity of the incident light (I), more photons means more opportunity for a 

molecule to see a photon. Thus, dI is proportional to bcI or dI/I = - kbc (where k is a 

proportionality constant, the negative sign is shown because this is a decrease in 

intensity of the light, this makes b, c and I always positive. equation leads to Beer-

Lambert’s law [11]: 

 

- lnI/I0 = kbc                                     (III.8) 

- log I/I0= 2.303kbc                          (III.9) 

ε = 2.303k                                         (III.10) 
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A = - log I/I0                                        (III.11) 

A = εbc                                              (III.12) 

 

A is defined 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.2.3.9. NMR SPECTRA MEASUREMENT 

As on the strength of the magnetic field the resolution is mainly dependent, the 

NMR spectrometers are designed with very strong, big and liquid helium-

cooled superconducting magnet. Less expensive machines where permanent magnets 

are used are also available, which still give sufficient performance for certain 

application such as reaction monitoring and quick checking of samples but resolution is 

quite low.  

 

The protons of the solvents, as most regular solvents are hydrocarbons, are NMR 

active. Thus, deuterium (hydrogen-2) is substituted (99+ %). Generally 

deuterochloroform (CDCl3) is used as a solvent. Apart from deuterochloroform 

deuterium oxide (D2O) and deuterated DMSO (DMSO-d6) are also used where 

applicable. While recording the NMR spectra often known solvent residual proton peak 

was taken as the internal standard where applicable instead of 

https://en.wikipedia.org/wiki/Hydrocarbon
https://en.wikipedia.org/wiki/Superconducting
https://en.wikipedia.org/wiki/Liquid_helium
https://en.wikipedia.org/wiki/Deuterium
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adding tetramethylsilane NMR spectra were recorded in D2O unless otherwise stated. 

1H NMR spectra were recorded at 300 MHz and 400 MHz using Bruker ADVANCE 500 

MHz and Bruker ADVANCE 400 MHz instruments respectively at 298.15K. Signals are 

quoted as δ values in ppm using residual protonated solvent signals as internal 

standard (D2O : δ 4.79 ppm). Data are reported as chemical shift [12] [13]. 

 

III.2.3.10. MASS SPECTROMETRY 

 

HRMS analyses were studied with Q-TOF 

high resolution instrument by positive 

mode electro-spray ionization. 

 

 

 

 

Other Instruments Used: 

III.2.3.10. WATER DISTILLER 

Water from the natural sources is manually or automatically fed into steaming 

chamber of the distiller unit’s. The steam arises from the steaming chamber is passed 

through a built-in vent to condenser where the steam gets converted into water which 

then passes through and store into a container. Minerals and salts due to high boiling 

point remains in the boiling chamber as hard deposits or scale. The distilled water is 

then collected in a storage tank. If the unit is an automatic model, it is set to operate to 

fill the storage tank. The distillation apparatus contains a flask with heating elements 

embedded in glass and fused in spiral type coil internally of the bottom and tapered 

round glass, joins at the top double walled condenser with B-40/B-50ground glass 

joints, suitable to work on 220 volt 50 Hz AC supply. 
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III.2.3.11. THERMOSTAT WATER BATH (Science India, Kolkata): 

Temperature was controlled using thermostatic water bath and in which the 

experiments were also carried out. The temperature was maintained with an accuracy 

of  0.01 K of the desired temperature. Brookfield TC-550 water bath was used for 

viscometric measurements and other experiments.  

Features and Benefits of Brookfield TC-550 water bath 

 Provides standalone operation - no tap water required 

 Easy control of set-point 

 Configured to measure viscosity directly in the bath - accommodates 600 mL 

beaker 

 Programmable Controller version is designed to automate sample temperature 

control. 

 Built-in circulator pumps to external devices. 

 



Experimental Section 

96 

 

 

Laboratory water bath is a system in which a vessel containing the material to be heated 

is placed into or over the one containing water and to quickly heat it. These laboratory 

equipment supplies are available in different volumes and construction with both 

digital and analogue controls and greater temperature uniformity, durability, heat 

retention and recovery. The chambers of water bath lab products are manufactured 

using rugged, leak proof and highly resistant stainless steel and other lab supplies. 

 



 



 

CHAPTER-IV 

 

Investigation of Diverse Interactions of Lithium Hexafluoroarsenate 

Prevailing in Pure and Mixed Industrial Solvent Systems by 

Physicochemical Methodology 

 

 

IV.1. Introduction 

Conductivities of electrolytes in various pure and mixed solvent systems are of 

much interest to chemists. The electrical conductivity of electrolytes in mixed solvent 

solutions mainly depends upon the concentration of the electrolyte and also upon the 

viscosity of the solvent. The use of mixed solvents in high energy[1]batteries has also 

extended the horizon in the field of mixed solvent systems[2, 3] Considering the latest 

development in battery industries, lithium-ion batteries are the best available energy 

source in the market. Lithium-ion rechargeable batteries[4] are widely used in various 

kinds of portable electric devices because of their high performance with large capacity 

and high output voltage[5]. The development of electrolyte solutions with high ionic 

conductivity is needed for high performance lithium ion batteries. The electrolyte 

solution requires high ionic conductivity, low melting point, high boiling point, and high 

chemical and electrochemical stabilities for the batteries of high performance as well as 

in practical usages[6]. Therefore, study of the behavior of lithium ion in different solvent 

systems helps in the production of more useful and most effective batteries[7]. 

The study of thermodynamic and transport properties gives a magnificent 

information about the molecular interactions occurring in solution systems. Volumetric 

and viscometric studies also deals an idea about the different molecular interactions 

prevailing in salt solutions containing pure and mixed solvent systems and help in the 

better understanding of the behaviour of the salt with different solvents. Studies on the 

apparent/partial molar volumes, viscosity coefficient of electrolytes and the 

dependence on concentration of solution have been undertaken as a function, for 

studying the ion-ion and ion-solvent interactions. 
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 The solvents used in this study find wide industrial usage. The mixture of these two 

solvents provides a wide range of variation of thermodynamic properties as viscosity, 

relative permittivity etc. The variation in these properties has been taken into 

consideration, as these properties help in determining the extent of ion-solvent and 

solvent-solvent interactions occurring in the solution systems. 

 This work is an attempt to understand the thermodynamics of lithium 

hexafluoroarsenate (LiAsF6) in different mass fraction (w1) of ethylene glycol (EG) in 

methanol (MeOH) at 298.15K, in order to explore the molecular interactions occurring 

in the systems. The results are useful for the interpretation of the nature of interactions 

that occur between the salts and mixed solvent systems. Thermodynamic parameters 

are evaluated and discussed. 

 

IV.2. Experimental Section 

IV.2.1. Materials 

Lithium hexafluoroarsenate (LiAsF6) has been procured form Sigma Aldrich, 

Germany and used as purchased. The mass fraction purity of LiAsF6 was 0.98. Methanol 

(MeOH) and ethylene glycol (EG) were procured from Merck, India and were purified by 

standard methods[8]. The purity of the solvents was 99%. 

 

IV.2.2. Apparatus and procedure 

Binary solvent mixtures were prepared by mixing the required volumes of 

ethylene glycol and methanol using the appropriate conversion of the required mass of 

each liquid into volume at 298.15 K using solvent density (Table 1). A stock solution for 

each salt was prepared by mass (Mettler Toledo AG-285 with uncertainty ± 0.0003g), 

and the working solutions were obtained by mass dilution in both pure and mixed 

solvents. The uncertainty of molarity of different salt solutions was evaluated to be ± 

0.0001 mol·dm-3.  

 The values of relative permittivity (ε) of the solvent mixtures were assumed to 

be an average of those of the pure liquids and calculated using the procedure as 

described by Rohdewald and Moldner[9]. The physical properties of the binary solvent 

mixtures of different mass fractions at 298.15 K are listed in  
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Table1. Density (ρ), viscosity () and relative permittivity (ε) of solvent mixtures at 

298.15 K 

Mass fraction of 

EG (w1) in MeOH 

aρ10-3 / kg m-3 b /mPa·s 
ε 

Expt Lit Expt Lit 

w1=0.00 0.78590 0.78660c 0.54 0.5445c 32.7 c 

w1=0.25 0.86436 - 2.03 - 34.7d 

w1=0.50 0.94433 - 4.17 - 36.7d 

w1=0.75 1.02077 - 7.45 - 38.7d 

w1=1.00 1.10900 1.10980c 16.88 16.90 c 40.7c 

a uncertainity in the density values: ±0.00002·10-3 kg m−3. 

b uncertainity in the viscosity values: ±0.003 mPa s. 

c ref [10]. 

d calculated using the procedure described in ref [9].  

 

The conductance measurements were performed in a Systronics-308 conductivity 

bridge (accuracy ± 0.01 %) using a dip-type immersion conductivity cell, CD-10, having 

a cell constant of 0.1 ± 0.001 cm-1. A water bath maintained within T = (298.15 ± 0.01) K 

was used and the cell was calibrated by the method proposed by Lind et al[11]. The 

conductance data were reported at a frequency of 1 kHz and were uncertain to ±0.3%. 

The measurement of density (  ) was done by vibrating-tube Anton Paar 

density-meter (DMA 4500M) with a precision of ±0.0005g·cm-3. It was calibrated by 

double-distilled water and dry air. The temperature was automatically kept constant 

within ± 0.01K.   

 The viscosity was also measured with the help of Brookfield DV-III Ultra 

Programmable Rheometer with spindle size-42 fitted to a Brookfield Digital Bath TC-

500. The temperature was controlled by the Brookfield Digital Bath TC-500. The 

uncertainty of the viscosity values are ±0.03K.  

 

IV.3. Results and Discussion 

IV.3.1 Conductance Measurement 

        The experimental values of equivalent conductances (Λ) of the electrolyte measured 

at the corresponding molar concentrations(c) are given in Table 2. The conductance 

results have been analysed using the Fuoss conductance equation[12, 13]. 
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Table2. The concentration (c) and molar conductance (Λ) of LiAsF6 in different mass 

fraction of EG (w1) in MeOH at 298.15 K 

dc ·104/ 

mol·dm−3 

eΛ·104/ 

S·m2·mol−1 

dc ·104/ 

mol·dm−3 

eΛ·104/ 

S·m2·mol−1 

dc ·104/ 

mol·dm−3 

eΛ·104/ 

S·m2·mol−1 

w1=0.00 w 1=0.25 w 1=0.50 

12.91 93.35 11.45 71.55 9.93 49.85 

17.87 91.22 20.99 69.22 18.21 47.39 

22.13 89.64 29.06 66.64 25.21 45.64 

25.81 88.38 35.98 65.38 31.22 44.38 

29.04 87.25 41.98 63.25 36.42 43.25 

34.42 85.65 47.22 62.65 40.97 42.45 

40.56 84.02 51.85 62.02 44.99 41.72 

45.17 82.82 55.97 60.82 51.75 40.72 

51.63 81.32 59.65 60.32 59.60 39.62 

55.93 80.45 68.69 58.45 65.56 38.65 

w1=0.75 w1=1.00 

11.45 21.85 5.68 3.85 

20.99 19.79 12.83 3.39 

29.06 18.34 19.28 3.04 

35.98 17.28 24.98 2.78 

41.98 16.55 30.02 2.55 

47.22 15.75 34.48 2.35 

51.85 15.22 38.45 2.22 

55.97 14.72 42.01 2.12 

59.65 14.42 45.20 2.02 

68.69 13.45 53.11 1.82 

d Uncertainity in the molarity: ±0.0002 mol dm−3. 

e Uncertainity in the molar conductance: ±0.01 S m2 mol−1 

 

Three adjustable parameters namely the limiting molar conductivity (Λ0), the 

association constant (KA, A association constant describing the bonding affinity of two 

molecules at equilibrium, especially the bonding affinity of lithium hexafluoroarsenate 
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and solvent molecule.) and the distance of closest approach of ions (R) are derived for a 

given set of conductivity values (cj, Λj, j = 1,…., n) from the following set of equations. 
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here the relaxation field effect is denoted by RX , EL represents the electrophoretic 

counter current, k denotes the radius of the ion atmosphere,  is the relative 

permittivity of the solvent mixture, e is the electron charge, c is the molarity of the 

solution, kB is the Boltzmann constant, KS is the association constant of the contact-

pairs, KR is the association constant of the solvent-separated pairs, γ is the fraction of 

solute present as unpaired ion, α is the fraction of contact pairs, f  is the activity 

coefficient, T is the absolute temperature and β is twice the Bjerrum distance. The 

computations were performed using a program suggested by Fuoss[12] [13] and 

Shedlovsky extrapolation[14] of the data were employed to obtain the the initial o
 

values for the iteration procedure. Input for the program is the set 

1j j( c , , j ,...n ),n, , ,T ,   initial values of o , and an instruction to cover a preselected 

range of R values.  

In practice, for the minimization of standard deviation all the calculations are 

performed by finding the values of Λ0 and δ  

δ2 = Σ [Λj (calcd) - Λj (obsd)] 2 / (n-2)                                (7) 

For a sequence of R values and then plotting δ against R, the minimum of the δ-R versus 

R curve represents best-fit R. So, approximate runs are made over a fairly wide range of 

R values using 0.1 increment to locate the minimum, but no significant minima were 

found in the δ-R curves for all the salts studied here; thus, R values are assumed to be R 

= a+d, where the sum of the crystallographic radii of the ions is represented by a and 

the average distance corresponding to the side of a cell occupied by a solvent molecule 

is denoted by d. The distance d is given by[15] 

d (Å) = 1.183 (M / ρ) 1/3                                               (8) 

Where, M is the molar mass of the solvent and ρ is its density. For mixed solvents, M is 

replaced by the mole fraction average molar mass (Mav) which is given by                                                    
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Mav = M1M2 / (w1M2 + w2M1)                                          (9) 

Where, w1 is the mass fraction of the first component of molar mass M1. The values of Λ0, 

KA and R attained by this procedure are reported in Table 3.  

 

Table3. Limiting molar conductance (Λo), association constant (KA), co-sphere diameter 

(R) and standard deviations of experimental Λ (δ) of LiAsF6 in different mass fraction of 

EG (w1) in MeOH at 298.15 K. 

 

Mass fraction of 

EG (w1) in MeOH 

Λo·104/ 

S·m2·mol−1 

KA/ 

dm3mol-1 
R/Å δ 

w1=0.00 102.98 76.06 8.37 0.06 

w1=0.25 79.16 82.47 8.42 0.43 

w1=0.50 55.58 115.73 8.50 0.16 

w1=0.75 30.10 447.75 8.64 0.34 

w1=1.00 5.72 1160.25 8.83 0.14 

 

A perusal of Table 3 and Figure 1, shows that the values of Λ0 for LiAsF6 decrease 

as the concentration (c) of EG in the binary solvent mixture increases. Figure 2 shows 

that the values of Λ0 both in pure and solvent mixtures are positive and decreases as 

mass fraction of EG in MeOH increases. This can be explained in view of the relative 

permittivity and viscosity of the solvent mixtures. The viscosity of the solvent mixture 

increases with increasing mass fraction (w1) of the EG in MeOH rendering to greater 

solvation of LiAsF6. This can also be interpreted on the basis of preferential solvation. 

The salt prefers EG than MeOH in binary mixtures. The structure of EG also favours the 

observation. Due to the presence of two –OH groups in the molecule the ions are more 

solvated by EG than MeOH. The greater interaction has been seen by the interaction of 

charged ion and adjacent solvent molecules, which leads to reduction in mobility of 

ions, and thus increases the solvation. With the increasing mass fraction of EG in the 

solvent mixture the conductance of the solution decreases and ion-solvent interaction 

increases.  
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Fig.1. Plot of molar conductance ( ) and the square root of concentration (√c) of 

LiAsF6 in w1=0.00 (-♦-), w1=0.25 (-∎-), w1=0.50 (-▲-), w1=0.75 (-●-), and w1=1.00 (-∗-) 

mass fraction of EG in MeOH at T = 298.15 K 

 

 

Fig.2. Plot of limiting molar conductance (Λo) (-♦-) and Walden Product (Λoη) (-▲-) of 

LiAsF6 in different mass fraction (w1) of EG in MeOH at T = 298.15 K 

 

 Ion-solvation can also be explained with the help of another characteristic property 

called the Walden product (Λoη). Walden products of the electrolyte in various binary 

solvent mixtures have been calculated and given in Table 4.  

 

Table4. Walden product (Λo·) and Gibb’s energy change (ΔGo) of LiAsF6 in different 

mass fraction of ethylene glycol (w1) in methanol at 298.15 K 
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Mass fraction of 

EG (w1) in MeOH 

Λo··104/ 

S·m2·mol−1mPa·s 

ΔGo·10-3 

/kJ·mol−1 

w1=0.00 56.07 -10.74 

w1=0.25 160.68 -10.94 

w1=0.50 231.77 -11.78 

w1=0.75 224.26 -15.13 

w1=1.00 96.630 -17.49 

 

Table 4 and Figure 2 have shown that the value of Walden product (Λoη) increases as 

the content of EG (w1) increases in the binary mixture but in pure EG with the 

concomitant increase of the solvent viscosity, the Λoη decreases[16]. This trend 

suggests, the predominance of the Λ0 over solvent viscosity (η) in pure MeOH and 

solvent mixtures containing 0.00-0.75 mass fraction of EG whereas in case of pure EG 

the value of Walden product suggests the fact that η predominate Λ0 in pure EG solution. 

The results of molar conductance and the Walden product reflect strong electrostatic 

ion-solvent interactions. Changes in the Walden product with concentration are 

common and they can be attributed to changes in ion-solvation i.e., ion-solvent 

interactions. 

The starting point for most evaluations of ionic conductance is Stokes’ law which 

states that the limiting Walden product (λo±η), (product of the limiting ionic 

conductance and solvent viscosity) for any singly charged, spherical ion is a function 

only of the ionic radius and thus, under normal conditions is a constant. The values of 

the ionic conductances (λo±) (Table 5 and Figure 3) for the Li+ and AsF6- ion in different 

mass fraction of EG in MeOH were calculated using tetrabutylammonium 

tetraphenylborate (Bu4NBPh4) as a ‘reference electrolyte’ following the scheme as 

suggested by B. Das et al[17]. 

 

Table5. Ionic limiting molar conductance (λ±o ), ionic Walden product (λ±o), 

crystallographic  radii (rc) and Stoke’s radii (rs) of Li+ and AsF6- ion in different mass 

fraction of EG (w1) in MeOH at 298.15 K. 
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Mass fraction of EG 

(w1) in MeOH 

λ±o·104/ 

S·m2·mol−1 

λ±o·104/ 

S·m2·mol−1mPa·s 
rc /Å rs /Å 

 Li+ AsF6- Li+ AsF6- Li+ AsF6- Li+ AsF6- 

w1=0.00 61.22 41.76 33.34 22.74 1.33 1.95 2.46 3.60 

w1=0.25 47.06 32.10 95.53 65.16 1.33 1.95 0.86 1.26 

w1=0.50 33.04 22.54 137.79 93.98 1.33 1.95 0.59 0.87 

w1=0.75 17.90 12.21 133.32 90.93 1.33 1.95 0.61 0.90 

w1=1.00 3.40 2.32 57.45 39.18 1.33 1.95 1.43 2.09 

 

 

Fig.3. Plot of limiting ionic conductance (
o

  ) of Li+ (-♦-), AsF6- (-∎-) and ionic Walden 

Product (
o

  ) of Li+ (-▲-), AsF6- (-●-) in different mass fraction (w1) of EG in MeOH at T 

= 298.15 K 

 

 The λo± values were in turn utilized for the calculation of Stokes’ radii (rs) 

according to the classical expression[16] 

2

6
S

A o c

F

N r
r




 
                                                                             (10) 

There are marked characteristic behaviours in the association constant (KA) values. 

Inspection of Table 3 and Figure 4 shows that KA value of the electrolyte increases with 

an increase in the mass fraction of ethylene glycol in the solvent mixture. Such 

behaviour in the solvent mixture is also observed in other alcohols[18]. 
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Fig.4. Plot of association constant (Ka) (-♦-), and Gibb’s energy change (∆Go) (-▲-) of 

LiAsF6 in different mass fraction (w1) of EG in MeOH at 298.15 K 

 

The Gibbs energy change, ΔG° for association is calculated from the following 

relation[19] and is reported in Table 4. 

ΔG° = - RT ln Ka                                                                             (11) 

The negative values ΔGo can be explained by considering the participation of specific 

interaction in the ion-association process for ion-pair formation of Li+/AsF6- with the 

solvents in binary mixture of EG and MeOH. From Table 4, it can be seen that the ΔGo 

values decrease with increasing mass fraction (w1) of EG in solvent mixtures indicating 

greater degree of ion-association. The ΔG° in Table 4 along with the other parameters 

mentioned above is in good agreement with the results observed by Barthel[20] and 

Hazra[21]. 

 

IV.3.2 Density Measurement 

The measured value of densities (ρ) and viscosities (η) of LiAsF6 in different 

mass fraction (w1) of EG in MeOH, as a function of concentration at 298.15 K are 

reported in Table 6. For the analysis of interaction of LiAsF6 in different mass of EG in 

MeOH, limiting apparent molar volume is important. For this purpose, the apparent 

molar volumes,  V , given in Table 6 were found out from the solution density values 

using the following equation[22] 

      / 1000 /V M    c                     (12) 
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where M is the molar mass of the solute, c is the molarity of the solution,    and   
are 

the densities of the solution and solvent, respectively.  

 

Table 6. Experimental values of densities ( ), apparent molar volume (
V ), viscosites 

( ), 
0

1( / ) / c  
 
of LiAsF6 in different mass fraction of EG (w1) in MeOH at T = 298.15 K. 

fMolarity (c) 

/ mol·dm-3 

gρ·10-3 

/kg·cm-3 

V ·106 

/m3·mol-1 

hη 

/mPa·s 

0
1( / ) / c  

 

/kg1/2mol-1/2 

w1 = 0.00 

0.000 0.78590 - 0.54 - 

0.019 0.78810 62.58 0.67 1.579 

0.038 0.79040 58.34 0.73 1.674 

0.057 0.79276 55.23 0.78 1.745 

0.077 0.79519 52.19 0.83 1.840 

0.096 0.79764 50.03 0.87 1.880 

0.115 0.80013 48.02 0.91 1.930 

w1 = 0.25 

0.000 0.86436 - 2.03 - 

0.017 0.86635 73.10 2.27 0.897 

0.035 0.86848 67.70 2.41 1.004 

0.052 0.87069 63.84 2.53 1.078 

0.070 0.87297 60.57 2.64 1.138 

0.087 0.87533 57.36 2.75 1.201 

0.105 0.87774 54.59 2.85 1.249 

w1 = 0.50 

0.000 0.94433 - 4.17 - 

0.016 0.946 89.50 4.35 0.342 

0.032 0.94785 83.15 4.51 0.457 

0.048 0.94985 77.50 4.67 0.548 

0.064 0.95194 73.09 4.82 0.617 

0.080 0.9541 69.45 4.98 0.687 

0.096 0.95635 65.97 5.13 0.744 
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w1 = 0.75 

0.000 1.02077 - 7.45 - 

0.015 1.02196 114.15 7.55 0.111 

0.029 1.02336 107.29 7.75 0.235 

0.044 1.02494 101.08 7.97 0.332 

0.059 1.02664 96.02 8.2 0.414 

0.074 1.02843 91.81 8.43 0.484 

0.089 1.03034 87.70 8.68 0.554 

w1 = 1.00 

0.000 1.10900 - 16.88 - 

0.014 1.10949 147.14 16.92 0.010 

0.027 1.11026 138.73 17.25 0.126 

0.041 1.11124 131.72 17.65 0.220 

0.055 1.11234 126.41 18.09 0.302 

0.068 1.11362 121.06 18.54 0.371 

0.082 1.11505 115.99 19.05 0.444 

f uncertainity in the molarity: ±0.0002 mol dm−3. 

g uncertainity in the density values: ±0.00002·10-3 kg m−3. 

h uncertainity in the viscosity values: ±0.003 mPa s. 

 

The limiting apparent molar volume 0
V   was calculated in accordance with a least-

squares treatment to the plots of V versus √c using the following Masson equation[19] 

0 *       V V VS c                                 (13) 

where 0
V   is the apparent molar volume at infinite dilution and *

VS  is the experimental 

slope. The values of 0
V   and *

VS  are reported in Table 7.  

 

Table 7. Limiting apparent molar volume ( 0

V ), experimental slopes ( *

VS ), A-, B- 

coefficients of LiAsF6 in different mass fraction of EG (w1) in MeOH at 298.15 K 

Mass fraction of 

EG (w1) in MeOH 

0

V ·106 

/m3·mol-1 

*

VS ·106 

/m3·mol- 3/2·kg1/2 

A 

/kg1/2·mol-1/2 

B 

/kg·mol-1 
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w1=0.00 72.62 -72.95 1.329 1.785 

w1=0.25 85.74 -96.03 0.659 1.830 

w1=0.50 105.88 -129.12 0.067 2.190 

w1=0.75 132.73 -150.63 -0.193 2.499 

w1=1.00 168.63 -182.52 -0.291 2.546 

 

The variation of 0
V   with the increase in the mass fraction of ethylene glycol in the 

solvent mixture is shown in Figure 5. The extent of ion-solvent interaction can be 

examined by taking the 0
V   values. The plausible mechanism of interaction between 

LiAsF6 and Solvents (EG and MeOH) has been given in the Scheme 1. A perusal of Table 

7 indicates that the 0
V   values are generally positive and increase with the increasing 

amount of EG in the binary mixtures. 

 

 

Fig.5. Plot of limiting apparent molar volume (
V
0 ) (-♦-) and viscosity B-coefficient (-▲-

) vs. mass fraction (w1) of EG in MeOH for LiAsF6 at T = 298.15 K 
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Fig.6: The plausible mechanism of interaction between LiAsF6 and Solvents (ethylene 

glycol and methanol) 

 

 The Scheme 1 suggested that the more number of electrolytes (LiAsF6) interact with 

ethylene glycol (have two plausible side for interaction) than methanol (have only 

single plausible side for interaction as per the nucleophilic group of the molecules). This 

indicates the presence of strong ion–solvent interactions and these interactions 

increase with an increase in the mass fraction of EG in MeOH, suggesting a larger 

electrostriction at higher amounts of EG in the mixture. The higher the electrostriction 

of the central (Li+ and AsF6-) ion, greater the pulling effect on the solvent molecules 

(present in the bulk solution) toward itself. More solvent molecules are associated, 

which results in higher 0
V   value. Thus, both the ion (Li+ and AsF6-) strongly associates 

with the solvents. 

On the other hand, *
VS  indicates the extent of ion-ion interactions. Table 7 shows that 

*
VS  values are negative and decreases with increasing mass fraction of EG in MeOH, 

which attributes very weak or negligible ion-ion interaction. From the same Table 7 it 

can be seen that the 0
V   values are comparatively higher than *

VS , suggesting the fact 

that the ion-solvent interaction dominates over the ion-ion interaction. This is in 

excellent agreement with the results drawn from the conductance data discussed 

earlier. Similar results were also observed in some 1:1 electrolytes i ethylene glycol 

mono methyl ether+ methyl alcohol[22]. 
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IV.3.3. Viscosity Measurement 

These viscosity data were utilized to calculate the viscosity B-coefficient using Jones-

Dole equation[23] 

η/ηo = ηr = 1 + B c + A √c              (14) 

(ηr - 1)/ √c = A + B√c                   (15) 

where the relative viscosities ηr are expressed by ηr = η/η0, where η and 0  signify the 

viscosities of the solution and solvent mixture respectively. The values of (ηr - 1)/ √c are 

listed in Table 6. These ηr values have been utilized to calculate the viscosity B 

coefficient analysed by the Jones-Dole equation. A and B are viscosity coefficient and 

indicates the ion-ion and ion-solvent interactions respectively. The values of A and B-

coefficient are obtained by plotting (ηr - 1)/√c against √c and reported in Table 7.  A 

perusal of Table 7 shows that the values of the A-coefficient are generally negative for 

all the solutions under investigation at all composition ranges and indicate the presence 

of weak ion–ion interactions, and these interactions further decreases with increasing 

amount of EG in the mixtures. The viscosity B-coefficient[24] reflects the effects of ion-

solvent interactions in the solution. Table 7 and Figure 5 illustrates that the values of 

the viscosity B-coefficient for the salt in the studied mixed solvent systems are positive, 

thereby suggesting the presence of strong ion-solvent interaction in the solution and 

this interaction is strengthened with increasing amount of EG in the binary mixtures. 

This is in good agreement with the results of derived parameters obtained from 

conductance and density measurement, discuss earlier. 

In view of various derived parameter obtained and discussed above, the 

plausible diagrams of molecular interaction and solvation of the ions in solvent 

mixtures are given in Schemes 2. 
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Fig.7. The plausible diagrams of molecular interaction and solvation of the ions in 

solvent mixtures 

 

 

IV.4. Conclusion 

The extensive study of lithium hexafluoroarsenate in the binary mixture of EG and 

MeOH suggests the fact that the electrolyte remains largely associated in the mixture 

which is evident from the conductivity study of LiAsF6 in different mass fraction of EG in 

MeOH. Limiting apparent molar volume and viscosity B-coefficient values for LiAsF6 in 

the binary mixtures indicates the presence of strong ion–solvent interactions and these 

interactions are further strengthened with increasing mass fraction of EG in MeOH. 

 



CHAPTER-V 

 

Exploring Inclusion Complexes of Ionic Liquids with α- and β- 

Cyclodextrin by NMR, IR, MASS, Density, Viscosity, Surface Tension and 

Conductance Study 

 

1. Introduction:   

The spontaneous association of the host and guest molecules by means of the non-

covalent interactions under equilibrium conditions results stable and well-defined 

structures[1].  The typical self-assembly association is the inclusion of the various guest 

molecules with cyclodextrins [2-5].  Among various host molecules α-cyclodextrin (α-

CD), β-cyclodextrin (β-CD) are the common host molecules. Cyclodextrins are the cyclic 

oligosaccharides containing n number of glucose units. The cyclodextrins are named as 

α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin according to the number of the 

glucose units as 6, 7 and 8 respectively. The glucose units are linked by 1,4 glycosidic 

linkages. The glucose units in CDs are arranged in such a way that they get a truncated 

cone structure with a hydrophobic cavity and a hydrophilic exterior characterised by 

hydroxylated, hydrophilic rims (a narrower, primary rim and a wider, secondary rim) 

[Fig.1] . This special structure makes cyclodextrin highly versatile to form inclusion 

complexes with different kinds of organic and inorganic guest molecules. [6]. Such 

distinct properties make them suitable as complexing agent with hormones, vitamins, 

and many compounds frequently used in tissue and cell culture applications. Moreover, 

CDs are also used in food industry [7], as IL carriers [8] [9] [10] [11] as building blocks 

for polymers, [12] [13] and as adsorbents for separation techniques, [14]. Ionic liquids 

(ILs) are the main point of attraction now days due to their unique non-volatile, non-

flammable properties, thermal and chemical stability, highly polarity and naturally 

friendly characteristics, wide solvating properties. Ionic liquids (ILs) are widely used in 

different fields of chemistry such as organic chemistry, electrochemistry, catalysis, 

physical chemistry and applied supramolecular chemistry. [15-20] The use of ILs in 

different chemical reactions, synthesis, cellulose processing, nuclear fuel reprocessing, 

waste recycling, metal air batteries is now a growing trend. Beside all these, the most 

important property of the ILs is the naturally green property as this is most demanding 
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one in recent age. In enantioseparation by electrophoresis, [21] [22] [23] in gas and 

high-performance liquid chromatographies, [24] [24, 25] and also in supramolecular 

chemistry, for the synthesis of new materials having various significant properties the 

room temperature ionic liquids (RTILs) have been used together with CDs.  In all the 

above discussed fields, the knowledge of the physicochemical properties and various 

interactions of CD−RTIL are of major interest.  

Imidazolium-based ILs are popular among the most studied ILs. Selection of the 

imidazolium ring as a cation is often done as it is stable within oxidative and reductive 

conditions [26], low viscosity and their ease of synthesis [23]. In this article we have 

studied the inclusion complexation of two imidazolium based ionic liquids namely 1-

benzyl-3-methylimidazolium chloride ([BMIm]Cl) and 1-hexyl-3-methylimidazolium 

chloride ([HMIm]Cl) [Fig.1] with α-CDs and β-CDs. These ILs are of industrially 

interesting due to their green nature and high stability in the normal atmospheric 

conditions. Here, the formation of the host-guest inclusion complexation and 

physicochemical properties of the two said ILs with the CDs have been studied. These 

types of inclusion complexes are of great attention owing to their stability, good 

carrying property and ability of controlled release in the normal atmospheric 

conditions. With the help of the easily available methodology such as Density 

measurement, viscosity measurement, surface tension measurement, conductance 

measurement and spectroscopic analysis namely 1H-NMR and IR the formation of the 

host-guest inclusion complexation and the physicochemical properties have been 

studied  
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                                            [BMIm]Cl                                                        [HMIm]Cl 

     

Fig.1 Representation of Molecular structure of of [BMIm]Cl and [HMIm]Cl and an 

overall view of cyclodextrin.  

 

2. Experimental Section 

 

2.1 Materials  

α-Cyclodextrin, β-cyclodextrin, 1-Benzyl-3-methylimidazolium chloride, 1-Hexyl-3-

methylimidazolium chloride of puriss grade were purchased from Sigma Aldrich. The 

mass fraction purity of α-CD and β-CD used was ≥0.99 and that of [BMIm]Cl and 

[HMIm]Cl was ≥0.99. 

 

 

2.2 Apparatus and procedure  

Before starting of the experimental work the solubility of the compounds under 

consideration has been precisely checked and found the selected ILs ([BMIm]Cl, 

[HMIm]Cl), and the host molecules α-CD and β-CD were freely soluble in triply distilled 

and degassed water (with a specific conductance of 1×10-6S∙cm-1). Different solutions of 

ILs for experiment were prepared by mass (Mettler Toledo AG-285 with uncertainty 

±0.0003g), and the working solutions were prepared by the procedure of mass dilution 

at 298.15 K. 

The solid inclusion complexes namely [BMIm]Cl + α-CD, [BMIm]Cl + β-CD, [HMIm]Cl + 

α-CD, and [HMIm]Cl + β-CD have been prepared adding ethanol solution of IL drop by 

drop to the aqueous CD solution. The aqueous solution of CD and ethanolic solution of 

IL have been prepared dissolving 1.0mM of cyclodextrin in 20 mL of water and 1.0 mM 
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of ionic liquid in 20 mL of ethanol respectively and stirring separately for 3h. The 

mixtures have then been stirred for 48h at 500C. The solid obtained in each case has 

been filtered at the same temperature and then allowed to cool to 50C and kept for 12 h. 

The resulting suspension has been filtered to obtain a white polycrystalline powder. 

This have been washed with ethanol repeatedly and dried in air.  

1H NMR spectra of the pure solutions and mixtures of hosts and guests were recorded 

on Bruker ADVANCE 400 MHz spectrometer using D2O at 298.15K. Signals were quoted 

as δ values in ppm using residual protonated solvent signals as internal standard (D2O: 

δ 4.79 ppm). Data obtained were reported as chemical shift. 

FT-IR spectra were recorded by Perkin Elmer FT-IR Spectrometer applying KBr Desk 

technique with scanning range 400 to 4000 cm-1.  

The Mass Spectroscopic analyses were carried out using JEOL GC MATE II quadruple double 
focusing mass analyser instrument by electron impact ionization. 
 
With the help of platinum ring detachment method using a Tensiometer (K9, KRŰSS; 

Germany) at the studied temperature the surface tension experiments were carried out. 

The precision of the measurement was within ±0.1 mN∙m−1. Temperature of the system 

was maintained throughout the experiment using circulating auto-thermostated water 

through a double-wall glass vessel containing the solution.  

The conductivities of the solutions were studied using a Mettler Toledo Seven Multi 

conductivity meter having an uncertainty of 1.0 mSm-1. The experiment was carried out 

in a thermostated water bath at 298.15K with an uncertainty of -0.01K. HPLC grade 

water was used with a specific conductance of 6.0 mSm-1. Calibration of the conductivity 

cell was done using 0.01 M aqueous KCl solution. 

The densities (  ) of the solvent and different solutions were measured using vibrating 

u-tube Anton Paar digital density meter (DMA 4500M) with accuracy of ±0.00005gcm-3 

maintained at ±0.01K of the experimental temperature. The system was calibrated by 

passing doubly distilled, deionized, degassed water and dry air. 

The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable 

Rheometer with spindle size-42 fitted to a Brookfield digital bath TC-500.  The 

viscosities were obtained by the equation below. 

 

η = (100/RPM) X TK X torque X SMC 
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Here, TK (0.09373),  SMC (0.327) and , RPM to be the viscometer torque constant, 

spindle multiplier constant and speed of the spindle respectively. The instrument was 

calibrated with the help of the standard viscosity samples which was supplied with the 

instrument, water and aqueous CaCl2 solution. The temperature was maintained ±0.010 

C using a Brookfield TC-500 thermostat digital bath. The viscosities of the different 

solutions were measured with an accuracy of ±1%. Every measurement reported here 

as an average of three readings taken successively with a precision of 0.3%. 

 

3. Result and Discussion 

 

3.1. NMR Spectroscopic Study: 

The 1H-NMR spectroscopic study is one of the most reliable tools to establish the host-

guest inclusion complexation [27].  Here, we have studied the inclusion phenomena of 

the two ILs namely [BMIm]Cl and [HMIm]Cl with α-CD and β-CD respectively. The 1H-

NMR study is characterised by the change of the chemical shift of protons of host and 

guest molecules in the complex, with respect to the same protons in the free host and 

guest molecules [28]. It has been shown in the [Fig. 1] that the hydrophobic interior 

part contains H3 and the H5 protons in the wider rim and narrower rim formed by the 

methylene protons H6 respectively. The protons H1, H2 and H4 are located on the outer 

side of the molecule[23]. The result has shown the proton H3 of CDs to present 

significantly at the up field position in the complex compared to the spectra of pure CDs.  

[Table1,S1, Fig.2 and S1]. Another proton H5 has again been found to present to an up 

field position but here the shift is slightly less than proton H3 [Table1]. The other 

protons e.g., H1, H2, H6 have been found to situate at the same position in spectra of the 

pure and the complex. Hence the result shows a reasonable shift. On the other hand the 

protons in the hydrophobic part of the ILs have changed their chemical shift also. As in 

both the cases of α-CD and β-CD the guest molecule is same, it is better to consider the 

shift of the protons of the host molecules while discussing the comparison of the 

feasibility of the inclusion[29]. The comparison of the shift of the H3 and H5 protons has 

indicated clearly the feasibility of inclusion from the wider rim compared to the 

narrower rim. The NMR peak due to H3 and H5 protons were found in more up field 

position for β-CD than α-CD in both the cases of inclusion, indicates the more feasibility 

of [BMIm]Cl- β-CD inclusion[30]. 
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Table1.  Change in chemical shifts (ppm) of the H3 and H5 protons of cyclodextrin 

molecules in four different host-guest complexes in D2O at 298.15 Ka.  

 

Protons of CD [BMIm]Cl+ α-

CD 

[BMIm]Cl+ β-

CD 

[HMIm]Cl+ α-

CD 

[BMIm]Cl+ β-

CD 

H3 0.25 0.28 0.20 0.26 

H5 0.08 0.14 0.03 0.09 

aStandard uncertainties in temperature u are: ±0.01K, Pressure: ± 10kPa,  
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(a) 

 

(b) 

Fig.2.  1H NMR spectra of (a) pure β –CD(top), [BMIm]Cl (middle) and β –CD&[BMIm]Cl 

complex (bottom) (b)  pure β –CD(top), [HMIm]Cl (middle) and β –CD&[HMIm]Cl 

complex (bottom). 
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3.2. Surface Tension Study 

The surface tension of the systems has been carried out to support the above 

explanation of host-guest inclusion complexation. In determining the stoichiometry of 

the IC among various possible stoichiometries [Fig.3], the surface tension study is the 

most important one. The values of surface tension (γ) have been found to increase with 

the increasing concentration of the CD [TableS2].  The guest molecules [BMIm]Cl and 

[HMIm]Cl are the surface active in nature. During addition of CD molecules the IL 

molecules are encapsulated inside into the CD molecules and hence the surface activity 

gradually decrease which leads to the higher values of the surface tension. Here, it is to 

be noted that in our previous investigation it has been observed that both the 

investigated cyclodextrins are similar in nature and their surface tension (γ) values 

does not show any significant changes in pure water [31].  Hence, the change in surface 

tension is purely due to the formation of the ICs in the solutions.  

 

       2:1         1:2       2:2       1:1 

Fig.3. Plausible stoichiometric inclusion ratio of the host and guest molecule. 
(Host:Guest) 
 
Again the plot of γ against the concentration of the CD shows single break point in all 

the cases indicating the 1:1 stoichiometry of the inclusion [Fig.S2]. The values of the 

surface tension and the corresponding concentration at the break point have been listed 

in the [Table2]. Table2 shows the break point concentration of the CD is lowest for 

[BMIm]Cl & β-CD complex indicating the most feasibility of the formation of the host-

guest inclusion complex compared to the others. The molecule [BMIm]Cl has a 

hydrophobic benzyl ring which can be better fit inside into the more suitable cavity of β-
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CD[32]. Here, hydrophobic interaction play the main role to stabilise the complex[33, 

34] [34].  

Table2. Values of surface tension (γ) and at the break point with corresponding 

concentration of aqueous α and β-cyclodextrins at 298.15 Ka 

 
Surface tension 

 
[BMIm]Cl+α-CD [BMIm]Cl+β-CD [HMIm]Cl+α-CD [HMIm]Cl+β-CD 

Conc. Of CD/ 

mM 
5.158 5.03 5.199 5.082 

γ/mN m-1 64.04 69.438 59.807 60.845 

aStandard uncertainties in temperature: ± 0.01 K, Pressure: ± 10kPa, surface tension: ±0.01 mNm-1 

3.3. Conductivity study 

The formation of the host-guest inclusion complex can again be explained by studying 

conductivity with high precision and at a reasonably low concentration. [35] [36]. From 

the trend of the conductance the formation of the IL-CD inclusion complex as well as the 

stoichiometry can be determined. Here, the mobility of the species in the aqueous 

solutions of the studied two ionic liquids has been measured taking initially 10 mL of 

the IL solution. The successive addition of α-CD and β-CD at 293.15K, 303.15K and 

313.1K has given the values of the conductivity which have been listed in the [TableS3, 

S4]. The continuous addition of the CD solution leads to the decrease of the conductance 

values gradually. This is due to certain change in the solution that can be explained as 

there is the association of the host and guest molecules. As the inclusion of the anion 

(Chloride) is unfavourable the IL molecule favourably enters into the hydrophobic 

cavity of the CD molecules [Fig.S4] which leads to decrease the number of the free 

cation and increase the number of the associated cations with gradual addition of the 

CD molecules, which is reflected by the conductivity values. The plot of conductivity 

against concentration [Fig.S3] shows the similar trend of the conductivity with a break 

point at a certain concentration of CD. This leads to conclude the formation of the 

inclusion complexes in the solutions with 1:1 stoichiometry [37][TableS5]. The tableS5 

shows the formation of the IC starts earlier in case of the β-CD than α-CD, which again 

indicates the better feasibility of inclusion of the IL with β-CD than α-CD. Again the 

initiation of the inclusion has been found in case of the [BMIm]Cl & β-CD system at the 
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lowest concentration of the β-CD, which concludes the most feasibility of formation of IC 

among the four combinations.  

3.4. Association constants and thermodynamic parameters 

The association of the complexes can also be explained quantitatively by means of the 

non-linear programme taking into account the conductivity of the IL-CD mixtures at 

different temperatures. [38] [39] [40].  

The 1:1 IL+CD complex can be expressed as 

aK

f fIL CD IC                                                  (1) 

The association constant (Ka) for the formation of IC may be expressed as 

[ ]

[ ] [ ]
a

f f

IC
K

IL CD


                                                                  (2)

 

Where, [IC], [ILf and [CD]f  signifies the equilibrium concentration of IC, free IL and  free 

CD respectively. Again the association constant (Ka) in the form of the binding isotherm 

can be written as 
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                      (4) 

Here, ko, kobs and k represents the conductivity of IL at initial state, during addition of CD 

and final state, respectively. [IL]ad and [CD]ad represent the analytical concentrations of 

the added ionic liquid and added cyclodextrin respectively. Thus the value of [CD]f  and 

Ka can be evaluated from the above equations (3) and (4).  

The Thermodynamic parameters such as enthalpy, entropy depend on the interactions 

taking place between the host and the guest molecules, solvation energies of the species 

in the solvent system involved in the complexation reaction, possibilities of the 

hydrogen bonds, change in the number of species due to association etc. From the linear 

least-squars analysis basing upon the following equation the values of ∆H0 and ∆S0 for 

complexation can be evaluated.  
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                                                            (5) 

The enthalpy and entropy of complexation have been determined from the slope and 

the intercept of the plot [Fig.4] of log fK against 
1

T
 and the results have been listed in 

the Table3. The table shows that the values of ∆H0 and ∆S0 are negative. This can be 

interpreted as the decrease of the energy of the system which favours the formation of 

the inclusion complexes. As inclusion complex has formed i.e., one host and one guest 

molecule have got associated to form inclusion complex, the system was more ordered. 

This has been revealed by the negative result of the entropy. It can be concluded that 

the negative enthalpy is the main driving force of the process [41].  
 

Table3. Association constants (Ka), Gibb's free energy, enthalpy and entropy of various 
ionic liquid-cyclodextrin systems 

IL & CD systems logKa  (M
-1) ΔG0                     

(kJ mol-1) 
ΔH

0               
(kJ mol-1) 

ΔS
0                           

(J mol-1) K-1 293.15 303.15 313.15 

HMIMCl & α-CD 3.74 3.37 3.06 -99.205 -59.739 -132.37 

HMIMCl & β-CD 3.81 3.47 3.14 -96.901 -58.82 -127.722 

BMIMCl & α-CD 3.9 3.56 3.24 94.632 -57.94 -123.063 

BMIMCl & β-CD 3.97 3.61 3.32 -92.613 -57.118 -119.049 
aStandard uncertainties in temperature u are:  ±0.01K. bMean errors in Ka ±0.01M-1, ΔH°, ±0.01 kJ mol−1; ΔS°, ±0.01 J mol−1 K−1;  

  

Again the values of ∆G0 for complex formation have been found negative which clearly 

indicates that the process of inclusion is spontaneous [37, 42] [43].  Thus from the 

values of the thermodynamic parameters the more spontaneity of the [BMIm]Cl & β-CD 

complexation over the other combinations can easily be explained.  

 

Fig.4. Linear relationships of logKa vs. 1/T for the interaction of [HMIm]Cl and α-CD (♦), 

[HMIm]Cl and β-CD (■), [BMIm]Cl and α-CD ( ▲), [BMIm]Cl and β-CD(•).  
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3.5. FT-IR Spectroscopy 

FT-IR spectroscopic study is another reliable tool for the confirmation of the inclusion 

phenomena. [44];[45];[46];[47]. Characteristic IR frequencies of [BMIm]Cl, [HMIm]Cl, α-

CD, β-CD, [BMIm]Cl & α-CD, [HMIm]Cl & α-CD, [BMIm]Cl & β-CD and [HMIm]Cl & β-CD  

are listed in the table Table S6.  The comparison of the different frequencies for 

different groups of pure CD, pure IL, and the Corresponding complexes support the 

phenomena of inclusion. The –O-H stretching frequencies (broad peak) of both α-CD 

and β-CD have been found at a lower frequency region in all the four ICs, which may be 

due to the interaction of the –O-H groups of the CD molecules with the imidazolium 

cation [Fig. 5 , S5]. Few characteristic peaks have been found to be absent or got merged 

in the spectra of the IC, which is caused due to the interactions taking place in the ICs.  

The –O-H stretching frequency from the guest [HMIm]Cl has been found absent  in the 

spectra of IC, clearly indicates the insertion of the guest into the cavity of CDs. The 

characteristic frequencies of -C=N stretching -C=C stretching of both [BMIm]Cl and 

[HMIm]Cl have been found in lower frequency region in the complex compared to the 

pure spectra. The peaks due to aromatic -C-H stretching (benzene ring) of [BMIm]Cl and  

-C-H stretching of hydrophobic chain (hexyl group) of [HMIm]Cl have been found to be 

absent in all the complexes. This is due to the insertion of the hydrophobic chain inside 

into the hydrophobic cavity of the CDs. 
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(a) 

 

(b) 

Fig.5.  FT-IR Spectra of (a) pure β –CD, [BMIm]Cl, and [BMIm]Cl + β –CD inclusion 

complex  (b)pure β –CD, [HMIm]Cl, [HMIm]Cl + β –CD inclusion complex. 
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3.6 EI-Mass spectroscopic analysis 

The EI-Mass spectroscopic analysis was carried out using the solid mass prepared using 

the method stated in the experimental section. The m/z values have been given in 

table4 and the spectra are shown in Fig.S6. The spectra of each complex shows peak of 

the complex ion having m/z value equal to the sum of one host and one guest molecule. 

This indicates the formation of the inclusion complex with 1:1 stoichiometry[48]. 

 
Table4. The observed peaks at different m/z with corresponding ions for the solid 
inclusion complexes 
 
 

BMImCl-α-CD inclusion complex HMImCl-α-CD inclusion complex 

Ions m/z values Ions m/z values 

[BMImCl]+ 208.6914 [HMImCl]+ 202.7281 

[α-CD]+ 972.8423 [α-CD]+ 972.8423 

[BMImCl+ α-CD]+ 1181.5306 [HMImCl+ α-CD]+ 1175.5602 

BMImCl-β-CD inclusion complex HMImCl-β-CD inclusion complex 

Ions m/z values Ions m/z values 

[BMImCl]+ 208.6914 [HMImCl]+ 202.7281 

[β-CD]+ 1134.9623 [β-CD]+ 1134.9623 

[BMImCl+ β-CD]+ 1343.6508 [HMImCl+ β-CD]+ 1337.6814 

 

 

3.7. Apparent molar volume  

 The sum of the geometric volume of the solute molecules and the change in the solvent 

volume due to its interaction with the solute is termed as the apparent molar volume. 

Using the equation (1) and the values of the densities of different solutions of different 

concentrations obtained experimentally the values of apparent molar volume (Φv) have 

been measured (TableS7, S8 & S9). 

(Φv) = M/ρ – 1000. (ρ - ρ0) / m.ρ.ρ0 (6) 

Where, M is the molar mass of the solute molecule, m is the molarity of the solution, ρ 

and ρ0 are the densities of the solution and aqueous solvent of CD respectively. The 
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values of apparent molar volume (Φv) listed in the table are positive, which indicates 

the stronger solute-solvent interaction [49]. Also the values of Φv are found to be 

decreased with the increase in the concentration of the CDs whereas with the increasing 

mass fraction the values increase showing greater solute-solvent interaction. 

Using the Masson Equation [7] by a least-square treatment to the plot of apparent molar 

volume (Φv) versus √m the limiting apparent molar volume (Φv0) has been obtained. 

 

Φv= Φv0 + SV*. √C                                              (7) 

 

Where, Φv0 is the Partial molar volume at infinite dilution obtained from the intercept of 

the plot and SV* is the experimental slope. The plots of Φv with √m have been found 

linear with negative slopes. The values of Φv0 and SV* are reported in the Table5 [Fig.6].  

At infinite dilution the solute molecules are surrounded only by the solvent molecules 

and hence sufficiently apart from each other to interact. Thus Φv0 is unaffected by the 

solute-solute interaction and only the measure of the solute-solvent interaction [50] 

[51] The solute hydrophobicity, hydration properties, and solute solvents are also 

embedded with apparent molar volume data [52]. It has been observed from the table 

that the values of Φv0 are positive and increase with the mass fraction of the solvent, the 

values of SV* have been found negative. This in fact, indicates the presence of higher 

solute-solvent interaction. Table shows the higher value of Φv0 for [BMIm]Cl-β-CD 

system than the others indicating the best possibility of complexation among the four 

combinations. 
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(b) 

Fig.6 (a) Limiting apparent molar volume (φv0) and Sv* (b) viscosity A and B-coefficient 

of [BMIm]Cl and [HMIm]Cl in different mass fractions (w1) of aqueous (■) α-CD and ( ) 

β-CD solution at 298.15K.  

3.8. Viscosity calculation:  

To support the inclusion phenomena the viscosity of the IL-CD mixtures of different 

concentrations have been observed and explained. The viscosity values of pure CDs 

have been listed in the Table S7.  The experimentally obtained data have been listed in 

Table S8-S9. Using Jones-Dole equation [8] the data were calculated. 

 

(ƞ/ƞ0-1) m1/2 = A+Bm1/2     (8) 

 

Where,   and 0  signifies viscosity coefficients of the solution and the pure solvent 

respectively, M is the molal concentration of the ternary solution. A and B are the 

empirical constants, known as viscosity A and B co-efficient respectively [53] [54]. The 

A and B signify the solute-solute and solute-solvent interactions respectively. The values 

of A decrease with the increase in the mass fraction of CDs in the solutions whereas the 

B values increase with the mass fraction. This leads to the conclusion that with the 

increase in the mass fraction of the solvent molecules there is an increase in the IL-CD 

interaction which is higher than IL-IL interaction. Hence, this can be taken as supporting 

tool for the formation of the inclusion complexation described by the other 

observations[55] [56]. Again, the trend of the B values obtained from the Table5 is also 

in the good agreement with the explanation obtained from the density calculations. 
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Table5.  Limiting apparent molar volume (φv0), Experimental slope (Sv*), 

Viscosity B and A coefficient of [BMIm]Cl and [HMIm]Cl in different 

concentration of aqueous α-CD and β- CD solvent mixtures at 298.15Ka 

mass fraction 

(w1) 
φv0 X 106 Sv* B A 

[BMIm]Cl 

α-CD 

0.001 126.83 -57 0.8432 0.0632 

0.003 127.90 -50.68 1.008 0.0477 

0.005 128.91 50.53 1.0126 0.0386 

β- CD 

0.001 129.56 -54.47 1.1138 0.1171 

0.003 130.65 -47.03 1.2552 0.0941 

0.005 131.94 -40.46 1.4157 0.0785 

[HMIm]Cl 

α-CD 

0.001 124.12 -52.03 0.7698 0.0068 

0.003 125.13 -49.95 0.9352 0.0082 

0.005 126.19 -54.98 1.0004 0.0474 

β- CD 

0.001 127.83 -60.19 0.9271 0.0767 

0.003 128.86 -58.3 1.0157 0.0481 

0.005 129.70 -56.93 1.1915 0.0239 

aStandard uncertainties in temperature u are: u(T) = 0.01 K. 

3.9. Structural effect   

The CD molecules have different cavity sizes with structural speciality. The only guest 

molecules with proper dimensions can fit inside into the host CD molecules to form 

host-guest ICs. The hydrophobic interior is the responsible for binding the hydrophobic 

part of the guest molecule whereas the hydrophilic part of the rims help to interact with 

the polar part of the guest molecule.  Thus the formation of the inclusion complex is 

only favoured for the host and the guest molecules with proper dimensions. All the 

interactions taking place here are the non-covalent [57]. In the aqueous solution of CD 
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few water molecules occupy the hydrophobic cavity which is unfavourable energetically 

and hence the cavity can easily be replaced by the appropriate guest molecule. [58].  

Here, CD molecules have wider rim formed with the secondary hydroxyl groups and 

narrower rim formed with the secondary hydroxyl groups. The inclusion is favourable 

through the wider rim [59];[60]. The guest molecule while enter into the cavity of CD 

through the wider rim the other molecule find it blocked for 1:1 ICs. The studied IL 

[BMIm]Cl has a benzyl moiety whereas [HMIm]Cl has a hydrophobic hexyl side chain. 

During the inclusion the hydrophobic parts of the ILs enter inside into the hydrophobic 

cavity which is proved by the NMR and IR studies.  Thus, comparatively more 

hydrophobic benzyl moiety lowers the energy of the ICs by the more hydrophobic 

interactions compared to the hexyl moiety of the [HMIm]Cl. Moreover, displacing the 

polar water molecule from the cavity the [BMIm]Cl better fits with the β-CD which is 

reflected in the observation of the investigations [Fig.7]  

 

 

 

(a) 
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(b) 

Fig.7.  Schematic representation of inclusion of (a) [BMIm]Cl and [HMIm]Cl with α-CD 

and (b) [BMIm]Cl and [HMIm]Cl β-CD. 

 

4. Conclusion  

The thorough physicochemical and spectroscopic studies that are discussed above lead 

to the conclusion that the ILs i.e., [BMIm]Cl and [HMIm]Cl associates to form host-guest 

inclusion complexes with both the CDs. The proton NMR studies provides enough 

information which confirms the formation of ICs while Surface tension, Conductivity 

study and mass spectroscopic study supports the above mentioned phenomena and 

determines the 1:1 stoichiometry of the host-guest inclusion complexation. The Density 

and viscosity studies again support the phenomena of inclusion with a good agreement. 

Binding constants for the ICs have been determined with the help of the conductivity 

study by using a non-linear programme. Finally, the formation of the host-guest 

inclusion complexes has been found most feasible in case of the [BMIm]Cl-β-CD system 

than the other combinations. Based on the above information the plausible inclusion 
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structures have been speculated. In the field of Nano-sensing, drug delivery and in many 

other fields these types of inclusion complexes have the extensive applications.  

 

Supplementary material 

Tables 

TableS1. 1H-NMR spectra of [BMIm]Cl, [HMIm]Cl, α-CD, β-CD,  and 

[BMIm]Cl+α-CD, [BMIm]Cl+β-CD,  [HMIm]Cl+α-CD, [HMIm]Cl+β-CD 

complexes 

α-Cyclodextrin (400 MHz, Solvated in D2O)              

δ /ppm 

β-Cyclodextrin (400 MHz, Solvated in 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]Clb 

δ /ppm 

[HMIm]Cl b                                                                                 

δ /ppm 

3.68(3H, s), 5.15 (2Hs), 7.21-7.27 (5H,m), 

8.58-8.62 (2H, dd).  

0.75(3H, t, J=7Hz), 1.13-1.21 (6H, m), 1.77-

1.79 (2H,m), 3.86 (3H, s), 4.14-4.17 (2H, t, 

J=6.8Hz), 7.28-7.35 (2H, dd) 

[BMIm]Cl+α-CDa [BMIm]Cl+β-CDa 

3.48-3.51 (6H, t, J= 9.00 Hz), 3.53-3.56 (6H, 

dd, J= 10.00, 3.00 Hz), 3.68(3H, s), 3.69-

3.74 (18H, m), 3.62-3.67 (6H, 

t, J = 9 Hz), 4.96-4.97 (6H, d, J = 3 Hz), 5.30 

(2H, s), 7.41-7.47 (5H,m), 8.59-8.65 (2H, 

dd). 

3.49-3.54 (6H, t, J = 9.2 Hz), 3.57-3.60 (6H, 

dd, J =9.6, 3.2 Hz), 3.68(3H, s), 3.66-3.70 

(18H, m), 3.60-3.64 (6H,t, J = 

9.2 Hz), 5.00-5.01 (6H, d, J = 3.6 Hz), 5.25 

(2Hs), 7.35-7.42 (5H,m), 8.59-8.64 (2H, 

dd). 

[HMIm]Cl+α-CDa [HMIm]Cl+β-CDa 
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0.67-0.80(3H, t, J=7Hz), 1.19-1.30 (6H, m), 

1.81-1.87 (2H,m), 3.48-3.51 (6H, t, J= 9.00 

Hz), 3.53-3.56 (6H, dd, J= 10.00, 3.00 Hz), 

3.74-3.8 (18H, m), 3.67-3.71 (6H, 

t, J = 9 Hz), 3.86 (3H, s), 4.20-4.28 (2H, t, 

J=6.8Hz), 4.96-4.97 (6H, d, J = 3 Hz), 7.28-

7.35 (2H, dd).  

0.85-0.89(3H, t, J=7Hz), 1.30-1.36 (6H, m), 

1.88-1.96 (2H,m), 3.49-3.54 (6H, t, J= 9.00 

Hz), 3.57-3.60 (6H, dd, J= 10.00, 3.00 Hz), 

3.68-3.73 (18H, m), 3.59-3.65 (6H, 

t, J = 9 Hz), 3.86 (3H, s), 4.20-4.29 (2H, t, 

J=6.8Hz), 5.00-5.01 (6H, d, J = 3 Hz), 7.45-

7.55 (2H, dd). 

a mixed in 1:1 molar ratio, 400 MHz, Solvent: D2O;  b400MHz, Solvent: D2O                        

TableS2. Surface Tension (γ) values of aqueous [BMIm]Cl and [HMIm]Cl with α-CD and β-

CD at 298.15 Kɑ 

conc.of    

α-CD 

(mM) 

Surface Tension of  

[BMIm]Cl+α-CD 

(mN.m-1) 

Surface Tension 

of [HMIm]Cl+α-

CD     (mN.m-1) 

conc.of   

β- CD 

(mM) 

Surface Tension 

of  [BMIm]Cl+β-

CD (mN.m-1) 

Surface Tension 

of   [HMIm]Cl+β-

CD     (mN.m-1) 

0 49.32 45.29 0 49.32 45.29 

0.9091 51.33 46.8 0.909 52.03 48 

1.6667 53.61 49.08 1.667 54.31 50.28 

2.3077 55.53 51.12 2.307 56.55 52.32 

2.8571 57.25 52.91 2.857 58.23 54.11 

3.3333 58.62 54.42 3.333 59.65 55.62 

3.75 59.76 55.47 3.75 60.89 56.67 

4.1176 60.91 56.67 4.117 61.94 57.87 

4.4444 62.09 57.78 4.444 63.06 58.98 

4.7368 62.76 58.47 4.736 63.79 59.67 

5 63.86 59.35 5 64.82 60.68 

5.2381 64.13 59.8 5.238 65.03 61 

5.4545 64.52 60.11 5.454 65.49 61.31 

5.6522 64.68 60.25 5.652 65.65 61.45 

5.8333 65.07 60.52 5.833 66.07 61.72 

6.000 65.32 60.74 6 66.31 61.94 

6.1538 65.52 60.92 6.153 66.53 62.12 

6.2963 65.79 61.14 6.296 66.79 62.34 

6.4286 65.87 61.34 6.428 66.89 62.54 

6.5517 66.14 61.46 6.551 67.12 62.66 
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6.6667 66.23 61.64 6.666 67.32 62.84 

6.7742 66.49 61.74 6.774 67.47 62.94 

6.875 66.6 61.82 6.875 67.61 63.02 

6.9697 66.7 61.88 6.969 67.73 63.08 

7.0588 66.81 61.93 7.058 67.83 63.13 

ɑStandard uncertainties in temperature: ± 0.01K, Pressure: ± 10kPa, Surface tension: ±0.01 mNm-1 

 

Table S3.  Data for the conductivity study of aqueous [BMIm]Cl+β-CD and [BMIm]Cl+β-CD 

system (concentration of stock solution of [BMIm]Cl  and  [HMIm]Cl = 10mM, concentration of 

stock solution of β-CD = 10mM) at 293.15Ka, 303.15Ka, 313.15Ka 

Conc. Of 

β-CD 

(mM)  

Conc. Of 

[BMIm]Cl 

(mM) 

Conductance (mScm-1) Conc. Of 

[HMIm]Cl 

(mM) 

Conductance (mScm-1) 

293.15K 303.15K 313.15K 293.15K 303.15K 313.15K 

0.00 10.00 10.00 13.00 16.43 10.00 10.86 15.04 17.14 

0.91 9.09 9.18 11.82 15.02 9.09 9.89 13.50 15.64 

1.67 8.33 8.31 10.73 13.46 8.33 8.89 12.20 14.07 

2.31 7.69 7.62 9.70 12.20 7.69 8.31 11.13 12.71 

2.86 7.14 7.01 8.90 11.20 7.14 7.75 10.12 11.64 

3.33 6.67 6.43 8.17 10.34 6.67 7.13 9.27 10.67 

3.75 6.25 6.01 7.47 9.41 6.25 6.63 8.57 10.00 

4.12 5.88 5.54 6.94 8.61 5.88 6.12 7.87 9.19 

4.44 5.56 5.21 6.41 7.91 5.56 5.73 7.23 8.59 

4.74 5.26 4.92 6.03 7.36 5.26 5.44 6.66 7.96 

5.00 5.00 4.67 5.68 7.00 5.00 5.04 6.22 7.43 

5.24 4.76 4.61 5.50 6.69 4.76 4.97 6.01 7.20 

5.45 4.55 4.55 5.31 6.40 4.55 4.84 5.88 7.04 

5.65 4.35 4.50 5.22 6.10 4.35 4.79 5.78 6.86 

5.83 4.17 4.45 5.11 5.91 4.17 4.78 5.74 6.77 

6.00 4.00 4.39 5.01 5.69 4.00 4.75 5.71 6.62 

6.15 3.85 4.32 4.94 5.49 3.85 4.72 5.61 6.51 

6.30 3.70 4.30 4.84 5.36 3.70 4.68 5.58 6.48 

6.43 3.57 4.27 4.78 5.11 3.57 4.61 5.51 6.37 

6.55 3.45 4.21 4.67 4.91 3.45 4.57 5.46 6.28 
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6.67 3.33 4.18 4.60 4.74 3.33 4.52 5.39 6.20 

ɑStandard uncertainties in temperature: ± 0.01K, conductivity: ± 0.02 mS m-1. Pressure: ± 10kPa 
 

Table S4.  Data for the conductivity study of aqueous [BMIm]Cl+α-CD and [HMIm]Cl+α-

CD system (concentration of stock solution of [BMIm]Cl  and  [HMIm]Cl = 10mM, 

concentration of stock solution of α-CD = 10mM) at 293.15Ka, 303.15Ka, 313.15Ka 

Conc. Of 

α-CD 

(mM)  

Conc. Of 

[BMIm]Cl 

(mM) 

Conductance (mScm-1) Conc. Of 

[HMIm]Cl 

(mM) 

Conductance (mScm-1) 

293.15K 303.15K 313.15K 293.15K 303.15K 313.15K 

0.00 10.00 10.00 13.00 16.43 10.00 10.86 15.04 17.16 

0.91 9.09 9.23 11.87 15.08 9.09 9.95 13.57 15.67 

1.67 8.33 8.36 10.78 13.52 8.33 8.95 12.26 14.11 

2.31 7.69 7.67 9.75 12.26 7.69 8.38 11.16 12.78 

2.86 7.14 7.06 8.95 11.26 7.14 7.80 10.19 11.68 

3.33 6.67 6.56 8.22 10.40 6.67 7.16 9.32 10.73 

3.75 6.25 6.10 7.52 9.47 6.25 6.69 8.67 10.05 

4.12 5.88 5.68 6.99 8.77 5.88 6.18 7.94 9.25 

4.44 5.56 5.39 6.46 8.12 5.56 5.78 7.29 8.67 

4.74 5.26 5.12 6.08 7.50 5.26 5.50 6.73 8.02 

5.00 5.00 4.72 5.73 7.16 5.00 5.00 6.16 7.46 

5.24 4.76 4.66 5.55 6.75 4.76 4.90 6.02 7.25 

5.45 4.55 4.62 5.36 6.46 4.55 4.88 5.92 7.08 

5.65 4.35 4.58 5.27 6.16 4.35 4.84 5.84 6.93 

5.83 4.17 4.53 5.16 5.97 4.17 4.83 5.80 6.90 

6.00 4.00 4.49 5.06 5.75 4.00 4.82 5.79 6.69 

6.15 3.85 4.45 4.99 5.55 3.85 4.79 5.69 6.60 

6.30 3.70 4.40 4.89 5.42 3.70 4.76 5.66 6.58 

6.43 3.57 4.37 4.83 5.17 3.57 4.73 5.60 6.49 

6.55 3.45 4.33 4.78 4.97 3.45 4.68 5.59 6.39 

6.67 3.33 4.30 4.70 4.81 3.33 4.67 5.57 6.36 

ɑStandard uncertainties in temperature: ± 0.01K, conductivity: ± 0.02 mS m-1. Pressure: ± 10kPa 

 
TableS5. Values of conductivity (k) at the break point with 
corresponding concentration of aqueous α and β-cyclodextrins at 
298.15 Ka, 298.15 Ka, 298.15 Ka 
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  α-CD β-CD 

 
[BMIm]Cl 

 
293.15K 303.15 K 313.15 K 293.15K 303.15 K 313.15 K 

Conc. Of 
CD    / mM 

5.098 5.077476 5.023818 5.07339 5.057 4.987 

k/Sm-1 0.47 0.563 0.707 0.466 0.56 0.702 

 
[HMIm]Cl 

Conc. Of 
CD    / mM 

5.202525 5.15957 1008.325 5.158722 5.129652 5.070542 

k/Sm-1 0.493 0.605 0.734 0.497 0.607 0.731 
ɑStandard uncertainties in temperature: ± 0.01K, Conductivity: ± 0.01 mS m-1. 

TableS6. Data obtained from FT-IR spectroscopic study of α-CD, β-CD, 

[BMIm]Cl, [HMIm]Cl, α-CD+[BMIm]Cl,  β-CD+[BMIm]Cl, α-CD+[HMIm]Cl, β-

CD+[HMIm]Cl 

Group 

Wave number (Cm-1) 

α-CD β-CD 
α-CD+ 

BMIMCl 

β-CD+ 

BMIMCl 

α-CD+ 

HMIMCl 

β-CD+ 

HMIMCl 

stretching of O-H 3410 3408 3354 3347 3368 3353 

stretching of –C-

H from –CH2 
2934 2941 2929 2924 2930 2938 

bending of –C-H 

from –CH2 and 

bending of O-H 

1420 1404 1411 1393 1416 1398 

bending of C-O-C 1160 1160 1156 1152 1160 1154 

vibration 

involving α-

1,4linkage 

954 954 949 945 952 952 

  BMIMCl HMIMCl 
    

Aromatic -C-H 

Stretching  
3112 3178 ….. ….. ….. ….. 

Stretching -C-H  2976 2958 ….. ….. ….. ….. 

Stretching -C=N 1650 1662 1642 1639 1656 1653 

Stretching -C=C 1578 1586 1569 1566 1582 1578 

Stretching of C-N  1164 1182 ….. ….. ….. ….. 
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Table S7. Experimental values of density (ρ) and viscosity (η) in deferent mass 

fractions of aq. α-CD and β-CD 

Aqueous 

solvent 
Mass fraction 

ρ×10-3 

/Kg.m3 
η/mP.S 

α-CD 

0.001 0.99733 1.30 

0.003 0.99796 1.31 

0.005 0.99864 1.32 

β-CD 

0.001 0.99753 1.31 

0.003 0.99817 1.32 

0.005 0.99894 1.33 

a Standard uncertainties are: (ρ) = 5×10-5 g∙cm-3, (η) = 0.003 mP∙s, in 

temperature: ± 0.01K, Pressure: ± 10kPa 

 

Table S8. Experimental values of densities (ρ) and viscosities (η) with varying 

concentration in different mass fractions of aq. α-CD and β-CD [BMIm]Cl at 

298.15K 

Conc.       

(m) 

aρ∙10-3  

(kg∙m-3) 
φv 

cη              

(mP·s) 

aρ∙10-3  

(kg∙m-3) 
φv 

cη              

(mP·s) 

[BMIm]Cl 

 
α-CD β-CD 

w1=0.001 b 

0.01 0.99825 121.008 1.33 0.99843 123.99 1.34 

0.025 0.99965 117.800 1.35 0.99978 120.983 1.37 

0.04 1.00111 115.494 1.37 1.00119 118.727 1.40 

0.055 1.00262 113.534 1.39 1.00265 116.791 1.43 

0.07 1.00418 111.698 1.41 1.00415 115.111 1.45 

0.085 1.00579 109.92 1.43 1.0057 113.435 1.48 

w1=0.003 b 

0.01 0.99892 122.928 1.34 0.99906 125.913 1.35 

0.025 1.00029 119.722 1.36 1.00037 123.308 1.38 

0.04 1.00171 117.668 1.39 1.00174 121.154 1.41 
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0.055 1.00317 116.006 1.41 1.00315 119.447 1.44 

0.07 1.00467 114.484 1.43 1.00458 118.185 1.47 

0.085 1.00621 113.027 1.45 1.00605 116.897 1.5 

w1=0.005 b 

0.01 0.99956 123.85 1.35 0.99979 127.82 1.36 

0.025 1.00091 120.846 1.37 1.00106 125.618 1.39 

0.04 1.00231 118.843 1.39 1.00238 123.816 1.43 

0.055 1.00376 117.023 1.42 1.00373 122.451 1.46 

0.07 1.00524 115.553 1.44 1.00511 121.242 1.49 

0.085 1.00677 114.014 1.46 1.00653 119.989 1.52 

bw1is the mass fractions of aq. α-CD and β-CD 
a uncertainity in the density values: ±5x10-5 kg m−3. 
c uncertainity in the viscosity values: ±0.003 mPa s 
temperature: ± 0.01K,  
Pressure: ± 10kPa 

 

TableS9. Experimental values of densities (ρ) and viscosities (η) of 

[HMIm]Cl with varying concentration in different mass fractions of aq. α-

CD and β-CD at 298.15 K 

Conc.       

(m) 

aρ∙10-3  

(kg∙m-3) 
φv 

cη              

(mP·s) 

aρ∙10-3  

(kg∙m-3) 
φv 

cη              

(mP·s) 

[HMIm]Cl 

 
α-CD β-CD 

w1=0.001 b 

0.01 0.99821 119.033 1.32 0.99839 122.015 1.32 

0.025 0.99955 115.825 1.34 0.9997 118.206 1.35 

0.04 1.00095 113.519 1.35 1.00108 115.5 1.37 

0.055 1.00239 111.741 1.37 1.0025 113.54 1.39 

0.07 1.00386 110.296 1.38 1.00396 111.848 1.41 

0.085 1.00536 109.007 1.4 1.00545 110.399 1.43 

w1=0.003 b 

0.01 0.99889 119.953 1.33 0.99903 122.938 1.33 

0.025 1.0002 117.348 1.35 1.00031 119.732 1.35 

0.04 1.00157 115.193 1.37 1.00166 117.177 1.38 

0.055 1.00298 113.486 1.39 1.00306 115.106 1.4 
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0.07 1.00444 111.794 1.4 1.0045 113.349 1.42 

0.085 1.00593 110.346 1.42 1.00598 111.741 1.44 

w1=0.005 b 

0.01 0.99953 120.876 1.35 0.99977 123.846 1.34 

0.025 1.00085 117.271 1.37 1.00103 120.843 1.36 

0.04 1.00222 115.119 1.4 1.00236 118.341 1.39 

0.055 1.00365 113.048 1.42 1.00374 116.293 1.42 

0.07 1.00509 111.721 1.44 1.00515 114.694 1.44 

0.085 1.00659 110.156 1.46 1.00663 112.835 1.46 

 bw1is the mass fractions of aq. α-CD and β-CD 
a uncertainity in the density values: ±5x10-5 kg m−3. 
c uncertainity in the viscosity values: ±0.003 mPa s. 
temperature: ± 0.01K,  
Pressure: ± 10kPa 

 
 

Figures: 

(a) 
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(b) 

FigS1. 1H NMR spectra of (a) pure α–CD(top), [BMIm]Cl (middle) and α–CD&[BMIm]Cl 

complex (bottom) (b)  pure α –CD(top), [HMIm]Cl (middle) and α–CD&[HMIm]Cl 

complex (bottom). 
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Fig.S2. Surface tension of (a) [BMIm]Cl with α –CD (b) [BMIm]Cl with β–CD (c) 

[HMIm]Cl with α –CD (D) [HMIm]Cl with β - CD at 298.15 K.  
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Fig.S3. Plot of conductivity against square root of molar concentration (c) for (a) 

[BMIm]Cl + α-CD, (b) [BMIm]Cl+β-CD (c) [HMIm]Cl+α-CD and (d) [HMIm]Cl+β-CD 

complexes at 293.15 K (♦), 303.15K (■) and 313.15K (▲) 

 

 

 

FigS4. Schematic representation of fate of the ionic liquid in aqueous medium. 

 

 

(a) 
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(b) 

FigS5.  FT-IR Spectra of (a) pure β –CD, [BMIm]Cl, and [BMIm]Cl + β –CD inclusion 

complex  (b)pure β –CD, [HMIm]Cl, [HMIm]Cl + β –CD inclusion complex. 
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(a) 

 

(b) 
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(c)

(d) 

Fig.S6. ESI Mass spectra of (a) [BMIm]Cl-α-CD (b) [BMIm]Cl-β-CD (c) [HMIm]Cl-α-CD 

(d) [HMIm]Cl-β-CD inclusion complexes.  



 



CHAPTER-VI 

 

Investigation of Subsistence of Inclusion Complexes of Water 

Insoluble Ionic Liquid With α- and β-Cyclodextrin Molecules in Mixed 

Solvent Systems by Diverse Methodologies 

 

1. Introduction: Cyclodextrins (CDs) are the most common molecules used as host in 

case of the formation of inclusion complexes (ICs) with various guest molecules. This 

macromolecule especially shields the incorporated guest molecules from degradation 

by auto-oxidation, hydrolysis, proteolysis in solid crystalline state[1]. CDs give valuable 

modifications by enhancing solubility, controlling the volatility and sublimation etc. [2-

5]. Due to potential applications in the field of separation, pharmaceutical and polymer 

science IL-CD complexes have great interest now days [2],[3]. The interactions playing 

vital role between various ILs and α-CD, β-CD  and γ-CD have been shown by means of 

NMR and ITC study with shown with respective binding constants[4, 5]. Scientist Gao 

and his co-workers synthesised the solid inclusion complex of ILs of imidazolium group 

and CDs, which were further characterised by NMR, XRD and Mass spectroscopic 

methods[6]. 

Cyclodextrin molecules are well designed macromolecules with distinct physico-

chemical properties. It has truncated cone shape with hydrophobic interior and 

hydrophilic exterior as the primary and secondary hydroxyl groups are present 

outward [7]. Α-CD and β-CD contains seven glucose units with cavity diameter 4.7Å and 

6.0Å respectively[8]. CD binds the guest molecule by means of hydrophobic 

interactions.    

Ionic liquids, during the last era, have enticed the attention of the chemists due to its 

unique physico-chemical properties and environmentally green nature and application 

in designing environmentally green technologies. The room temperature ionic liquids 

(RTILs) have been acknowledged as “novel designer materials” as its characteristics can 

be fine-tuned for particular purpose by changing the structure of cation and anion[9, 

10].The distinctive properties of the ILs make them suitable alternatives to classical 

organic solvents in various fields.  
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Imidazolium based ILs are of prime interest in recent but the ILs with other cationic 

moieties are also helpful in designing better systems. Pyridinium based ionic liquids 

hold interesting properties such as bactericidal and fungicidal effects, ability of 

interaction with peptides, oxidization inhibition efficiency and less eco-toxicity [11-16]. 

Pyridinium based ILs are also interestingly useful in desulphurisation of fuel [17], 

extraction especially extraction of metal ion, catalysis [22-25], carbon dioxide capture 

[26-28] and dissolution of cellulose[18, 19]. 

Here, in this work our main aim was preparation and characterisation of water soluble 

inclusion complex incorporating water insoluble ionic liquids 1-butyl-4-

methylpyridinium hexafluorophosphate ([BMPy]PF6) α-CD and β-CD. In connection 

with our previous work with water soluble IL [20], we are trying to investigate the 

effect of anionic part in the process of inclusion complexation and prepare water soluble 

ICs. To investigate the formation and feasibility of ICs various physico-chemical 

methods including the spectroscopic methods have been used.  

 

 

2. Experimental Section 

2.1. Source and purity of samples:  

The above mentioned ionic liquid [BMPy]PF6 and CDs were purchased from Sigma-

Aldrich, Germany. The mass fraction purity of [BMPy]PF6, α-CD and β-CD  were ≥0.98. 

2.2. Apparatus and procedure 

The IL was dissolved in 20% ethanol water mixture (v/v). In this purpose triply distilled 

water was used and the pure ethanol purchased from Merck, India. Ethanol was used 

after purification. All the solutions were prepared in 20% ethanol-water mixture and 

used as stock.  Mass of the solid IL and CDs were taken using Mettler Toledo AG-285 

with uncertainty of ±0.0001g and the solutions were prepared by mass dilution at 

298.15 K. Precautions were taken to reduce the evaporation during mixing. 

Surface tensions of the prepared solutions were measured by platinum ring detachment 

technique using a Tensiometer (K9, KRUSS; Germany) at 298.15 K and accuracy was 

±0.1 mN m−1. Temperature was maintained by using circulating thermostated water 

through a double-walled glass vessel containing the solution. 
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Conductivities of the prepared solutions were studied using Mettler Toledo Seven Multi 

conductivity meter with uncertainty of ±1.0 µSm−1. Measurement was performed in a 

thermostated water bath at 298.15 K with uncertainty ±0.01 K. The conductivity cell 

was calibrated by freshly prepared 0.01 M aqueous KCl solution. 

1H NMR spectra of the solid inclusion complex prepared were recorded in D2O using 

Bruker ADVANCE 400 MHz instrument. Signals are presented as values in ppm using 

residual protonated solvent signal at 4.79 ppm in D2O as internal standard and all the 

Data are reported as chemical shift.  

UV–visible spectroscopic study was carried out using JASCO V-530 UV/VIS Spectro-

photometer with wavelength accuracy of ±0.5nm. Spectra were recorded at 

(297.15±1)K. 

FT-IR spectra of the solid ICs were recorded by Perkin Elmer FT-IR Spectrometer using 

KBr desk procedure with scanning range 200 to 4000 cm-1.  

The Mass Spectroscopic analyses were done by JEOL GC MATE II quadruple double 

focusing mass analyserusingelectron impact ionization. 

 

2.3. Preparation of Solid Inclusion Complex:  

To prepare solid inclusion complex 1.34g of β-CD were dissolved in 30 ml of triply 

distilled and degassed water in round bottom flasks. The mixture was stirred to make 

homogeneous solutions over magnetic stirrer. On the other hand solutions of 

[BMPy]PF6 was prepared taking 0.295g of [BMPy]PF6 in a separate beaker with 15ml 

ethanol and stirred until homogeneous mixture were formed. After both the 

homogeneous mixtures are prepared, the IL solution was then added into CD solution 

slowly with continuous stirring and after completion of the addition the IL solution the 

mixture was stirred for 48 h continuously. After completion of 48 hours the mixture was 

allowed to cool at lower temperature while a white solid was observed. The precipitate 

was filtered and washed for several times. Finally, the dry white powder was obtained 

after drying in oven at 50 °C for 24 h. The solid inclusion complex with α-Cd was 

prepared following the same procedure. The resultant solids of inclusion complex 

between IL and CD were found to dissolve in pure distilled water freely. These solids 
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were further analysed and characterised by means of FTIR, NMR and EI-Mass 

spectroscopic methods. 

3. Result and discussion: 

3.1. JOB Plot: 

Job’s continuous variation method was applied to determine the stoichiometry of the 

inclusion complexes formed [21-23]. By the measurement of absorbance of a set of 

solutions prepared of the ILs and CD in 20% EtOH & water mixture (v/v) in the mole 

fraction range of 0−1 (Tables S1 and S2). Calculating ΔA × R values we plotted it against 

R, where ΔA signifies the difference in absorbance of the IL in the pure form and 

complexed form and R is [IL]/([IL] + [CD]). λmax was found at 252 nm at 298.15 K. The 

ratio of guest and host i.e., stoichiometry is obtained from the value of R at the maxima 

on the Job’ Plot such as R ≈ 0.33, for 1:2 IC, R≈ 0.5 for 1:1 IC,R≈ 0.66 for 2:1 IC etc. In the 

experiment of IL and CD the maxima in the Job’ plots were obtained at R ≈ 0.5 which is 

the indication of 1:1 stoichiometry of IL and CD ICs (Figure 1a & 1b). 

 

 

Figure1. Job’s Plot for (a) [BMPy]PF6 with α-CD and (b) [BMPy]PF6 with β-CD. 

 

3.2. 1H NMR and 2D-ROESY Study to Confirm the Inclusion Phenomena: 

Inclusion complex formation between IL and CD has been explained by studying 1H 

NMR spectroscopy study [24]. Investigation by this method is mainly based on the 

variations of chemical shifts of protons due to change of the environment inside the 
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cyclodextrin cavity. Encapsulation of guest molecule into the CD cavity provides 

hydrophobic environment which is different from the bulk of the solution. Under the 

condition of inclusion it follows that the phenomena of inclusion is a dynamic procedure 

where a fast interchange of the free and the included state exists between them. Study 

shows the up field shift of protons as well as down field shift of the IL protons which is 

the clear indication of presence of IL molecule inside the CD cavity (Fig. 2 & Table. S3). 

From the change of the chemical shift (Δδ) of the H-3 and H-5 protons of CD insertion of 

IL molecules into the cavity of both the CD through the wider rim rather than the 

narrower rim can be explained as the change in chemical shift (Δδ) of H-3 proton 

present near the wider rim is considerably high than that of the H-5 protons which is 

present near the narrower rim (Table S4)[25, 26].Besides this, some chemical shifts are 

observed for H-1, H-2,H-4 that are not considerable as well as are not the part of the 

hydrophobic cavity of CDs.  

The principle of 2D ROESY is the interaction of the protons which are present in the 

close proximity of 0.4 nm range to each other to produce NMR cross peaks [27, 28]. In 

our study, we were investigating the inclusion of the IL inside the α-CD and β-CD nano 

cavity. The NMR study was carried out in D2O. It is clear that the H-3 and H-5 protons of 

CDs are present inside the cavity and hence if inclusion occurs, there should be presence 

of such close proximity of 0.4 nm of the IL protons with H-3 and H-5 protons of CD 

which can produce rotating-frame nuclear overhauser effect spectroscopy (ROESY) to 

give cross peaks. [29, 30]. 

In the Fig.3 and Fig.S1there is the presence of cross peaks of H3 and H5 protons of β-CD 

with H-3 and H-5 protons of the aromatic ring and H-4’ protons of [BMPy]PF6 ; and with 

the H3 and H5 protons of α-CD and  H-1’, H-1”and  H-4’of  [BMPy]PF6. In the dynamic 

process of the inclusion the cross peaks are generated due to the insertion of the butyl 

chain part of the IL as well as the aromatic ring of the IL but it is not possible of entering 

the second IL molecule as it is sterically unfavourable. Hence in some cases aromatic 

part and in some cases butyl chain enters inside the cavity. This incident signifies the 

inclusion phenomena of the said IL into the CD cavity.  
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Fig.2.1H NMR spectra of pure α-CD, β–CD, [BMPy]PF6 and [BMPy]PF6+α-CD and 

[BMPy]PF6+β–CD. (In D2O, 400 MHz) 
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Fig.3.2D ROESY spectra of the solid ICs of [BMPy]PF6-α-CD AND [BMPy]PF6-β-CD in 

D2O. (Cross correlations are indicated by red circles) 

 

3.3. Surface Tension:  

In host-guest chemistry the study of surface tension (γ) gives strong evidence about the 

inclusion phenomena as well as the stoichiometry of the inclusion complexes 

formed[31-33].The structures of the selected IL contain a charged part with a butyl 

group. This is insoluble in pure distilled water. This acts as a surface active agent which 

is echoed in the lesser γ value of their solution than pure water[34, 35]. CDs hardly 

show any change in the surface tension values when dissolved in the solvent for a wide 

range of concentration [8, 36]. Hence the change of the surface tension was due to the 

varying concentration of the IL molecule. Here, in this experiment the γ values of IL 

solutions were measured with the gradually increasing concentrations of CDs at 298.15 

K (TablesS5). It has been found that γ values, in both the cases, was increasing with 
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increasing concentration of CDs and  (Fig.4), may be due to the insertion of the IL 

molecule inside the CD cavity from the bulk forming inclusion complexes. (Fig.8)[37].  

Also at a certain concentration of CD a sudden break point arrived and after that the 

curve becomes almost flattened (Fig.4). It is well established that the break point 

(Table1) at different concentrations of CD are the indications of the respective 

stoichiometry [31, 32].The break point near the concentration of 5mM of CD appears 

due to 1:1 stoichiometry.  Thus from surface tension study the formation of inclusion 

complex can be determined.  

 

  

Fig.4. Surface tension of [BMPy]PF6 with α –CD, [BMPy]PF6 with β–CD at 298.15 K. 

Table1. Values of surface tension (γ) and at the break point with corresponding 

concentration of α –CD , β-CD for  [BMPy]PF6 at 298.15 Ka 

 
Surface tension 

 
 [BMPy]PF6+α-CD  [BMPy]PF6+β-CD 

Conc. Of CD/ mM 5.020538567 5.106856634 

γ/mN m-1 41.98741944 41.8830187 

aStandard uncertainties in temperature u are: u(T) = 0.01 K. 

aStandard uncertainties in temperature: ± 0.01 K, Pressure: ± 10kPa, surface tension: ±0.02mNm-1 

 

3.4. Conductivity: 

The study of conductivity (κ) provides valuable information about the formation and 

the stoichiometry of host-guest inclusion complexes[24, 34].The conductivity of the IL 

solutions in the mixed solvent was recorded at three different temperatures with 
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gradual addition of CD solution(TablesS6). The tabulated results and Fig.S2, reveal a 

decreasing trend of conductance values which may be due to the larger size and hence 

lower mobility of the inclusion complex formed[24, 38, 39]. At a concentration near 

5mM of CDs in both the complexes single breaks were originated which is reflected in 

the conductivity plot, indicates the formation of 1:1 inclusion complexes[34, 39].  

 

3.5. Association Constants and Thermodynamic Parameters 

Study of UV-Vis spectroscopy is a strong tool to calculate the association constant (Ka) 

for the formation of ICs[37]. In the host guest inclusion complexation when the ILs (act 

as chromophore) is encapsulated inside the CD cavity from the comparatively more 

polar bulk, there occurs a change of the molar extinction coefficient (Δε) of the IL [40].In 

this study a reasonable change of the absorbance was obtained. The changes in the 

values of absorbance (ΔA) of IL (at λmax = 252 nm) were recorded at three different 

temperatures to determine the association constants (Ka) (Tables2 and Table 

S8−S10)[35]. Basing on the Benesi−Hildebrand method for 1:1 host−guest ICs, double-

reciprocal plots of 1/∆A against 1/[CD] were plotted using the following equation 

(Fig.S3)[22, 41]. 

     
1 1 1 1

a

X
A V K CD V 
 

  
 

 

Association constants (Kac) were also calculated for the inclusion complexation 

of IL and CD by means of conductivity study with the help of a nonlinear program[37, 

42]. Basing upon the fact that the insertion of the IL inside the CD cavity change the 

conductivity of the solutions [42-44]. 

The equilibrium between [BMPy]PF6 and β-CD can be represented as: 

KaIL CD IC                                                                          (1) 

The equilibrium constant, 
aK is represented as, 

[ ] ( )

[ ][ ] ( ) ( )
a

IC f IC
K

IL CD f IL f CD
                                                  (2) 

Where, [IC], [IL] and [CD] are the molar concentrations of the inclusion complex, ionic 

liquid and cyclodextrin at equilibrium accordingly. f is the activity coefficients of the 

respective species. The activity coefficient of CD,f(CD), can be assumed as unity [39[45]] 
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as the system was dilute. According to Debye-Hückel limiting law [40[46]], f(IL)∼f(IC), 

Equation (2) becomes  

[ ]

[ ][ ]f

IC
K

IL CD
                                                                 (3) 

The association constant Ka in terms of conductivity k can be shown as[37,39] 

 

( )[ ]

[ ][ ] ( )[ ]

IL obs
a

obs IC

IC
K

IL CD CD

 
 

 
                                   (4) 

 

                                     Where     
( )

[ ]
( )

ad IL obs
ad

IL IC

IL
CD CD

 
 

 
                                    (5)   

 

Here, IL denotes the molar conductivity of the IL before addition of CD, IC and obs

signify the molar conductance of the inclusion complex and the mixture, adCD and ILC

the analytical concentration of CD added and IL added respectively. The association 

constant of IC,
aK , and IC  were determined by using Equations (4) and (5).  

From the binding constant values the change in the enthalpy ( 0H ) and entropy ( 0S ) 

were calculated by plotting log Kf against 1/T according to Van’t Hoff equation (6) for 

both the CDs after calculating the association constant (Fig. 5 and 6). The values of 0H  

and 0S obtained from both the procedures are expressed in table 5. From the change 

of enthalpy and entropy values, the change in the Gibb’s free energy has been calculated 

at 298.15 K using the entropy and enthalpy values.[34, 37] 

 

0 0

2.303 log
H S

K
f RT R

 
  

                                                  (6) 

 

 

Table2.  Association constants obtained by the Benesi−Hildebrand method (Ka)from 

UV-Vis study and corresponding thermodynamic parameters and stoichiometry of 

[BMPy]PF6& α-CD and [BMPy]PF6& β-CD inclusion complexes at 293.15Ka, 303.15Ka at 

313.15Ka. 
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ka(10-3M-1) ΔG0                     

(kJ mol-

1) 

ΔH0               

(kJ mol-

1) 

ΔS0                           

(J mol-1) 

K-1 
293.15K 303.15K 313.15K 

[BMPy]PF6& 

α-CD 
6.24 4.32 2.82 -21.20 -30.29 -30.51 

[BMPy]PF6&β-

CD 
4.64 3.22 2.23 -20.46 -27.95 -25.12 

aStandard uncertainties in temperature: ± 0.01 K, Pressure: ± 10kPa. 

 

Table3. Association constants obtained by the nonlinear program (Kac) from 

conductance study and corresponding thermodynamic parameters and stoichiometry of 

[BMPy]PF6& α-CD and [BMPy]PF6& β-CD inclusion complexes at 293.15Ka, 303.15Ka at 

313.15Ka. 

 
Kac(10-3M-1) ΔG0                     

(kJ mol-1) 

ΔH0               

(kJ mol-1) 

ΔS0                           

(J mol-1) K-1 293.15K 303.15K 313.15K 

[BMPy]PF6& 

α-CD 
6.16 4.26 2.79 -21.16 -30.20 -30.34 

[BMPy]PF6& 

β-CD 
4.57 3.16 2.20 -20.43 -27.85 -24.91 

aStandard uncertainties in temperature: ± 0.01 K, Pressure: ± 10kPa. 

 

Fig.5. Plot of logKac vs 1/T for the interaction of α-CD with [BMPy]PF6 (♦) and β-CD with 

[BMPy]PF6(■). 
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Fig.6. Plot of logKac vs 1/T for the interaction of α-CD with [BMPy]PF6 (♦) and β-CD with 

[BMPy]PF6(■). 

 

The association constant obtained from the two processes signifies the feasibility of the 

inclusion (Table2 and Table3). The association constants at three different 

temperatures were used to calculate the thermodynamic properties.  

The changes in enthalpy (∆H) and entropy (∆S)for the process of inclusion were found 

negative, signifies inclusion process to be exothermic and is not entropy-driven rather 

entropy-restricted. (Table 2 and 3)[34]. This may be due to the molecular association 

during the formation of the inclusion complexes of CDs and IL. Because of this, the 

entropy decreases, this is contrary for the spontaneity of the formation of ICs. But this 

effect of entropy was overcome by the greater negative value of enthalpy change, which 

makes the whole process of inclusion thermodynamically favourable. 

 

Again the spontaneity of formation of ICs can be related with free energy change (∆G) 

during the process. This can be easily calculated from the thermodynamic parameter ∆H 

and ∆S using the following equation (7) at 298.15K. The ∆G values are negative for both 

the ICs which indicate the feasible formation of the ICs and the complexation is an 

exergonic process. 

∆G= ∆H - T∆S                                                                                             (7) 

The ∆G values for the two binding partners ([BMPy]PF6, with α-CD and β-CD) are 

negative (−∆G) which indicates that the host-guest IC proceeded spontaneously (Table 2 

and 3)  at 298.15 K and the complexation is an exergonic process. 
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3.6. FTIR: 

FT-IR study of the solid ICs formed was performed to investigate the formation of the 

solid ICs. There are changes in frequencies of bands of the inserted guest molecules as 

well as some bands are absent in the spectra of complex. This may be due to the 

formation of the ICs[47]. Data for pure compounds and inclusion complexes are 

recorded in TableS11 and spectroscopic change in wavenumber before and after 

inclusion are shown in fig.7. Due to non-covalent interactions the changes of bands are 

observed. In the spectra of α-CD and β-CD the broad bands obtained at 3410 cm−1 and 

3408 cm−1are due to the valence vibrations of O-H groups linked by H-bond. The O-H 

stretching for α-CD and β-CD obtained at 3410 cm-1  and 3408 cm-1 were obtained in the 

complexes 3383 cm-1 and 3394 cm-1 respectively, may be due to the interaction of the 

positively charged nitrogen atom of the pyridine ring and the oxygen atom of O-H group 

which is again reflected in the shifted band of C=N stretching form 1647cm-1 for the 

pure IL to 1636cm-1 and 1638 cm-1 in the ICs of β-CD and α-CD respectively. The C-H 

stretching and bending are obtained at 2941cm−1 and 1404 cm-1 for pure β-CD and 

2935cm−1 and 1406 cm-1 for pure α-CD, which are shifted in the ICs to 2931 cm-1, 1388 

cm-1 for β-CD and 2927 cm-1, 1371 cm-1 for α-CD. The out of plane C-H bending for 

[BMPy]PF6 obtained at 841 cm-1 obtained at 830 cm-1 and 832 cm-1 for α-CD and β-CD  

respectively. This may be due to the closeness of C-H of CD and the aromatic C-H of the 

IL. The aromatic stretching bands for pure [BMPy]PF6 observed at 3142cm-1,  stretching 

band due to alkyl C-H at 3068cm-1, are absent in the spectra of the ICs[48]. The peak due 

to stretching of C-H from -CH2- at 2965cm-1 from [BMPy]PF6 are absent or shifted to 

2931cm-1 and 2927cm-1 in the spectra of ICs of β-CD and α-CD respectively, may be due 

to the interaction inside the cavity of cyclodextrin. In the ICs no additional signal is 

obtained which denies the chance of chemical reaction [49][36][50]. Thus the study 

provides significant information about the formation of the ICs in the solid state.   
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Fig.7: FT-IR spectra of free α-CD, β-CD, [BMPy]PF6 and their 1:1incluusion complexes 

([BMPy]PF6+α-CD) and ([BMPy]PF6+β-CD) at 298.15K.  

 

3.7. Electrospray Ionization (ESI) Mass Spectrometric Analysis of Inclusion 

Complexes. 

The inclusion complexation of the ILs with β-CD was further confirmed by 

studying ESI-mass spectrometry. The spectra and peaks with possible ions are shown in 

the Figure S4 and Table S9.The peaks found at m/z 1268.92 and 1290.94 represent 
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([BMPy]PF6+α-CD + H)+ and ([BMPy]PF6+ α-CD + Na)+ respectively, peaks found at m/z 

1431.11 and 1452.87 represent([BMPy]PF6+β-CD + H)+ and ([BMPy]PF6+ β-CD + Na)+, 

respectively. The above study confirms the formation of expected ICs, namely, 

[BMPy]PF6+α-CD and [BMPy]PF6+ β-CD, in the solid state and the stoichiometry of the 

host and guest is 1:1. 

 

 

Fig.8. Schematic representation of the inclusion of [BMPy]PF6 with Cyclodextrin in 

mixed solvent media. 

4. Conclusion:  

The thorough experiment describes the formation of the inclusion phenomena of 

[BMPy]PF6 with α- Cyclodextrin and β-Cyclodextrin. The solid ICs formed were found 

freely soluble in pure distilled water. The Inclusion phenomena in the solid state were 

confirmed by 1H-NMR, FT-IR spectroscopy and Mass spectrometry. Again the inclusion 

phenomena and stoichiometry of the inclusion complexes formed were established by 

Job’s plot from UV-Vis study, Surface tension and conductance study. Binding constant 

of the ICs calculated from UV-Vis and conductometric study, confirmed the significant 

association between the ILs and β-CD and good feasibility of formation of the ICs. 
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Supplementary data 

Tables 

TableS1. Data for Job's Plot performed by UV-Vis spectroscopy for [BMPy]PF6-β-CD system at 
298.15 K a  

IL conc. 
[IL] (µm) 

β-CD  
(µm) 

R= [IL]/ 
([IL]+[β-CD]) 

A 
@λmax       

252 
nm 

ΔA            
(0.48172-A) 

ΔAx[D]/  
([D]+[β-CD]) 

0 100 0 0.0714 0.47472 0 

10 90 0.1 0.1108 0.36384 0.036384 
20 80 0.2 0.1547 0.31999 0.063998 
30 70 0.3 0.1968 0.27784 0.083352 
40 60 0.4 0.2346 0.2401 0.09604 
50 50 0.5 0.2738 0.20086 0.10043 
60 40 0.6 0.3195 0.1552 0.09312 
70 30 0.7 0.3615 0.11318 0.079226 
80 20 0.8 0.4050 0.06963 0.055704 
90 10 0.9 0.4505 0.02422 0.021798 

100 0 1 0.4747 0 0 
aStandard uncertainties in temperature u are: (T) =±0.01K 

TableS2. Data for Job's Plot performed by UV-Vis spectroscopy for [BMPy]PF6-α-CD system at 

298.15 K a  

drug conc. [D] 
(µm) 

αCD  (µm) 
R= [D]/ 

(*D++*αcd+) 
A @λmax       252 

nm 
ΔA            

(0.48172-A) 
ΔAx*D+/ 

(*D++*αcd+) 

0 100 0.0 0 0.47472 0 

10 90 0.1 0.11415 0.36057 0.036057 

20 80 0.2 0.1467 0.32802 0.065604 

30 70 0.3 0.18321 0.29151 0.087453 

40 60 0.4 0.23243 0.24229 0.096916 

50 50 0.5 0.26294 0.21178 0.10589 

60 40 0.6 0.31581 0.15891 0.095346 

70 30 0.7 0.36474 0.10998 0.076986 

80 20 0.8 0.39745 0.07727 0.061816 

90 10 0.9 0.44861 0.02611 0.023499 

100 0 1.0 0.47472 0 0 
 aStandard uncertainties in temperature u are: (T) =±0.01K 

 

 



Chapter VI 

164 
 

TableS3. 1H-NMR spectra of [BMPy]PF6, α-CD, β-CD,  and [BMPy]PF6+α-CD, 

[BMPy]PF6+β-CD complexes.  

α-Cyclodextrin (400 MHz, Solvated in D2O)              

δ /ppm 

β-Cyclodextrin (400 MHz, Solvated in D2O) 

δ /ppm 

3.41-3.44 (6H, t, J= 9.00 Hz), 3.45-3.51 (6H, 

dd, J= 10.00, 3.00 Hz), 3.73-3.89 (18H, m), 

3.81-3.87(6H,t, J = 9 Hz), 4.89-4.94 (6H, d, J 

= 3 Hz) 

3.41-3.47 (6H, t, J = 9.2 Hz), 3.48-3.53 (6H, dd, 

J =9.6, 3.2 Hz), 3.72-3.77 (18H, m), 3.79-3.86 

(6H,t,J=9.2 Hz), 4.91-4.95 (6H, d, J = 3.6 Hz). 

 

[BMPy]PF6 

0.77-0.81(3H, t, J=8Hz); 1.15-1.25(2H, m); 1.78-1.86(2H, dd, J=8Hz); 2.50(3H, s); 4.37-

4.40(2H, t, J=6.5Hz); 7.71-7.72(2H, d, J=6.4Hz); 8.48-8.50(2H, d, J=6.8Hz). 

[BMPy]PF6+α-CDa [BMPy]PF6+β-CDa 

3.41-3.44 (6H, t, J= 9.00 Hz), 3.45-3.51 (6H, 

dd, J= 10.00, 3.00 Hz), 3.62-3.67 (18H, m), 

3.55-3.61(6H,t, J = 9 Hz), 4.89-4.94 (6H, d, J 

= 3 Hz); 0.92(3H, s); 1.31-1.38(2H, m); 

1.93-2.00(2H, dd, J=8Hz); 2.65(3H, s); 4.47-

4.50(2H, t, J=6.5Hz); 7.88-7.90(2H, d, 

J=6.4Hz); 8.67-8.69(2H, d, J=6.8Hz). 

3.41-3.47 (6H, t, J = 9.2 Hz), 3.48-3.53 (6H, dd, 

J =9.6, 3.2 Hz),  3.53-3.59 (18H, m), 3.62-3.66 

(6H, t, J=9.2 Hz), 5.00-5.01 (6H, d, J = 3.6 Hz), 

0.95(3H, s); 1.35-1.40(2H, m); 1.96-2.03(2H, 

dd, J=8Hz); 2.64(3H, s); 4.46-4.50(2H, t, 

J=6.5Hz); 7.89-7.91(2H, d, J=6.4Hz); 8.83-

8.50(2H, d, J=6.8Hz).  

ɑStandard uncertainties in temperature: ± 0.01K, Pressure:± 10kPa 

 

Table S4. Change in chemical shifts (ppm) of the H3 and H5 protons of cyclodextrin molecule 
in two different host-guest complexes in D2O at 298.15 Ka.  
 

Protons of CD [BMPy]PF6+α-CD [BMPy]PF6+β-CD 

H3 0.25 0.20 

H5 0.10 0.18 
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Table S5.  Surface Tension (γ) values of α-CD& [BMPy]PF6, β-CD & [BMPy]PF6 Complex 

at 298.15 K 

CD added 
(mL) 

Total volume 
(mL) 

conc of IL 
(mM) 

conc of 
CD (mM) 

α-CD & 
[BMPy]PF6 

Complex 

β-CD & 
[BMPy]PF6 

Complex 

0 10 10.000 0.00 39.20 39.2 

1 11 9.091 0.91 39.72 39.63 

2 12 8.333 1.67 40.12 40.04 

3 13 7.692 2.31 40.46 40.36 

4 14 7.143 2.86 40.78 40.65 

5 15 6.667 3.33 41.03 40.92 

6 16 6.250 3.75 41.27 41.16 

7 17 5.882 4.12 41.50 41.38 

8 18 5.556 4.44 41.67 41.56 

9 19 5.263 4.74 41.84 41.69 

10 20 5.000 5.00 41.98 41.82 

11 21 4.762 5.24 42.02 41.88 

12 22 4.545 5.45 42.04 41.91 

13 23 4.348 5.65 42.06 41.93 

14 24 4.167 5.83 42.08 41.95 

15 25 4.000 6.00 42.10 41.96 

16 26 3.846 6.15 42.12 41.98 

17 27 3.704 6.30 42.13 41.99 

18 28 3.571 6.43 42.15 42.00 

19 29 3.448 6.55 42.17 42.01 

20 30 3.333 6.67 42.19 42.02 

21 31 3.226 6.774 42.2 42.02 

22 32 3.125 6.875 42.21 42.03 

23 33 3.031 6.969 42.22 42.03 

24 34 2.942 7.058 42.22 42.04 

aStandard uncertainties in temperature: ± 0.01 K, Pressure: ± 10kPa, surface tension: ±0.02 mNm-1 
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Table S6. Data for the conductivity study of aqueous [BMPy]PF6+α-CD and [BMPy]PF6+β-CD 

system (concentration of stock solution of IL = 10mM, concentration of stock solution of CD = 

10mM) at 293.15Ka, 303.15Ka, 313.15Ka 

conc of IL 

(mM) 

conc of β-

CD (mM) 

293.15 K 303.15 K 313.15 K 

α-CD & 

[BMPy]PF6 

Complex 

β-CD & 

[BMPy]PF6 

Complex 

α-CD & 

[BMPy]PF6 

Complex 

β-CD & 

[BMPy]PF6 

Complex 

α-CD & 

[BMPy]PF6 

Complex 

β-CD & 

[BMPy]PF6 

ComplexO9 

10.000 0.000 0.583 0.583 0.628 0.628 0.680 0.680 

9.091 0.909 0.536 0.535 0.576 0.575 0.626 0.613 

8.333 1.667 0.491 0.490 0.532 0.530 0.583 0.566 

7.692 2.307 0.455 0.454 0.494 0.494 0.547 0.523 

7.143 2.857 0.422 0.422 0.458 0.462 0.515 0.491 

6.667 3.333 0.397 0.396 0.434 0.436 0.488 0.464 

6.250 3.750 0.375 0.374 0.409 0.414 0.465 0.433 

5.882 4.117 0.351 0.353 0.387 0.393 0.445 0.411 

5.556 4.444 0.331 0.332 0.365 0.372 0.424 0.389 

5.263 4.736 0.315 0.314 0.351 0.354 0.407 0.376 

5.000 5.000 0.297 0.294 0.337 0.337 0.394 0.358 

4.762 5.238 0.294 0.289 0.325 0.326 0.381 0.342 

4.545 5.454 0.287 0.284 0.321 0.323 0.378 0.338 

4.348 5.652 0.284 0.281 0.320 0.321 0.375 0.335 

4.167 5.833 0.280 0.277 0.318 0.316 0.372 0.332 

4.000 6.000 0.276 0.273 0.316 0.312 0.368 0.328 

3.846 6.153 0.273 0.270 0.314 0.309 0.364 0.324 

3.704 6.296 0.270 0.267 0.312 0.306 0.362 0.322 

3.571 6.428 0.267 0.264 0.311 0.304 0.360 0.320 

3.448 6.551 0.264 0.261 0.309 0.301 0.357 0.317 

3.333 6.666 0.262 0.259 0.307 0.300 0.354 0.314 

3.226 6.774 0.260 0.257 0.305 0.298 0.354 0.313 
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3.125 6.875 0.258 0.255 0.304 0.295 0.352 0.312 

3.031 6.969 0.256 0.253 0.302 0.292 0.349 0.309 

2.942 7.058 0.254 0.251 0.302 0.290 0.347 0.307 

2.857 7.143 0.252 0.249 0.299 0.288 0.346 0.306 

2.778 7.222 0.252 0.249 0.298 0.286 0.345 0.305 

2.703 7.297 0.250 0.247 0.297 0.285 0.343 0.303 

2.632 7.368 0.249 0.246 0.296 0.285 0.342 0.302 

2.564 7.436 0.248 0.245 0.296 0.285 0.342 0.302 

ɑStandard uncertainties in temperature: ± 0.01Kconductivity:± 0.02mS m-1. Pressure:± 10kPa  

TableS7. Values of conductivity (κ) at the break point with corresponding 

concentrations of [BMPy]PF6 and CDs at 298.15 Ka 

Temperature 

(K) 

Concentration 

of α-CD (mM) 
κa/mS.cm-1 

Concentration 

of β-CD (mM) 
κa/mS.cm-1 

[BMPy]PF6 

293.15 5.106 0.294 5.144 0.290 

303.15 5.135 0.327 5.157 0.329 

313.15 5.167 0.383 5.192 0.343 

a Standard uncertainties in temperature:± 0.01K, conductivity: ±0.001 mS·m-1 

 

TableS8: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS 

spectroscopic study for [BMPy]PF6-α-CD and [BMPy]PF6-β-CD systems at 293.15 K 

  
[Drug] 

(µM) 

[CD]            

(µM) 
A0 A1 ΔA 1/ΔA 1/cd 

[BMPy]PF6+ 

α-CD 

50 10 0.4531 0.47203 0.01893 52.8262 100000 

50 20 0.4531 0.48791 0.03481 28.72738 50000 

50 30 0.4531 0.50342 0.05032 19.87281 33333 

50 40 0.4531 0.51473 0.06163 16.22586 25000 

50 50 0.4531 0.53102 0.07792 12.83368 20000 

50 60 0.4531 0.54473 0.09163 10.91346 16667 

50 70 0.4531 0.55285 0.09975 10.02506 14286 
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50 80 0.4531 0.56142 0.10832 9.231905 12500 

50 90 0.4531 0.56988 0.11678 8.56311 11111 

50 100 0.4531 0.57948 0.12638 7.912644 10000 

[BMPy]PF6+   

β-CD 

50 10 0.4531 0.47952 0.02642 37.85011 100000 

50 20 0.4531 0.50317 0.05007 19.97204 50000 

50 30 0.4531 0.52531 0.07221 13.8485 33333 

50 40 0.4531 0.54402 0.09092 10.99868 25000 

50 50 0.4531 0.56834 0.11524 8.677543 20000 

50 60 0.4531 0.58441 0.13131 7.615566 16667 

50 70 0.4531 0.59856 0.14546 6.874742 14286 

50 80 0.4531 0.60846 0.15536 6.436663 12500 

50 90 0.4531 0.61826 0.16516 6.054735 11111 

50 100 0.4531 0.628606 0.175506 5.697811 10000 

 

Table S9: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS 

spectroscopic study for [BMPy]PF6-α-CD and [BMPy]PF6-β-CD systems at 303.15 K 

  
[Drug] 

(µM) 

[CD]            

(µM) 
A0 A1 ΔA 1/ΔA 1/cd 

[BMPy]PF6+

β-CD 

50 10 0.44739 0.46263 0.01524 65.6168 100000 

50 20 0.44739 0.47711 0.02972 33.64738 50000 

50 30 0.44739 0.49042 0.04303 23.2396 33333 

50 40 0.44739 0.50273 0.05534 18.07011 25000 

50 50 0.44739 0.51502 0.06763 14.78634 20000 

50 60 0.44739 0.52473 0.07734 12.92992 16667 

50 70 0.44739 0.53285 0.08546 11.70138 14286 

50 80 0.44739 0.54142 0.09403 10.6349 12500 

50 90 0.44739 0.54988 0.10249 9.757049 11111 

50 100 0.44739 0.55948 0.11209 8.921402 10000 

[BMPy]PF6+   50 10 0.44739 0.47051 0.02312 43.2526 100000 
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β-CD 50 20 0.44739 0.492619 0.045229 22.10971 50000 

50 30 0.44739 0.51342 0.06603 15.14463 33333 

50 40 0.44739 0.53173 0.08434 11.85677 25000 

50 50 0.44739 0.55402 0.10663 9.378224 20000 

50 60 0.44739 0.569273 0.121883 8.20459 16667 

50 70 0.44739 0.58485 0.13746 7.274844 14286 

50 80 0.44739 0.596142 0.148752 6.722599 12500 

50 90 0.44739 0.61588 0.16849 5.93507 11111 

50 100 0.44739 0.62448 0.17709 5.646846 10000 

 

TableS10: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS 

spectroscopic study for [BMPy]PF6-α-CD and [BMPy]PF6-β-CD systems at 303.15 K 

  
[Drug] 

(µM) 

[CD]            

(µM) 
A0 A1 ΔA 1/ΔA 1/cd 

[BMPy]PF6+β-

CD 

50 10 0.43182 0.4481 0.01628 61.42506 100000 

50 20 0.43182 0.46401 0.03219 31.06555 50000 

50 30 0.43182 0.47842 0.0466 21.45923 33333 

50 40 0.43182 0.49173 0.05991 16.6917 25000 

50 50 0.43182 0.50802 0.0762 13.12336 20000 

50 60 0.43182 0.51873 0.08691 11.50616 16667 

50 70 0.43182 0.52985 0.09803 10.20096 14286 

50 80 0.43182 0.53742 0.1056 9.469697 12500 

50 90 0.43182 0.54988 0.11806 8.470269 11111 

50 100 0.43182 0.559848 0.128028 7.810791 10000 

[BMPy]PF6+   

β-CD 

50 10 0.43182 0.454847 0.023027 43.42728 100000 

50 20 0.43182 0.476417 0.044597 22.42303 50000 

50 30 0.43182 0.49342 0.0616 16.23377 33333 

50 40 0.43182 0.51573 0.08391 11.91753 25000 



Chapter VI 

170 
 

50 50 0.43182 0.54002 0.1082 9.242144 20000 

50 60 0.43182 0.558273 0.126453 7.908077 16667 

50 70 0.43182 0.58025 0.14843 6.737183 14286 

50 80 0.43182 0.601142 0.169322 5.905907 12500 

50 90 0.43182 0.62488 0.19306 5.179737 11111 

50 100 0.43182 0.61548 0.18366 5.444844 10000 

aStandard uncertainties in temperature: ± 0.01 K, Pressure: ± 10kPa. 

 

TableS11. Data obtained from FT-IR spectroscopic study of α-CD, β-CD, 

[BMPy]PF6, α-CD +[BMPy]PF6,  β-CD+[BMPy]PF6. 

Group  

Wave number (Cm-1) 

α-CD β-CD [BMPy]PF6 
α-CD+ 

[BMPy]PF6 

β-CD+ 

[BMPy]PF6 

stretching of O-

H 
3410 3408  3383 3386 

stretching of –

C-H from –CH2 
2935 2941  2932 2931 

bending of –C-

H from –CH2 

and bending of 

O-H 

1421 1404  1385 1388 

bending of C-O-

C 
1165 1160  1152 1154 

vibration 

involving α-

1,4linkage 

 

956 954  952 948 

Aromatic -C-H 

Stretching  

 
3142 ….. …..  

Stretching –alkyl C-H   3068 ….. …..  
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stretching of –C-H 

from –CH2 

 
2965 ….. …..  

Stretching -C=N and 

Stretching -C=C 

 
1647 1638 1636  

-CH2- bending (m)   1469 ….. …..  

-CH3- bending (m)        1385 1371 13781  

C-N stretching  1176 1142 1154  

out of plane C-H 

bending 

 
841 830 832  

aStandard uncertainties in temperature: ± 0.01 K, Pressure: ± 10kPa 

 
Table S12. The observed peaks at different m/z with corresponding ions for the solid 

inclusion complexes. 

Ions m/z ions m/z 

[BMPy]PF6 + H+ 296.03 [BMPy]PF6 + H+ 296.03 

[BMPy]PF6  + Na+ 318.07 [BMPy]PF6  + Na+ 318.07 

[BMPy]PF6 + α-CD + H+ 1268.92 [BMPy]PF6 + β-CD + H+ 1431.11 

[BMPy]PF6 + α-CD + Na+ 1290.94 [BMPy]PF6 + β-CD + Na+ 1452.87 

aStandard uncertainties in temperature: ± 0.01 K, Pressure: ± 10kPa 
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Figures:

 

Fig.S1. 2D ROESY spectra of the solid ICs of [BMPy]PF6-α-CD in D2O. (Cross correlations 

are indicated byred circles) 
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(b) 

 

(C) 

Fig.S2. Plot of conductivity with increasing concentration of α-CD and β-CD with 

[BMPy]PF6+α-CD and [BMPy]PF6+β-CD at (a) 293.15 K, (b) 303.15K and (c) 313.15K. 
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(c)                                                                          (d) 

 

(e)                                                                      (f) 

Fig.S3. Benesi-Hildebrand double reciprocal plots for the effect of β-CD on 

theabsorbance of [BMPy]PF6 +β-CD and [BMPy]PF6+α-CD (252 nm) at different 

temperatures(a) and (b) shows at 293015K, (c) and (d) at 303.15K and (e) and (f) at 

313.15K.  
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Fig.S4:ESI mass spectra of [BMPy]PF6-β-CD and [BMPy]PF6-α-CD inclusion complex.  



CHAPTER-VII 

 

Inclusion Complexation between Tetrabutylphosphonium 

Methanesulfonate as Guest and α- and β-Cyclodextrin as Hosts 

Investigated by Physicochemical Methodology 
 

1. Introduction 

Molecular recognition and self-assembly of macrocyclic compounds now days are being 

widely studied due to their vast range of applications in various fields such as drug 

delivery, nanotechnology, separation techniques [1] [2] [3]. Cyclodextrin (CD) belongs 

to a family of compounds made up with glucopyranose units. Six, seven and eight 

glucopyranose units are bound together by means of 1,4-glycosidic linkage to form 

cyclic oligosaccharides named as α-Cyclodextrin (α-CD), β-Cyclodextrin (β-CD) and γ-

Cyclodextrin(γ-CD) respectively [4]. These CDs have unique hollow cylindrical 

structures which can easily encapsulate various molecules inside it to form 

supramolecular host–guest inclusion complexes. CDs draw enormous attention because 

of having ability to form inclusion complexes (ICs) in aqueous medium. More over, CDs 

and their complexes are commercially available, non-hazardous and water soluble, 

which make them suitable for numerous applications in the pharmaceutical industry, 

pesticides, foodstuffs, toilet articles, and textile processing. In addition CDs have 

applications in the field of molecular recognition and self-assembly, molecular 

encapsulation, selectivity, chemical stabilization and intermolecular interactions [5-9]. 

The hollow truncated cone shaped CDs with a hydrophobic void and a hydrophilic outer 

surface help them to act as better host molecules.  

In aqueous medium, the apolar void of CD is occupied by two [10] water molecules 

which is energetically unfavourable, and therefore can be readily substituted by 

appropriate guest molecules having less polarity than water. Several attraction forces 

facilitate the encapsulation of the guest molecule into the hollow cavity of CDs during 

the formation of the ICs. Extensive studies have been made on the host-guest inclusion 

phenomenon considering CDs as host molecules. A number of organometallic 

compounds and their derivatives have been with cyclodextrins to investigate the 

probability of IC formation. In this work, we have discussed the nature of interactions 

between the host and guest molecules and characteristics of ICs formed.[11-17].  
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Ionic Solids (ISs) are important to the modern science because they possess 

various unusual and interesting properties such as high thermal stability, low vapour 

pressure and chemical stability. Moreover, they have easily tuneable properties and 

have marked tendency of solvation towards various organic, inorganic and complex 

salts, biopolymers and non-flammable materials. Thus ionic solids are accepted as 

environmentally benign solvents[18][19]. ISs are being widely used in chemical 

industries due to their green nature leading to the production of less hazardous by-

products during their usage. ISs having phosphonium ion in the cationic part are being 

used widely because of their less toxicity compared to the ammonium ion based ionic 

liquids or ionic solids[20][21]. Tetrabutylphosphonium methanesulfonate (TBPMS) 

[Fig.1] is an ionic solid (IS) with molecular formula C16H36P.CH3SO3, which is taken as 

the guest molecule in this work. ISs have extensive applications in separation of various 

dyes from aqueous media and as additives in the hydro-distillation process of 

separating oils [22].  

Here, inclusion of TBPMS inside the cavity of α-CD and β-CD was investigated in both 

the solution and solid phase. Various physicochemical studies were carried out to 

confirm the encapsulation of TBPMS. Stoichiometric ratios of the complexes formed 

were determined by means of the titrimetric method. Binding constants and 

thermodynamic parameters of complexation were again elucidated based upon 

conductivity studies. All of the above experimental results were further verified by the 

spectroscopic evaluation of the solid ICs. 
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(a)                                                                    (b) 

Fig.1: Molecular structures of (a) tetrabutylphosphonium methanesulfonate and (b) 

cyclodextrin molecule with interior and exterior protons (n = 6, 7 for α-CD and β-CD 

respectively). 

 

2. Experimental Section 

2. 1. Reagents 

Tetrabutylphosphonium methanesulfonate, α-cyclodextrin and β-cyclodextrin of high 

purity grade were purchased from Sigma-Aldrich and used as received. Purity of 

Tetrabutylphosphonium methanesulfonate, α-cyclodextrin and β-cyclodextrin were 

≥98.0%, ≥98.0% and ≥97.0% respectively. 

2.2. Instrumentations 

The surface tension experiments were studied by platinum ring detachment technique 

using digital tensiometer K9, KRÜSS, Germany at the experimental temperature. 

Accuracy in the measurement was ±0.1 mNm−1. Temperature was maintained at 298.15 

K using circulating water through auto-thermostated double-walled glass vessel 

containing the solution. 

Conductivities of the experimental solutions were measured by Mettler Toledo Seven 

Multi conductivity meter having uncertainty of ±1.0 μS m-1. Again the experiment was 

done in an auto-thermostat water bath at 298.15 K and using HPLC grade water with 

specific conductivity 6.0μSm-1. The cell was calibrated using a 0.01M aqueous KCl 

solution. 

FT-IR spectra were recorded by Perkin Elmer FT-IR spectrometer using KBr disk 

method.  KBr disks were prepared in 1:100 ratios of sample and KBr. FT-IR studies were 

performed in the scanning range of 4000−400 cm−1 at room temperature. 

The Mass Spectroscopic analyses were done using JEOL GC MATE II quadruple double 

focusing mass analyzer instrument by electron impact ionization.  

1H-NMR spectra were recorded in D2O at 400 MHz using Bruker ADVANCE 400 MHz 

instrument at 298 K. Signals were recorded in ppm using residual protonated solvent 

signals as internal standard at 4.79 ppm). Data were reported as chemical shift.  

2.3 Preparation of TBPMS-α-CD and TBPMS -β-CD inclusion complexes 

The two inclusion complexes of the ionic solid TBPMS with both CD molecules (TBPMS 

+ α-CD, TBPMS + β-CD) were prepared in 1:1 molar ratio. 1.0 mmol of α-CD was 

dissolved in 30 mL of water and 1.0 mmol of TBPMS was dissolved in 15mL of ethanol. 
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Both the solutions were separately stirred for 4 hours. After the completion of stirring, 

the ethanolic solution of the TBPMS was added drop wise to the aqueous α-CD solution. 

The mixture was again stirred for 72 hours at about 60°C followed by the filtration and 

then allowed to cool upto 10 °C. It was kept for 12 hours followed by the filtration of the 

suspension. The white crystalline powder obtained was washed with ethanol and dried 

in air. IC of β-CD was prepared following the same procedure. 

 

3. Result and discussion 

3.1. 1H-NMR and 2D-ROESY: 

The Structure of the CD molecule is suitable for the host guest inclusion complextation 

and the presence of the –C-H inside the CD cavity is significant for the 1H-NMR and 2D-

ROESY experiments.  Fig.1 clearly depicts the presence of the H3 and H5 protons inside 

the cavity while H1, H2 and H4 are present on the outer surface[23]. Now, if guest 

molecule enters into the hydrophobic cavity of the host molecule, the protons inside the 

cavity of the CD may experience interactions with the guest leading to the change of the 

chemical environment and consequently the Shift of the peaks in 1H-NMR signal.  

The spectra clearly show (Table1, TableS1, Fig.2, Fig.S1) that there are changes of the 

chemical shifts of H3 and H5 protons in the inclusion complexes compared to the pure 

one. Also, the protons of guest molecules were found to appear at the downfield 

position compared to the pure one. Thus, this leads to the conclusion that there are 

some mutual shielding through space among the protons of host and the guest 

molecules and which is only possible if guest enters inside the host 

[24][25][26][27][28]. The diamagnetic shielding of the protons of CD leads to the up-

field shift of the signals of the same[25]. The change of the chemical shift of H6 protons 

was not observed. Moreover, the up-field shift of the H3 proton (0.23 ppm) has greater 

value compared to the H5 proton (0.10 ppm). The difference in values signifies the 

guest molecule enters through the wider rim instead of the narrower rim of the CD 

molecule [29]. Again, experiment justified the fact of more effective inclusion of TBPMS 

with α-CD compared to the β-CD as shift of the H3 proton is comparatively higher for 

TBPMS + α-CD complex than TBPMS + β-CD complex.  

The special proximity (0.5 nm range) of the atoms of the host and the guest 

molecules can create Nuclear Overhauser Effect (NOE) cross-correlation in NOE 

spectroscopy (NOESY) or rotating-frame NOE spectroscopy (ROESY)[30-33]. Due to the 
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structural speciality of the CD molecules, discussed above, the ROSEY experiment can 

produce a strong evidence of encapsulation [34]. Fig.3 shows NOE cross peaks of H3 and 

H5 of CD with the protons of TBPMS. The 1:1 complexes of TBPMS with both the CDs 

give cross peaks due to the proximity of H-4’ proton of TBPMS and H5 proton of CD and 

also H-1’ proton of TBPMS and H3 proton of CD. Thus, these signals are the indications 

of the interactions of the atoms of host and guest and which is only possible if there is 

encapsulation of host inside the guest [35]. The guest TBPMS enters through the wider 

rim of CD which is evident from the absence of the signal due to H6 proton of CD and 

protons of guest.  

 

Table1.  Change in chemical shifts (ppm) of the H3 and H5 protons of cyclodextrin 

molecules in two different host-guest complexes in D2O at 298.15 Ka.  

Protons of CD TBPMS+α-CD TBPMS+β-CD 

H3 0.23 0.21 

H5 0.10 0.10 
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Fig.2. 1H-NMR spectra of (a) pure TBPMS (b) pure α–CD and (c) α–CD & TBPMS 

complex 
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TBPMS & α-CD 
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Fig.3. 2D ROESY spectra of solid inclusion complex of 1:1 molar ratio of TBPMS+ α -CD 
complex and TBPMS + β-CD complex in D2O (correlation signals are marked by green 
borders). 
 
 
3.1. Surface tension study illustrates the inclusion and its stoichiometric ratio 
 
The surface tension study helps us to interpret the formation and stoichiometry of the 

inclusion complexes. The addition of CD to water does not show any change of surface 

tension (γ), therefore CD might be classified as surface inactive compound [19][11]. The 

ionic solid TBPMS contains four long hydrocarbon chains and acts as surface active 

agent. The γ value of TBPMS is much lower than pure water. Here, the γ values of the 

solutions of TBPMS with continuous addition of α-CD and β-CD were recorded at 298.15 

K. The γ values were found to be increased with the increasing concentration of both CD 

molecules. This fact can be explained in terms of IC formation[36][16]. The availability of 

the surface active IS in the solution decreases due to the insertion of the hydrocarbon 

part of the IS into the hydrophobic cavity of the CD molecule and hence there is the 

TBPMS & β-CD 
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increment of the surface tension value. The plot of surface tension against concentration 

shows single distinguishable break in each case of α-CD and β-CD (Fig.4), suggests the 

formation of IC. The concentrations of TBPMS and the CD molecules at the break point 

(Table2) is approximately 1:1 (near 5mM concentration), which further confirms the 

stoichiometry of the two ICs as 1:1. The number of break point more than one is the 

indication of the inclusion complexation of the complex stoichiometry such as 1:2, 2:1, 

2:2 etc. The surface tension at the break point is slightly higher for α-CD indicating that 

it acts as better host compared to β-CD. 

 

    

Fig.4. Variation of surface tension of aqueous TBPMS with increasing concentration of 

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

 

 

Table2. Values of surface tension (γ) at the break point with corresponding 

concentrations of TBPMS and CD at 298.15 Ka 

Conc. of CD/mM           γa/mN.m-1 

α-CD 5.08 65.3 

β-CD 5.23 65.7 

a Standard uncertainties: temperature:(T) = ±0.01 K, surface tension:  ±0.1 mN∙m−1 
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3.2. Conductivity study demonstrates inclusion process and the stoichiometry 
 
The ionic solid TBPMS showed considerable conductivity in its aqueous solution due to 

the charged structure. The continuous addition of the aqueous solution of CD in the 

aqueous solution of TBPMS at 298.15K led to regular decrease of the conductivity and at 

a certain concentration of the CD the regularity broke and then became almost parallel 

to the abscissa. Such decreasing trend of the conductivity may be due to the 

complexation with the CD molecule. Here, the encapsulation of the hydrocarbon chain of 

TBPMS molecule inside the hydrophobic cavity of CD decreases the availability of the 

ionic moieties in the solution which leads to the decrease of the conductivity value[37]. 

Further, at a certain concentration all the guest molecules get encapsulated leading to 

the break of the regular decrease of the conductivity values. A dynamic equilibrium is 

maintained between the ionic solid and CD molecules. 

Ionic solid + Cyclodextrin ⇋ Inclusion Complex 

At the break point all the guest molecules are encapsulated by the host molecules, after 

that the concentration of CD increases gradually exceeding the concentration of TBPMS. 

Thus the equilibrium shifts towards right hand side. 

As CD molecules showed negligible conductivity, addition of the CD solution after the 

break point, led to hardly any change of the conductivity.  The values of k at the 

corresponding concentrations of the host molecules have been listed in the Table 3. The 

break point at nearly 5mM concentration of CD indicates the formation of the IC of 1:1 

stoichiometry [38,39, 40]. 

 
Table3: Values of conductivity (κ) at the break point with corresponding 

concentrations of TBPMS and CD at 298.15 Ka 

Temperature 
(K) 

Concentration 
of α-CD (mM) 

κa/mS.cm-1 
Concentration of 

β-CD (mM) 
κa/mS.cm-1 

293.15 4.98 0.29 5.22 0.28 

303.15 5.08 0.48 5.29 0.47 

313.15 5.08 0.79 5.32 0.77 

a Standard uncertainties in temperature:± 0.01K, conductivity: ±0.001 mS·m-1 
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3. 3 FT-IR Spectra of solid inclusion complexes 

The inclusion of TBPMS in the hydrophobic cavity of guest has been established from 

FT-IR spectroscopy [41]. Some of the bands resulted due to the inserted part of TBPMS 

have been found shifted and others have been found absent or their intensities are 

changed. Fig.5, Fig.S3 and TableS4 represent the FT-IR spectra of TBPMS, α-CD, β-CD 

and their inclusion complexes. The FT-IR spectrum of the ionic solid are  categorized by 

key absorption bands at 2958.81 cm-1 (symmetrical stretching of –C–H from CH3), 

2926.10 cm-1  (symmetrical stretching of –C–H from –CH2), 750.32 cm-1 (stretching of 

P–CH2–) etc. The characteristic peak due to –O-H of α-CD and β-CD has been observed 

at 3410.27 cm-1 and 3407.16 cm-1 respectively. The –O–H frequency in the ICs was 

found shifted to lower region i.e.; 3389.23 and 3382.36 cm-1 for α-CD and β-CD 

respectively. This may be due to the interaction of the phosphonium ion with the lone 

pair of the oxygen of –O–H groups of both the CDs. Moreover, the peaks due to –P–CH2, 

–CH3, –CH2– of the hydrocarbon chains of the ionic solid have been found shifted in 

case of both the IC's. 

It may be the restricted vibration of the guest molecule inside the CD which shifts the 

IR-bands in the complex. Some peaks are absent but the complexes did not show any 

additional peak. This fact indicates the presence of only non-covalent interactions [42].  
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Fig.5: FTIR spectra of free α-CD, TBPMS and their 1:1 inclusion complex (TBPMS:α-CD). 

 
3.4 ESI-mass spectrometric analysis of inclusion complexes 

The inclusion complex contains both the host and the guest molecules and hence the 

mass of that system is equal to the combination of the molecular masses of the two. 

Thus, from the molecular peak the formation of the IC as well as the stoichiometry can 

be interpreted. The molecular ion peaks have been obtained for TBPMS and CD 

complexes (Table4, Fig.S4). The IC in the solid form TBPMS+α-CD, TBPMS+β-CD gave 

the molecular ion peaks at 1328.39 and 1490.48 respectively, which are the proton 

adduct of TBPMS+α-CD IC and TBPMS+β-CD IC. Beyond these peaks no other significant 

peak has been observed. This confirms the formation of the IC and only one guest 

molecule is occupied by the host molecule i.e., 1:1 IC has been formed [43][4]. 

Table4. The observed peaks at different m/z with corresponding ions for the solid 

inclusion complexes 
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TBPMS:α-CD inclusion complex  TBPMS:β-CD inclusion complex 

 m/z Ion m/z Ion 

355.72 [TBPMS+H]+ 355.68 [TBPMS+H]+ 

973.93 [α-CD+H]+ 1135.86 [β-CD+H]+ 

1328.39 [TBPMS+α-CD+H]+ 1490.48 [TBPMS+β-CD+H]+ 

 

3.8. Binding constants 

The formation IC of 1:1 stoichiometry of TBPMS with α-CD and β-CD can be represented 

as follows: 

                                                                fK
TBPMS CD IC                                                         (1) 

The corresponding equilibrium constant, fK   is given by  

                                     
[ ] ( )

[ ][ ] ( ) ( )f

IC f IC
K

TBPMS CD f TBPMS f CD
                                                  (2) 

Where, [IC], [TBPMS] and [CD] denote the molar concentrations of the ICs, ionic solid 

and CDs at equilibrium respectively and f denote the activity coefficients of the species 

indicated. The activity coefficient of uncharged macrocycle, f(CD), has been assumed to 

be unity [39], as the system was dilute. From Debye-Hückel limiting law [40], f(TBPMS) 

∼ f(IC), Equation (2) becomes  

[ ]

[ ][ ]f

IC
K

TBPMS CD
                                                                 (3) 

In relations of the molar conductance, Λ, the formation constant of the complex is given 

as [37,39].  
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TBPMS obs
f

obs IC

IC
K

TMPMS CD CD

 
 

 
                                   (4) 

                                                    

                                     Where     
( )

[ ]
( )

ad TBPMS obs
ad

TBPMS IC

TBPMS
CD CD

 
 

 
                                    (5)   

Here, TBPMS   is the molar conductance of the ionic solid TBPMS before addition of CD, 

IC  is the molar conductance of the inclusion complex, obs  the molar conductance of 

the mixture, adCD  the analytical concentration of CD added and TBPMSC  is the analytical 

concentration of the IS. The formation constant of the complex, fK , and the molar 
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conductance of the inclusion complex, IC , were determined by using Equations (4) and 

(5). The 
fK values (Table 4.) reveal that the TBPMS has higher binding efficiency with 

α-CD than β-CD. This can be explained in terms of the fitting capability of the guest 

inside the host.  The hydrophobic interaction plays the key role to bind the IS more 

effectively with the α-CD than β-CD, which leads to the formation of more stable IC. 

From the binding constant values the change in the enthalpy ( 0H ) and entropy ( 0S ) 

can be obtained by plotting logKf values against 1/T according to Van’t Hoff equation (6) 

(Fig.6) the values of 0H  and 0S have been determined and tabulated in the table5. 

From the change of enthalpy and entropy values, the change in the Gibb’s free energy 

has also been calculated for both the systems. 

0 0

2.303 log
H S

K
f RT R

 
  

                                           
 (6) 

 
 
Fig.6. Linear relationships of logKf  vs. 1/T for the interaction of TBPMS+α-CD (▲), 
TBPMS+β-CD (♦) 
 
 

Table5. Association constants (Ka), Gibb's free energy, enthalpy and entropy of various 
ionic liquid-cyclodextrin systems. 

IL & CD 
systems 

logKf  (M-1) 
ΔG0  

 (kJ mol-1) 
ΔH0               

(kJ mol-1) 

ΔS0                           

(J mol-

1) 293.15
K 

303.15
K 

313.15K 

TBPMS & α-
CD 

3.74 3.37 3.06 -49.96 -34.30 -52.52 

TBPMS & β-
CD 

3.81 3.47 3.14 -42.39 -29.84 -42.08 

aStandard uncertainties in temperature: ±0.01 K. 

2.8

3.0

3.3

3.5

0.0032 0.0033 0.0034 0.0035

lo
gk

a 

1/T 
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Table5 shows that the values of change in entropy are negative, which is due to the 

association of the host and guest molecules. Again ΔG0 for both the cases were found to 

be negative, which is a clear indication of the feasible formation of the IC. Again,(the 

higher value of) ΔG0 for TBPMS & α-CD system is attributed to the higher feasibility of 

the formation of the TBPMS & α-CD IC compared to the other.   

 

3. 9 Structural influence of cyclodextrin in inclusion complex formation 

The inclusion complex formation between host and the guest is largely dependent on 

the structural combination of the host and the guest molecule. Here, it is clear that guest 

molecule will only enter inside the host molecule in the solution if the non-covalent 

interactions between the host and guest molecules overcome other interactions which 

prevent formation of IC. β-CD has the large cavity diameter (6.0–6.5 Å) than α-CD (4.7–

5.3Å) and hence it can provide more space to the guest compared to the α-CD. Again 

hydrophobic interaction between two species increases as the proximity increases; 

possibly due to higher surface proximity the interaction is a bit higher in α-CD. In the 

process of inclusion complexation no covalent bond formation or breaking process 

takes place, only the hydrophobic alkyl chains of TBPMS are encapsulated in the 

hydrophobic cavity of CD molecules. One important factor is that the hydrophobic cavity 

of Cyclodextrin is engaged by water molecules which is unfavourable, and hence TBPMS 

can easily replace the water molecules by its apolar part. The exclusion of the water 

molecules increases the entropy of the system to some extent which helps again the 

formation of the ICs. The better combination between host and guest fits the guest 

inside the host by lowering the ring strain of the CD and consequently the energy is 

lowered. Thus the complex gains stability. 

After encapsulation of one guest molecule, the host becomes sterically blocked which 

prevents another molecule to enter inside the host. This phenomenon explains the 

formation of 1:1 complex. Another stabilising effect is the interaction between the 

phosphonium ion of the guest and the lone pair of the oxygen of the –OH group present 

at the rim of CD (Fig.7). 
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Fig.7 Schematic representation of plausible interactions taking place in the inclusion 

complex.  

4. Conclusion 

The attempt of encapsulation of TBPMS inside CDs in aqueous medium was successful. 

Solidification of the IC was again found successful, which was confirmed by analysing 

the result obtained from 1H-NMR, 2D ROESY, FT-IR and ESI-MS. In aqueous media the 

formation of the ICs was confirmed by means of Surface tension and conductivity study. 

Again 1:1 stoichiometry of the IC in the aqueous medium was confirmed by surface 

tension and conductivity study and in solid state by EI-MS analysis. The binding 

constant of the ICs was calculated and the thermodynamic parameters obtained by 

calculation confirmed the higher stability of the ICs formed. A schematic representation 

of the inclusion was depicted on the basis of all the experimental observations 

explained above. These types of ICs being environmentally non-hazardous are of great 

interest now days in various industrial processes  
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Supplementary data 

Table: 

TableS1. 1H-NMR spectra of TBPMS, α-CD, β-CD and TBPMS+α-CD, TBPMS+β-CD 

complexes.  

α-Cyclodextrin (400 MHz, Solvated in D2O)              

δ /ppm 

β-Cyclodextrin (400 MHz, Solvated in D2O) 

δ /ppm 

3.41-3.46 (6H, t, J= 9.00 Hz), 3.48-3.52 (6H, 

dd, J= 10.00, 3.00 Hz), 3.73-3.89 (18H, m), 

3.81-3.87(6H,t, J = 9 Hz), 4.89-4.94 (6H, d, J = 

3 Hz) 

3.40-3.46 (6H, t, J = 9.2 Hz), 3.48-3.52 (6H, dd, J 

=9.6, 3.2 Hz), 3.72-3.77 (18H, m), 3.79-3.86 

(6H,t,J=9.2 Hz), 4.89-4.94 (6H, d, J = 3.6 Hz). 

 

TBPMS 

0.49-0.53 (12H, t, J=7.2Hz); 1.01-1.16 (16H, m), 1.71-1.79 (8H, m); 2.39 (3H,s) 

TBPMS +α-CDa TBPMS +β-CDa 

3.41-3.44 (6H, t, J= 9.00 Hz), 3.45-3.51 (6H, 

dd, J= 10.00, 3.00 Hz), 3.62-3.67 (18H, m), 

3.55-3.61(6H,t, J = 9 Hz), 4.89-4.94 (6H, d, J = 

3 Hz); 0.92(3H, s); 0.76-0.85 (12H, t, J=7.2Hz); 

1.28-1.48 (16H, m), 1.98-2.11 (8H, m); 2.39 

(3H,s) 

3.41-3.47 (6H, t, J = 9.2 Hz), 3.48-3.53 (6H, dd, J 

=9.6, 3.2 Hz), 3.53-3.59 (18H, m), 3.62-3.66 (6H, 

t, J=9.2 Hz), 5.00-5.01 (6H, d, J = 3.6 Hz). 0.73-

0.78 (12H, t, J=7.2Hz); 1.24-1.44 (16H, m), 1.92-

2.06 (8H, m); 2.39 (3H,s) 

ɑStandard uncertainties in temperature: ± 0.01K, Pressure: ± 10kPa 

 

TableS2. Surface Tension (γ) values of aqueous TBPMS with α-CD and β-CD at 
298.15 Kɑ 

α-CD 
added 
(mL) 

Total 
volm (mL) 

conc of 
TBPMS (mM) 

conc.of CD 
(mM) 

γ of  TBPMS+α-CD 
(mN.m-1) 

γ of  
TBPMS+β-

CD (mN.m-1) 

0 10 10.000 0.000 45.5 45.5 

1 11 9.091 0.909 48.4 48.8 

2 12 8.333 1.667 51.3 51.7 

3 13 7.692 2.308 53.6 54.1 
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4 14 7.143 2.857 55.9 56.4 

5 15 6.667 3.333 57.7 58.3 

6 16 6.250 3.750 59.5 59.9 

7 17 5.882 4.118 60.8 61.2 

8 18 5.556 4.444 62.1 62.5 

9 19 5.263 4.737 63.5 63.9 

10 20 5.000 5.000 65 65.3 

11 21 4.762 5.238 65.4 65.7 

12 22 4.545 5.455 65.9 66.1 

13 23 4.348 5.652 66.2 66.4 

14 24 4.167 5.833 66.5 66.9 

15 25 4.000 6.000 66.8 67.1 

16 26 3.846 6.154 67 67.3 

17 27 3.704 6.296 67.2 67.5 

18 28 3.571 6.429 67.4 67.7 

19 29 3.448 6.552 67.6 67.9 

20 30 3.333 6.667 67.8 68.1 

ɑStandard uncertainties in temperature: ± 0.01K, 
Pressure: ± 10kPa, Surface tension: ±0.01 mNm-1 

    

 

Table S3.  Data for the conductivity study of aqueous TBPMS+α-CD and TBPMS+β-CD 

system (concentration of stock solution of TBPMS = 10mM, concentration of stock 

solution of CD = 10mM) at 293.15Ka, 303.15Ka, 313.15Ka 

conc of 

TBPMS 

(mM) 

conc 

of CD 

(mM) 

293.15 K 303.15 K 313.15 K 

 α-CD & 

TBPMS 

Complex 

β-CD & 

TBPMS 

Complex 

α-CD & 

TBPMS 

Complex 

 β-CD & 

TBPMS 

Complex 

 α-CD & 

TBPMS 

Complex 

β-CD & 

TBPMS 

Complex 

10.000 0.000 1.10 1.10 1.30 1.30 1.60 1.60 

9.091 0.909 0.95 0.90 1.13 1.15 1.46 1.43 

8.333 1.667 0.82 0.80 1.02 1.03 1.33 1.32 

7.692 2.308 0.72 0.71 0.92 0.92 1.23 1.22 

7.143 2.857 0.62 0.64 0.85 0.83 1.14 1.15 
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6.667 3.333 0.55 0.57 0.77 0.76 1.07 1.07 

6.250 3.750 0.49 0.51 0.71 0.70 1.00 1.01 

5.882 4.118 0.42 0.45 0.66 0.64 0.94 0.96 

5.556 4.444 0.37 0.41 0.61 0.58 0.88 0.91 

5.263 4.737 0.33 0.35 0.55 0.54 0.84 0.85 

5.000 5.000 0.30 0.30 0.52 0.51 0.80 0.81 

4.762 5.238 0.28 0.28 0.48 0.48 0.79 0.78 

4.545 5.455 0.27 0.27 0.46 0.47 0.77 0.76 

4.348 5.652 0.27 0.26 0.45 0.47 0.76 0.75 

4.167 5.833 0.26 0.25 0.45 0.46 0.75 0.74 

4.000 6.000 0.25 0.24 0.44 0.45 0.75 0.73 

3.846 6.154 0.25 0.23 0.43 0.45 0.74 0.73 

3.704 6.296 0.24 0.23 0.42 0.44 0.74 0.72 

3.571 6.429 0.24 0.22 0.42 0.44 0.73 0.72 

3.448 6.552 0.23 0.22 0.41 0.43 0.73 0.71 

3.333 6.667 0.23 0.22 0.41 0.43 0.73 0.71 

ɑStandard uncertainties in temperature: ± 0.01K 
conductivity: ± 0.02 mS m-1. Pressure: ± 10kPa 

    

 

TableS4. Data obtained from FT-IR spectroscopic study of α-CD, β-CD, TBPMS and the 

complexes of α-CD & TBPMS, β-CD & TBPMS. 

TBPMS 

Group Wavenumber (cm-1) Group Wavenumber (cm-1) 

stretching of –C-H from 

–CH2 
2926.10 bending of –C-H from –

CH2 
1444.64 

stretching of –C-H from 

–CH3 
2958.81 stretching of P-C 750.32 

α-Cyclodextrin β-Cyclodextrin 

Wavenumber Group Wavenumber Group 



Chapter VII 

 

195 

 

(cm-1) (cm-1) 

3410.27 stretching of O-H 3407.16 stretching of O-H 

2932.10 stretching of –C-H from –CH2 2940.56 
stretching of –C-H from –

CH2 

1420.16 
bending of –C-H from –CH2 

and bending of O-H 

1403.72 

 

bending of –C-H from –CH2 

and bending of O-H 

1160.61 bending of C-O-C 1160.37 bending of C-O-C 

954.12 

vibration  involving 

α-1,4 linkage 
954.13 

skeletal vibration  

involving α-1,4 linkage 

TBPMS-α-CD inclusion complex TBPMS-β-CD inclusion complex 

Group 

 

wave number/ cm-1 Group wave number/ cm-1 

stretching of O-H 

of α-CD 
3389.23 

stretching of O-H of 

β-CD 
3382.36 

stretching of –C-H 

from –CH2 of α-CD 
2929.45 

stretching of –C-H 

from –CH2 of β-CD 
2929.32 

bending of –C-H 

from –CH2 and 

bending of O-H of 

α-CD 

1402.56 

bending of–C-H from 

–CH2 and bending of 

O-H of β-CD 

1392.16 

bending of C-O-C 

of α-CD 
1151.56 

bending of C-O-C  

β-CD 
1154.77 

skeletal vibration  

involving α-1,4 

linkage 

949.34 

skeletal vibration 

involving β-1,4 

linkage 

 

                 943.52 

 

stretching of –C-H 

from –CH2 
2888.29 

stretching of –C-H 

from –CH2 
2882.32 

stretching of –C-H 

from –CH3 
2929.45 

stretching of –C-H 

from –CH3 
2929.17 
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bending of –C-H 

from –CH2 
1432.49 

bending of –C-H from 

–CH2 
1431.48 

stretching of P-C 732.32 stretching of P-C 
739.26 

 

Figures:  

 

(a) 

 

(b) 
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(c) 

Fig.S1. 1H NMR spectra of (a) pure TBPMS (b) pure β –CD and (c) β–CD & TBPMS complex. 
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Fig.S2. Plot of conductivity against square root of molar concentration (√C) for TBPMS +α-

CD(▲), TBPMS+β-CD(♦) at 293.15 K, 303.15K  and 313.15K. 
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Fig.S3: FT-IR spectra of free β-CD, TBPMS and their 1:1 inclusion complex (TBPMS:β-

CD). 
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Fig.S4: ESI mass spectra of TBPMS-β-CD inclusion complex and TBPMS-β-CD inclusion 

complex. 

 

 



 



CHAPTER VIII 

 

Probing Inclusion Complexes of Pentoxifylline and Pralidoxim inside 

Cyclic Oligosaccharides by Physicochemical Methodology 

 

1. Introduction 

Pentoxifylline, C13H18N4O3, (3,7-dimethyl-1-(5-oxohexyl)purine-2,6-dione), (PTX)[1] ,is 

a non-selective methyl xanthine phosphodiesterase inhibitor, which improves the blood 

flow by decreasing viscosity[2]. At the position 1 of PTX (Fig. 1) the ‘N’ atom is linked 

with aliphatic hexyl group containing a polar electrophilic carbonyl group at the end. It 

has the suitable structure to form inclusion complexes with various host molecules. In 2 

and 6 positions there are two ketone groups. The oxygen atoms of ketones may be able 

to form H-bonds with the H atoms of OH groups present in the wider rim of the CDs. 

Parlidoxime is an important drug and act as a nerve agent for the treatment of 

organophosphorus poisoning in the nervous system[3],[4] Parlidoxime or 2-pyridine 

aldoxime methochloride (2-PAM) is an oxime based drug molecule. It has a suitable 

charged pyridine moiety and an oxime part resides at C-2 position of pyridine ring 

(Fig.1). The cationic pyridine moiety helps the 2-PAM for the formation of inclusion 

with CD through non covalent interactions. 

Cyclodextrins are unique host molecules containing hydrophobic inner cavity. They can 

form host-guest inclusion complexes with various guest molecules. Cyclodextrins (CDs) 

are the members of the cyclic oligosaccharides family made up of six to twelve α-D-

glucopyranose units connected at 1 and 4 positions giving a rigid structure. The cyclic 

oligosaccharides with six to eight members are named as α-Cyclodextrin, β-Cyclodextrin 

and γ-Cyclodextrin respectively CDs have the lipophilic cavity and hydrophilic outer 

surface. Among all these, α-CD and β-CD have the suitable size for many guest molecules 

to form Host-Guest[5]  inclusion complexes. α–CD and β –CD are easily available 

whereas γ-CD is comparatively expensive. In general, the special ability of cyclodextrins 

is the formation of host-guest inclusion complex with different organic molecules 

through the interaction with the inner cavity that provides hydrophobic environment to 

trap a hydrophobic molecule[6]. Various non-covalent interactions, such as hydrogen 
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bonding, Van der Waals interaction, hydrophobic interactions and also electrostatic 

attraction play vital role to form host-guest inclusion complex[7]. In pharmaceutical 

industries CDs are mainly used as the complexing agent to increase solubility, 

availability, stability, reduction of irritation, prevention of incompatibility, odour and 

taste masking and material handling benefits.  

Here, in this work, a comparative study has been performed with two structurally 

significant drug molecules with α-CD and β-CD in aqueous environment by 

physicochemical and spectroscopic concern. 

 

 

(a) 

 

           

(b)    

                                                 



Chapter VIII 

203 
 

 

(c) 

 

Fig.1. Molecular structure of (a) one unit of CD, (b) PTX and (c) 2-PAM 

 

2. Experimental Section 

2.1. Materials  

α-Cyclodextrin, β-cyclodextrin, Pentoxifylline, Pralidoxime of puriss grade were 

purchased from Sigma Aldrich. The mass fraction purity of α-CD and β-CD used was 

≥0.99 and that of PTX and 2-PAM was ≥0.99. All the above salts were dried heating at 

373K for 48 hours and they were stored in a desiccator after cooling. 

 

2.2 Apparatus and procedure  

Before the start of the experimental work the solubility of the compounds under 

experiment were precisely checked and found the selected drug (PTX), 2-PAM, α-CD and 

β-CD to be freely soluble in triply distilled and degassed water (with a specific 

conductance of 1×10-6S∙cm-1). Different solutions of drug for experiment were prepared 

by mass (Mettler Toledo AG-285 with uncertainty ±0.0003g), and the working solutions 

were prepared by the procedure of mass dilution at 298.15 K. 

The solid inclusion complexes namely PTX+α-CD, PTX+β-CD, 2-PAM+α-CD, and 2-

PAM+β-CD have been prepared pouring ethanol solution of drug drop by drop to the 

aqueous CD solution. The aqueous solution of CD and ethanolic solution of drug have 

been prepared dissolving 1.0 mM of cyclodextrin in 20 mL of water and 1.0 mM of drug 
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in 20 mL of ethanol respectively and stirring separately for 3h. The mixtures have then 

been stirred for 48 h at 500C. The solid obtained in each case has been filtered at the 

same temperature and then allowed to cool to 50C and kept for 12 h. Then washed with 

ethanol repeatedly and dried at 1000C.  

1H NMR spectra of the pure solutions and mixtures of hosts and guests were recorded 

on Bruker ADVANCE 300 MHz spectrometer using D2O at 298.15K. Signals were quoted 

as δ values in ppm using residual protonated solvent signals as internal standard (D2O: 

δ 4.79 ppm). All the Data were reported as chemical shift. 

FT-IR spectra were recorded by Perkin Elmer FT-IR Spectrometer applying KBr Desk 

technique with scanning range 400 to 4000 cm-1.  

UV-visible spectra were recorded by JASCO V-530 UV-VIS Spectrophotometer, with an 

uncertainty of wavelength resolution of ±2 nm. The temperature was controlled by an 

automated digital thermostat.  

With the help of platinum ring detachment method using a Tensiometer (K9, KRŰSS; 

Germany) at the studied temperature the surface tension experiments were carried out. 

The precision of the measurement was within ±0.1 mN∙m−1. Temperature of the system 

was maintained throughout the experiment using circulating auto-thermostated water 

through a double-wall glass vessel containing the solution.  

The densities (  ) of the solvent and different solutions were measured using vibrating 

u-tube Anton Paar digital density meter (DMA 4500M) with accuracy of ±0.00005gcm-3 

maintained at ±0.01K of the experimental temperature. The system was calibrated by 

passing doubly distilled, deionized, degassed water and dry air. 

The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable 

Rheometer with spindle size-42 fitted to a Brookfield digital bath TC-500.  The 

viscosities were obtained by the equation below. 

 

η = (100/RPM) X TK X torque X SMC 

 

Here, TK (0.09373),  SMC (0.327) and , RPM to be the viscometer torque constant, 

spindle multiplier constant and speed of the spindle respectively. The instrument was 

calibrated with the help of the standard viscosity samples which was supplied with the 

instrument, water and aqueous CaCl2 solution. The temperature was maintained ±0.010 
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C using a Brookfield TC-500 thermostat digital bath. The viscosities of the different 

solutions were measured with an accuracy of ±1%. Every measurement reported here 

as an average of three readings taken successively with a precision of 0.3%. 

 

3. Result and Discussion 

3.1 Surface Tension Study 

Measurement of surface tension for the formation of inclusion complexes describes the 

inclusion phenomena of the drug molecules. The drug 2-PAM has a cationic pyridine 

part and a hydrophobic side chain (oxime residue) on the other hand PTX has 

hydrophilic part (purine like moiety) and long hydrophobic side chain which make both 

the drugs considerably surface active material in aqueous medium. In our previous 

investigation we observed that the surface tensions of both the investigated 

cyclodextrins were similar in nature and their surface tension (γ) values does not show 

any significant changes in compared to pure  water [5].  On the other way, α-CD and β-

CD can be considered almost surface inactive in aqueous medium at studied conditions. 

Hence, any change in surface tension curve that may be due to the involvement (or 

insertion into CDs cavity) of drug molecule with the cyclodextrins.  Here, γ - values of 

10.0mM solution of drugs have been measured with the increasing concentration of α-

CD and at 298.15K (Table S1 to S4). The observed increasing trend of γ with increasing 

concentration of CDs may be because of subtraction of the drug molecules (surface 

active) from the surface of the solution and insertion into the hydrophobic cavity of CDs 

to form stable host-guest complexes[8]. From the plot (Fig 2) it is also observed that 

there is a single break point in each case, the break point found at a concentration 

higher for β-CD than that obtained in case of the α-CD, after which the line becomes 

almost flattened. The trend of the values of γ clearly reveals the formation of inclusion 

complex and from the study of the break point of the curve of γ against concentration 

the stoichiometry can be interpreted. The single break point (Table S1) in each case of 

surface tension curve indicates 1:1stoichiometry (Fig. 2) of host-guest IC. However, 

some factors may be described which act as the driving forces for the formation of 

favourable IC i.e., (i) release of water molecules from energetically unfavourable CDs 

cavity (ii) enhancement of hydrophobic-hydrophobic interaction after getting 

incorporated of hydrophobic side part of drug molecule into the CDs. (iii) formation of 
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H-bonds with the –OH group present on the wider rim of CDs and (iv) hydration of the 

inclusion complexes by the neighbouring water molecules.  

 

 

 

Fig.2. Surface tension of PTX with α –CD (top left), PTX with β–CD (top right) 2-PAM 

with α –CD (bottom left) 2-PAM with β – CD (bottom right) at 298.15 K.  

 

The break point, in the surface tension curve for β-CD with drugs have been found at a 

lower concentration with drugs [Table1], indicates the higher possibility of inclusion for 

β-CD than α-CD [Fig.2]. In the inclusion complex the hydrophobic long chain part of the 

guest molecule gets inserted inside into the hydrophobic cavity of the CDs and the 

aromatic part remains outside the cavity.  On the other hand, β-CD provides wider space 

and can more easily encounter the guest molecule inside into it compared to the α-

CD[9].  Again the hydrophilic part of the guest outside the cavity can interact with the 

hydrophilic rim of CD forming H-bonds. This has also been agreed by the result obtained 

from the density and viscosity measurements.  

66

67

68

69

70

0 1 2 3 4 5 6 7 8

su
rf

a
ce

 t
e

n
si

o
n

 (
m

N
 m

-1
) 

α-CD  (mM) 

PTX-α-CD   

66

67

68

69

70

71

72

0 1 2 3 4 5 6 7 8
su

rf
ac

e
 t

e
n

si
o

n
 (

m
N

 m
-1

) 
β-CD  (mM) 

PTX-β-CD 

50

54

58

62

66

70

0 1 2 3 4 5 6 7 8

su
rf

a
ce

 t
e

n
si

o
n

 (
m

N
 m

-1
) 

α-CD  (mM) 

2-PAM-α-CD   

50

54

58

62

66

70

0 1 2 3 4 5 6 7 8

su
rf

a
ce

 t
e

n
si

o
n

 (
m

N
 m

-1
) 

β-CD  (mM) 

2-PAM-βCD 



Chapter VIII 

207 
 

Table1. Values of surface tension (γ) and at the break point with corresponding 
concentration of aqueous α and β-cyclodextrins at 298.15 Ka 

  Surface tension 

 
PTX+α-CD PTX+β-CD 2-PAM+α-CD 2-PAM+β-CD 

Conc. Of 
CD/ mM 

5.061 4.958 5.148 5.084 

γ/mN m-1 69.554 71.119 66.319 66.888 

aStandard uncertainties in temperature u are: u(T) = 0.01 K. 

  

3.2 UV-Vis study 

3.2.1 Job’s Method 

The binding stoichiometry for the ICs has been confirmed by the continuous variation 

method for the studied systems. In this method, the mole fractions of the guest and the 

host were varied, while the total concentrations of the mixture of the guest and the host 

were kept constant (Table S2-S5)[10]. The values of absorbance were measured at 

respective λmax (Fig.S1) for each solution at 298.15K. The Job’s plots for this complex 

system were obtained by plotting ΔA x R against R (where, ΔA is the difference in 

absorbance of the drug with and without CDs and R= [drug]/([CDs] + [drug]). The value 

of R at the maximum deviation gives the clear indication about the stoichiometry of the 

inclusion complex (IC), i.e., in ICs guest: host = 1:2 if R = 0.33; 1:1 if R = 0.5; 2:1 if R = 

0.66 etc. It is indicative of a 1:1 binding stoichiometry between the CDs and drugs and 

reached a maximum at a ratio of 0.5 for [drug]/([CDs]+[drug])[11]. This behaviour thus 

comprises the 1:1 inclusion complexes between both the CDs and drug molecules (Fig. 

3). 
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(a)                                                                      (b) 

 

(c)                                                                                               (d) 

 

Fig.3 Job plot of (a) PTX-α-CD at λmax=272 nm, (b) PTX-β-CD at λmax=272 nm, (c) 2-PAM-

α-CD at λmax=292 nm, (d) 2-PAM-β-CD at λmax=292 nm. ∆A= (AIC-ACD), R= 

[Drug]/([Drug]+[CD]) (Total concentration of the Soln. =100 µM).  

 

3.2.2 Binding Constant: 

The binding constant of a host–guest complex is often considered as an essential 

parameter to evaluate the non-covalent binding strength between the host and the 

guest molecules. The binding constant (Ka) were calculated for the ICs by UV-Visible 

spectroscopy as a result of changes in molar extinction coefficient (Δε) of the drug when 

complexed with CDs molecule, which is due to the encapsulation-induced environment 

change from the polar bulk surroundings to apolar microenvironments of CDs (Table 

S6)[12],[13]. The double reciprocal Benesi–Hildebrand method was employed for 

calculating the binding constant (Ka) for 1:1 host-guest IC eqn [14]. 
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Fig.3 shows reciprocal plots that determine the stoichiometry ratio of the ICs.  A very 

good linear relationship was obtained for 1/ΔA vs. 1/ [CDs]. This reciprocal plot clearly 

indicates the stoichiometry ratio of 1:1 for the ICs formed between drug and CD[15].  

The apparent formation constant was determined based on the reciprocal plot from the 

data obtained. The binding constant (Table S6) obtained 5.05±0.03x102 L.mol-1 and 

1.39±0.01×103 L.mol-1 for α-CD and β-CD respectively with 2-PAM and 1.54±0.04x103 

and 1.98±0.03x103 for α-CD and β-CD respectively with PTX. Thus higher magnitude of 

formation constant in β-CD suggests that the inclusion in β-CD is more efficient than α-

CD for both the cases. 

It is also clear that inclusion of PTX with the CDs are more efficient than that of 2-PAM. 

Here, the structural difference is the key factor for the binding variation to occur. 2-PAM 

is the oxime based compound having a positively charged nitrogen atom which interacts 

with the H atoms of the –OH groups present on the wider rim of the CDs. Also, the 

methyl group, which gets inserted into the hydrophobic cavity, is bound by the 

hydrophobic interaction. On the other hand, PTX is bound with the CDs as shown in the 

(Fig. 4) where the two carbonyl oxygen atoms form hydrogen bonds with the H atoms of 

the CDs of the wider rim and the hydrophobic chain gets inserted into the hydrophobic 

cavity of the CD molecules. Here, the hydrophobic interaction predominates with 

respect to that of 2-PAM molecule which has shown the variation of the binding 

constants.  

 

(a) 

 



Chapter VIII 

210 
 

 

(b) 

Fig. 4:  Schematic diagrams of inclusion (a) 2-PAM with α-CD and β-CD, (b) PTX with 2-

PAM with α-CD and β-CD. 

 

3.3. NMR Spectroscopic Study: 

The 1H-NMR spectroscopic study provides adequate evidence about the host-guest 

inclusion [16].  Here, the inclusion of PTX with α-CD and β-CD respectively are shown by 

the change in the chemical shift of protons of host and guest molecules in the complex, 

in comparison with the chemical shifts of the same protons in the free host and guest 

molecules. Proton NMR spectra of pure host and guest molecules and the complex in a 

1:1 molar ratio are presented in Fig 5 and Fig. S1. The C-3 protons and C-5 protons are 

located inside the cavity of the CDs. Near the wider rim of the CD cavity the C-3 protons 

are located while the C-5 protons form a ring near the narrower rim formed by the 

methylene protons C-6. The protons with C-1, C-2 and C-4 atoms are situated on the 

outer side of the molecule. It has been found that the proton C-3 shows a significant up 

field shift (Table S7&S8, Fig.6 & S2) while proton C-5 shows up field shifts but less than 

proton C-3. The protons in the hydrophobic chain of the drug show shift also. As in both 

the cases Guest molecule is same, it is better to consider the shift of the host 

molecules[17].  
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Fig. 5:  Schematic diagrams of inclusion through the narrower and wider rim of the 

cyclodextrin molecule. 

 

The shift of the peak due to H3 and H5 protons were found to be in more up field 

position for β-CD than α-CD in both the cases of inclusion (TableS8). There are two 

possibilities of the guest molecule to enter into the CD molecules through the wider rim 

and narrower rim (Fig.5) of the CD. However, the NMR spectroscopic result show more 

up field shift of the H3 proton of CDs which is the consequence of the inclusion of the 

guest through the wider rim, which in turn again support the above phenomena of 

inclusion. Moreover, the higher shift in case of β-CD shows more favoured inclusion[5].  

 

(a) 
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(b) 

Fig.6 1H NMR spectra of (a) pure β –CD, PTX and β-CD + PTX (b) 2-PAM, pure β –CD and 

β-CD + PTX. (Green and blue coloured protons are of PTX and 2-PAM respectively while 

red coloured protons are of CD).  

3.4. FT-IR Spectroscopy 

The inclusion phenomena can also be explained by FT-IR spectroscopic 

study[18] [19] [20]. Characteristic IR frequencies of PTX, 2-PAM, α-CD, β-CD listed in 

the Table S9 explains the inclusion phenomena to occur. Here, it is seen that some peaks 

are shifted from their original positions in the spectra of complexes. The –O-H 

stretching frequencies of both α-CD and β-CD are seen to be shifted to a lower frequency 

region for all the four ICs which is due to the involvement of the –O-H groups of the CD 

molecules in hydrogen bonding with the guest molecules which enter into the host 

molecules to form inclusion complexes. The –O-H stretching frequency from the guest 2-

PAM is found to be absent in the spectra of IC, clearly indicates the insertion of the guest 

into the cavity of CDs. It is also recorded that the C=O stretching frequency of the PTX is 

shifted to a lower frequency region in the spectrum and which also proves the inclusion 

of the PTX inside into the CDs. The inner part of the CD is hydrophobic in nature and as 

a consequence the drug molecules after inclusion experience the hydrophobic 

environment which leads to the change of the absorption peaks.   The shift of the –O-H 
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frequency is higher in case of the PTX compared to that of the 2-PAM. The shift is again 

higher for β-CD than α-CD (Fig. 7 and Fig. S3). However, this observation can reveal the 

more feasible inclusion with β-CD compared to α-CD as well as the more effective 

inclusion complexation with PTX than 2-PAM. Structurally α-CD and β-CD are different 

only in dimension, where β-CD provides more hydrophobic space (the radius of the 

wider rim of α-CD is 4.7-5.3Å and of β-CD is 6.0-6.5Å)[21]. Now fact is that both the drug 

molecules enter into the cavity but PTX molecule fits inside into the cavity more 

potentially which leads to the more feasible inclusion.    

 

(a) 
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(b) 

Fig.7 FT-IR Spectra of (a) pure β –CD, PTX, and β-CD + PTX and (b) 2-PAM, pure β –CD, 

β-CD + PTX. 

 

3.5. Density Measurement:  

The calculation of apparent molar volume (Φv) and limiting apparent molar volume 

(Φv0) from the study of density of the mixtures of drug and the CDs help to understand 

the interactions taking place in the solution Table2. The sum of the geometric volume of 

the solute molecules and the change in the solvent volume due to its interaction with 

the solute is called the apparent molar volume. Using equation (1) the values of 

apparent molar volume (Φv) were measured (Table S10 & S11). 

(Φv) = M/ρ – 1000. (ρ - ρ0) / m.ρ.ρ0    (1) 

Where, M is the molar mass of the solute molecule, m is the molarity of the solution, ρ 

and ρ0 are the densities of the solution and aqueous solvent of CD respectively. 
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Table2: Limiting apparent molar volume (φv0), Experimental slope (Sv*), Viscosity B 

and A coefficient of PTX and 2-PAM in different concentration of aqueous α-CD and β- 

CD solvent mixtures. 

mole fraction (w1) φv0 X 106 Sv* B A 

PTX 

α-CD 

0.0010 195.5 -48.37 0.425 0.032 

0.0030 198.4 -57.87 0.512 0.010 

0.0050 201.1 -76.43 0.616 0.002 

β- CD 

0.0010 198.3 -61.23 0.707 0.005 

0.0030 201.2 -70.26 0.785 0.004 

0.0050 204.1 -89.11 0.856 0.004 

2-PAM 

α-CD 

0.0010 169.85 -109.5 0.420 0.034 

0.0030 172.16 -116.54 0.498 0.012 

0.0050 175.17 -136.37 0.577 0.009 

β- CD 

0.0010 171.49 -115.77 0.692 0.003 

0.0030 174.37 -130.09 0.779 0.003 

0.0050 178.12 -147.99 0.842 0.001 

 

The experimental values of density of pure CD solutions and the drug-CD mixtures are 

given in the (Table S10 and S11). It has been found that the values of Φv  i.e., apparent 

molar volume are positive, which is the clear indication of presence of solute-solvent 

interaction[22].  Also the values of Φv are found to be increased with the increase in the 

mole fraction of the CDs which again proves that with the increase of the mole fraction 

there is the increase of the solute-solvent i.e., drug-CD interaction. 

Limiting apparent molar volume (Φv0) calculated from the Masson Equation (2) 

 

Φv= Φv0 + SV*. √C                                              (2) 
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Where, Φv0 is the partial molar volume at infinite dilution and SV* is the experimental 

slope. The plots of Φv with the molar concentration in all the cases were found to be 

linear and with negative slopes (Fig. 8). The values of Φv0 and SV* are reported in the 

Table1. It is found that the values of Φv0 are positive and increase with the mass fraction 

of the co-solute, the values of SV* are found negative. This phenomenon reveals the 

presence of higher solute-solvent interaction over the solute-solute interaction[23]. 

Thus, the density study reveals the higher drug-CD interaction than CD-CD or drug-drug 

interaction, which is the strong support of the inclusion. 

3.5. Viscosity calculation:  

The experimentally obtained data are given in Table S10 & S11. Using Jones-Dole 

equation [3] the data were calculated. 

(ƞ/ƞ0-1) m1/2 = A+Bm1/2     (3) 

Where,   and 0  are the viscosity coefficients of the solution and the pure solvent 

respectively, M is the molarity of the ternary solution. A and B are the empirical 

constants, known as viscosity A and B co-efficient respectively[24] [21]. A signifies the 

solute – solute interaction and B signifies the Solute- Solvent interaction in the solute 

solvent mixture. It is seen that with the increase in the mole fraction of CDs in the 

solutions the values of A decreases slightly. This also supports the values obtained for 

Sv*. The B values (Table2) increase with the increase in the mass fraction (w1) of the 

CDs in the solvent mixture.  From the significantly increasing values of B with mass 

fraction, it can be explained that the solute-solvent interaction is predominating over 

the solute-solute interaction[25].  The B co-efficient values found higher for the PTX-CD 

system than 2-PAM-CD system and also more preciously the values are higher for the 

complexes with β-CD than that of with α-CD (Fig. 8). The higher B values express more 

compactness of the host-guest system and which is the result of the higher interaction 

taking place between them. This clears the fact that the feasibility of formation of IC is 

more with PTX and which is also higher with β-CD. 
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(a) 

 

(b) 

Fig. 8 (a) Limiting apparent molar volume (φv0) and (b) viscosity B-coefficient of PTX 

and 2-PAM in different mole fractions (w1) of aqueous (■)α-CD and (■)β-CD solution at 

298.15K.  

 

4. Structural effect 

The size of the guest molecule plays vital role for the formation of the host-guest 

inclusion complex. The host-guest complexation occurs only when there is a structural 

compatibility. The dimensions of the guest molecule should be such that it can fit inside 

the cavity of the CD molecule. Another structural suitability of the CD molecule for the 

hydrophobic guest molecule has been explained by Shekaari and his co-worker [26] 

where, polar water molecules inside the hydrophobic CD molecule are bound by polar-

apolar interaction which is however not so strong and as a consequence the relatively 

more hydrophobic drug molecules (PTX and 2-PAM) form inclusion complex with 

relatively stronger apolar-apolar interaction removing the water molecules from the 
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cavity (Fig. 4). Again, among all the possibilities of inclusion only 1:1 inclusion occurs as 

discussed above. One fact is that dimensions and structures of the drug molecules are 

such that only one molecule can enter inside the cavity and after that possibility of 

inclusion of another molecule becomes restricted. The 1H-NMR study clears the fact of 

inclusion to occur through the wider rim, which is due to the lesser possibility of 

inclusion through narrower rim. As shown in the Fig.4 the C=O groups in PTX and the N 

atom of the pyridinium ring and the O-H group in 2-PAM stabilize the complexes by 

interacting with the O-H groups of the CD molecules and thus block the side to enter 

another molecule. Thus it can be concluded that due to the structural effects 1:1 

inclusion occurs through the wider rim of the CD molecule. Now the structural 

compatibility of the drugs and the β-CD leads to form more feasible inclusion 

complexation than α-CD. Moreover, the drug molecule PTX can stabilize the complex by 

forming hydrogen bonds with its C=O group that again leads to a further better 

inclusion with high association constant of 1.98±0.03x103 with β-CD.  

 

5. Conclusion 

The entire study reveals the formation of host-guest inclusion complex of 1:1 

stoichiometry. The 1H-NMR and FT-IR studies confirm the formation of inclusion 

complexes between the drug molecule and CD molecule. The same conclusion is also 

supported by the experimental data derived from density and viscosity measurements. 

The single break point at the concentration near to 5mM of CD in each case obtained 

from the surface tension study indicates the formation of the inclusion complexes with 

1:1 stoichiometry. From the UV-VIS spectroscopic data, binding constant calculated 

using Job’s plot,  clearly explains the formation of more effective inclusion complex  with 

PTX than 2-PAM and the formation of IC with β-CD  is more feasible than α-CD. Taking 

all the parameters and results in account the plausible mechanism of the inclusion has 

been depicted. The qualitative and quantitative idea of the formation of host-guest ICs 

of α-CD and β-CD with PTX and 2-PAM reveal substantial applications in drug industries 

and medicinal sciences [16]. 
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Tables:  

Table S1:  Surface Tension (γ) values of aqueous PTX and 2-PAM with α-CD and β-CD at 298.15 K 

conc.of α-CD 
Surface Tension 

of  PTX+α-CD 
(mN.m-1) 

Surface Tension 
of 2-PAM+α-CD   

(mN.m-1) 

conc.of β- 
CD 

Surface Tension 
of  PTX+β-CD  

(mN.m-1) 

Surface Tension 
of   2-PAM+β-CD  

(mN.m-1) 

0.000 66.80 50.71 0.000 66.80 50.71 

0.909 67.32 53.13 0.909 67.61 53.27 

1.667 67.72 55.41 1.667 68.315 55.63 

2.307 68.06 57.41 2.308 68.82 57.82 

2.857 68.38 59.00 2.857 69.33 59.54 

3.333 68.63 60.62 3.333 69.74 61.32 

3.75 68.87 62.00 3.750 70.05 62.55 

4.117 69.12 63.00 4.118 70.38 63.83 

4.444 69.22 64.12 4.444 70.68 64.74 

4.736 69.41 65.31 4.737 70.91 65.84 

5.000 69.54 66.00 5.000 71.11 66.69 

5.238 69.61 66.32 5.238 71.19 66.89 

5.454 69.64 66.56 5.455 71.22 67.08 

5.652 69.66 66.65 5.652 71.25 67.33 

5.833 69.67 66.81 5.833 71.28 67.53 

6.000 69.70 66.89 6.000 71.31 67.71 

6.153 69.72 67.03 6.154 71.34 67.78 

6.296 69.74 67.13 6.296 71.37 67.87 

6.428 69.76 67.23 6.429 71.40 67.97 

6.551 69.78 67.31 6.552 71.42 68.07 

6.666 69.80 67.39 6.667 71.44 68.12 

6.774 69.81 67.44 6.774 71.46 68.18 

6.875 69.82 67.52 6.875 71.48 68.23 

6.969 69.82 67.54 6.970 71.50 68.28 

7.058 69.82 67.57 7.059 71.51 68.29 
    Standard uncertainties in temperature u are: u(T) = ± 0.01K 

  
 

Table S2: Data for Job's Plot performed by UV-Vis spectroscopy for aqueous 

Pentoxifylline-α-CD system at 298.15 K a  

PTX                            

(µM) 

α-CD 

(µM) 

[PTX]/ 

([PTX]+[α-CD]) 

Absorbance  

(A) 
∆A 

∆AX [PTX]/ 

([PTX]+[α-CD]) 

0 100 0.0 0.0000 1.0583 0.0000 

10 90 0.1 0.0023 1.0560 0.1056 

20 80 0.2 0.1521 0.9062 0.1812 

30 70 0.3 0.2801 0.7782 0.2335 
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40 60 0.4 0.3883 0.6700 0.2680 

50 50 0.5 0.4953 0.5631 0.2815 

60 40 0.6 0.6173 0.4411 0.2646 

70 30 0.7 0.7244 0.3339 0.2337 

80 20 0.8 0.8221 0.2363 0.1890 

90 10 0.9 0.9200 0.1383 0.1245 

100 0 1.0 1.0583 0.0000 0.0000 

a Standard uncertainties in temperature u are: u(T) = ± 0.01K 

Table S3: Data for Job's Plot performed by UV-Vis spectroscopy for aqueous 

Pentoxifylline-β-CD system at 298.15 K 

PTX                            

(µM) 

β-CD 

(µM) 

[PTX]/ 

([PTX]+[β-

CD]) 

Absorbance  

(A) 
∆A 

∆AX [PTX]/ 

([PTX]+[β-CD]) 

0 100 0.0 0.0000 1.1794 0.0000 

10 90 0.1 0.0023 1.1772 0.1177 

20 80 0.2 0.1521 1.0273 0.2055 

30 70 0.3 0.2801 0.8993 0.2698 

40 60 0.4 0.3883 0.7911 0.3165 

50 50 0.5 0.4953 0.6842 0.3421 

60 40 0.6 0.6303 0.5492 0.3295 

70 30 0.7 0.7544 0.4250 0.2975 

80 20 0.8 0.8820 0.2975 0.2380 

90 10 0.9 1.0099 0.1696 0.1526 

100 0 1.0 1.1794 0.0000 0.0000 

a Standard uncertainties in temperature u are: u(T) = ± 0.01K 

Table S4: Data for Job's Plot performed by UV-Vis spectroscopy for aqueous 

Pentoxifylline-β-CD system at 298.15 K 

PTX                            

(µM) 

α-CD 

(µM) 

[2-PAM]/ ([2-

PAM]+[α-

CD]) 

Absorbance  

(A) 
∆A 

∆AX [2-PAM]/ ([2-

PAM]+[α-CD]) 

0 100 0.0 0.0000 1.0583 0.0000 

10 90 0.1 0.2075 1.3132 0.1313 

20 80 0.2 0.3947 1.1260 0.2252 

30 70 0.3 0.5629 0.9578 0.2873 
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40 60 0.4 0.6895 0.8312 0.3325 

50 50 0.5 0.8384 0.6823 0.3412 

60 40 0.6 0.9961 0.5246 0.3148 

70 30 0.7 1.1419 0.3788 0.2652 

80 20 0.8 1.2762 0.2445 0.1956 

90 10 0.9 1.3988 0.1219 0.1097 

100 0 1.0 1.5207 0.0000 0.0000 

a Standard uncertainties in temperature u are: u(T) = ± 0.01K 

Table S5: Data for Job's Plot performed by UV-Vis spectroscopy for aqueous 

Pralidoxim-β-CD system at 298.15 K 

PTX                            

(µM) 

β-CD 

(µM) 

[2-PAM]/ ([2-

PAM]+[β-CD]) 

Absorbance  

(A) 
∆A 

∆AX [2-PAM]/ 

([2-PAM]+[β-

CD]) 

0 100 0.0 0.000 1.5207 0.0000 

10 90 0.1 0.2687 1.2520 0.1252 

20 80 0.2 0.4432 1.0775 0.2155 

30 70 0.3 0.5964 0.9243 0.2773 

40 60 0.4 0.7041 0.8166 0.3267 

50 50 0.5 0.8425 0.6782 0.3391 

60 40 0.6 1.0081 0.5126 0.3076 

70 30 0.7 1.0431 0.4776 0.2549 

80 20 0.8 1.2866 0.2341 0.1873 

90 10 0.9 1.4109 0.1098 0.0989 

100 0 1.0 1.5207 0.0000 0.0000 

a Standard uncertainties in temperature u are: u(T) = ± 0.01K 

Table S6: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-VIS spectroscopic study for 

aqueous Drug-CD systems at 298.15 K 

  
[Drug] 

(µM) 

[CD]            

(µM) 
A0 A1 ΔA 1/ΔA 

1/[CD] 

(M-1) 
Intercept Slope 

Ka             

(M-1) 

PTX+α-CD 

50 30 0.5801 0.5951 0.0150 66.9 33333 

2.932852 0.001909 1.54x103 

50 40 0.5801 0.5992 0.0191 52.5 25000 

50 50 0.5801 0.6038 0.0237 42.2 20000 

50 60 0.5801 0.6082 0.0281 35.6 16667 

50 70 0.5801 0.6138 0.0337 29.7 14286 
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Table S7. 1H-NMR spectra of PTX, 2-PAM, α-CD, β-CD,  and PTX+α-CD,PTX+β-CD,  2-PAM+α-CD, 2-PAM+β-CD 

complexes 

α-Cyclodextrin (500 MHz, Solvated in D2O) 

δ /ppm 
PTXbδ /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) 

1.39 (4H,s), 2.03 (3H,s), 2.45 (2H,s), 3.29 

(3H,s), 3.72 (2H,s), 3.74 (3 H,s), 7.71 (1H,s) 

β-Cyclodextrin (400 MHz, Solvated in D2O) 

δ /ppm 
2-PAM bδ /ppm 

3.49-3.54 (6H, t, J = 9.2 Hz), 3.57-3.60 (6H, 

dd, J =9.6, 3.2 Hz), 3.79-3.84 (18H, m), 

3.87-3.92 (6H,t, J = 

9.2 Hz), 5.00-5.01 (6H, d, J = 3.6 Hz) 

4.35 (3H,s), 7.91-7.97 (1H,m), 8.35 (1H, d, 

J=6.9Hz), 8.43-8.48(1H,m),  8.65 (1H, s), 

8.71-8.73( 1 H, d, J=6.0 Hz). 

PTX+α-CDa PTX+β-CDa 

PTX+β-CD 

50 30 0.5801 0.5990 0.0189 52.9 33333 

2.940803 0.001489 1.98x103 

50 40 0.5801 0.6054 0.0253 39.6 25000 

50 50 0.5801 0.6105 0.0304 32.9 20000 

50 60 0.5801 0.6166 0.0365 27.4 16667 

50 70 0.5801 0.6207 0.0406 24.6 14286 

2-PAM+   

α-CD 

50 30 0.8381 0.8455 0.0074 135.0 33333 

2.055701 0.004065 5.05x102 

50 40 0.8381 0.8475 0.0094 107.0 25000 

50 50 0.8381 0.8497 0.0116 86.1 20000 

50 60 0.8381 0.8525 0.0144 69.3 16667 

50 70 0.8381 0.8556 0.0175 57.2 14286 

2-PAM+  

β-CD 

50 30 0.8421 0.8501 0.0080 124.7 33333 

5.007744 0.003605 1.39x103 

50 40 0.8421 0.8526 0.0105 95.6 25000 

50 50 0.8421 0.8549 0.0128 78.4 20000 

50 60 0.8421 0.8578 0.0157 63.7 16667 

50 70 0.8421 0.8598 0.0177 56.7 14286 
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1.42(4H,s), 2.03 (3H, s), 2.45(2H,s), 3.32 

(3H,s), 3.45-3.49(6H, t, J= 9.00 Hz), 3.51-

3.54(6H, dd), 3.66-3.74(6H, t, J = 9 Hz), 

3.68-3.74 (18H, m), 4.96-4.97 (6H, d, J = 3 

Hz) 

1.42(4H,s), 2.05 (3H, s), 2.45(2H,s), 3.32 

(3H,s), 3.49-3.453(6H, t, J= 9.00 Hz), 3.51-

3.54(6H, dd),3.61-3.71 (6H, 

t, J = 9 Hz), 3.77-3.83 (18H, m), 4.96-4.97 

(6H, d, J = 3 Hz) 

2-PAM+α-CDa 2-PAM+β-CDa 

3.48-3.51 (6H, t, J= 9.00 Hz), 3.53-3.56 (6H, 

dd, J= 10.00, 3.00 Hz), 3.69-3.75 (6H, t, J = 9 

Hz) 3.74-3.83 (18H, m), 4.96-4.97 (6H, d, J 

= 3 Hz), 4.35 (3H,s), 7.91-7.97 (1H,m), 8.35 

(1H, d, J=6.9Hz), 8.43-8.48(1H,m),  8.65 

(1H, s), 8.71-8.73( 1 H, d, J=6.0 Hz). 

3.49-3.54 (6H, t, J = 9.2 Hz), 3.57-3.60 (6H, 

dd, J =9.6, 3.2 Hz), 3.78-3.83 (18H, m), 

3.68-3.72 (6H,t, J = 9.2 Hz), 5.00-5.01 (6H, 

d, J = 3.6 Hz), 4.35 (3H,s), 7.91-7.97 (1H,m), 

8.35 (1H, d, J=6.9Hz), 8.43-8.48(1H,m),  

8.65 (1H, s), 8.71-8.73( 1 H, d, J=6.0 Hz). 

a mixed in 1:1 molar ratio, 300 MHz, Solvent: D2O;  b300MHz, Solvent: D2O                           

TableS8.  Change in chemical shifts (ppm) of the H3 and H5 protons of cyclodextrin 
molecules in four different host-guest complexes in D2O at 298.15 Ka.  

Protones of CD PTX + α-CD PTX + β-CD 2-PAM + α-CD 2-PAM+ β-CD 

H3 0.19 0.37 0.16 0.18 

H5 0.08 0.15 0.05 0.03 

a Standard uncertainties in temperature u are: u(T) = 0.01 K. 

   

Table S9: Data obtained from FT-IR spectroscopic study of α-CD, β-CD, PTX, 2-PAM, α-CD+PTX, β-

CD+PTX, α-CD+2-PAM, β-CD+2-PAM 

Group 
Wave number (Cm-1) 

α-CD β-CD α-CD+PTX β-CD+PTX α-CD+ 2-PAM β-CD+2-PAM 

stretching of O-H 3410 3408 3360 3352 3376 3370 

stretching of –C-H from  

–CH2 
2934 2944 2931 2932 ….. ….. 

bending of –C-H from 

 –CH2 and bending of  

O-H 

1424 1398 1411 1364 1328 1391 

bending of C-O-C 1160 1162 1150 1157 1158 1158 
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stretching of C-C-O skeletal 1058 1031 1027 1001 1014 1003 

vibration involving 

 α-1,4linkage 
956 950 ….. 

 
….. ….. 

 
PTX 2-PAM 

    

Stretching =C-H 3002 3008 ….. ….. 2985 2981 

Stretching -C=N 1557 1605 ….. ….. 1516 1509 

Stretching -N-O ….. 1412 ….. ….. ….. ….. 

Stretching -C-H from CH3 2940 2979 ….. ….. ….. ….. 

Stretching of C=O from 

CH3C=O 
1706 ….. 1684 1679 ….. ….. 

Stretching of C=O from ring 1662 ….. 1630 1627 ….. ….. 

 

Table S10. Experimental values of density (ρ) and viscosity (η) in deferent 

mass fractions of aq. α-CD and β-CD 

Aqueous 

solvent 
Molfraction 

ρ×10-3 

/Kg.m3 
η/mP.S 

α-CD 

0.001 0.99733 1.30 

0.003 0.99796 1.31 

0.005 0.99864 1.32 

β-CD 

0.001 0.99753 1.31 

0.003 0.99817 1.32 

0.005 0.99894 1.33 

a Standard uncertainties u are: u(ρ) = 5×10-5 g∙cm-3, u(η) = 0.003 mP∙s, 

 

Table S11: Experimental values of densities (ρ) and viscosities (η) with 

varying concentration in different mass fractions of aq. α-CD with drug 

molecules. 

Conc.       

(m) 

ρ∙10-3  

(kg∙m-3) 
φv 

η              

(mP·s) 

ρ∙10-3  

(kg∙m-3) 
φv 

η              

(mP·s) 

PTX 

 
α-CD β-CD 
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w1=0.001 b 

0.010 0.99758 190.63089 1.31 0.997770 192.5957 1.32 

0.025 0.99804 187.82337 1.32 0.998220 188.9868 1.33 

0.040 0.99855 185.86813 1.33 0.998760 185.829 1.35 

0.055 0.99910 184.25015 1.34 0.999330 183.8468 1.36 

0.070 0.99970 182.60939 1.35 0.999930 182.2845 1.38 

0.085 1.00033 181.19383 1.36 1.000565 180.8608 1.39 

w1=0.003 b 

0.010 0.99820 192.51273 1.32 0.99839 194.4759 1.33 

0.025 0.99864 189.30618 1.33 0.99884 189.6671 1.35 

0.040 0.99915 186.75097 1.34 0.99935 186.9621 1.36 

0.055 0.99970 184.86075 1.35 0.99992 184.6397 1.38 

0.070 1.00031 182.92173 1.36 1.00056 182.3108 1.39 

0.085 1.00095 181.31341 1.37 1.00120 180.8038 1.41 

w1=0.005 b 

0.010 0.99889 193.37913 1.33 0.99915 195.327 1.34 

0.025 0.99935 188.77296 1.34 0.99960 189.9213 1.36 

0.040 0.99987 186.11940 1.35 1.00014 186.3175 1.37 

0.055 1.00048 183.27468 1.36 1.00078 182.8593 1.39 

0.070 1.00115 180.79083 1.38 1.00146 180.3111 1.41 

0.085 1.00189 178.35900 1.39 1.00218 178.1912 1.43 

 bw1is the mass fractions of aq. α-CD and β-CD 

Conc.       

(m) 

ρ∙10-3  

(kg∙m-3) 
φv 

η              

(mP·s) 

ρ∙10-3  

(kg∙m-3) 
φv 

η              

(mP·s) 

2-PAM 

 
α-CD β-CD 

w1=0.001 b 

0.010 0.99746 159.03622 1.31 0.99766 160.00521 1.32 

0.025 0.99783 152.61902 1.32 0.99802 153.38887 1.33 

0.040 0.99835 147.25464 1.33 0.99854 147.72488 1.35 

0.055 0.99890 144.26937 1.34 0.99912 144.05673 1.36 

0.070 0.99960 140.41488 1.35 0.99980 140.52853 1.38 

0.085 1.00029 138.03877 1.36 1.00051 137.89177 1.39 

w1=0.003 b 

0.010 0.99808 160.93831 1.32 0.99828 161.90629 1.33 
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0.025 0.99845 153.32278 1.33 0.99866 153.29052 1.34 

0.040 0.99894 148.41276 1.34 0.99917 147.88062 1.36 

0.055 0.99952 144.54123 1.35 0.99979 143.41791 1.37 

0.070 1.00018 141.18373 1.36 1.00048 139.86595 1.39 

0.085 1.00090 138.30390 1.37 1.00125 136.62473 1.41 

w1=0.005 b 

0.010 0.99877 161.82685 1.33 0.99903 163.78361 1.34 

0.025 0.99915 153.21531 1.34 0.99940 154.37364 1.36 

0.040 0.99966 147.80806 1.35 0.99993 148.01690 1.37 

0.055 1.00031 142.80135 1.37 1.00057 143.12535 1.39 

0.070 1.00104 138.79599 1.38 1.00134 138.47107 1.41 

0.085 1.00183 135.49745 1.39 1.00212 135.34170 1.42 

bw1is the mass fractions of aq. α-CD and β-CD 

 

     Fig.S1. Absorbance vs wave length curve of α-CD and β-CD with PTX and 2-PAM. 
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(a) 

 

(b) 
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Fig.S2.  1H NMR spectra of (a) pureα–CD, PTX andα-CD + PTX; (b) 2-PAM, pure α –CD and α-CD 

+ PTX; (Green and blue colored protons are of PTX and 2-PAM respectively while red colored  

protons are of CD).  

 

(a) 

 

(b) 

Fig.S3 FT-IR Spectra of (a) pure β –CD, PTX, and β-CD + PTX and (b) 2-PAM, pure β –CD,   β-CD + 

PTX 



CHAPTER-IX 

 

 

Physicochemical Study of Diverse Interactions Prevalent in Metal Oxalates and 

Uric Acid in Aqueous Environments 

 

1. Introduction:  

Uric acid is a hetero cyclic compound of carbon, nitrogen, and hydrogen with the 

formula C5H4N4O3. The molecular structure is shown in the scheme (S1). The uric acid is 

a metabolic breakdown of purine nucleotide. High uric acid concentration (1), in blood 

is called hyperuricemia (2), (3) leads to gout and is associated with the other medical 

conditions such as diabetes, urate kidney stones. The Lithium (Li) with the atomic no. 3 

is found in the various foods in variable amount. Primary food sources are grains and 

vegetables. The drinking water also provides significant amount of Li. Traces of Li was 

detected in human organs and fatal tissues already in the late nineteen centuries. Low 

lithium intake from water supply was associated with increased rate of suicide, 

homicide and arrest rate of drugs used and other crimes(4). Sodium (Na) is essential 

mineral that regulates blood volume, blood pressure, osmotic equilibrium and pH in the 

blood. NaCl is the main source of Na in diet. Exceeding the upper limit of Na intake 

(2.3g/day) may lead to the hyper tension. Na is important in neuron function and in 

osmoregulation between cells and the extra cellular liquid. This is accomplished in all 

animals by Na+/ K+ ATPase. Potassium in nature occurs only in ionic salts. It is eighth of 

nine most common elements by mass 0.2% in human body. Potassium ions are present 

in a wide variety of proteins and enzymes. K+ controls hormone secretion and action, 

systematic blood pressure control, glucose and insulin metabolism, fluid and electrolyte 

balance etc. 

Oxalic acid is a common organic compound. It is found in some specific plants. Plants 

fenestraria genus produce optical fibre made from crystalline oxalic acid to transmit 

light to subterranean photo synthetic site. Bacteria produce oxalates from oxidation of 

carbohydrate. The oxalates formed from the oxalic acids are the dianion with the 

common formula C2O42- . The molecular structure is shown in scheme (S1). 
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Here, the density, viscosity and refractive index studies were performed to investigate 

the solvation consequences between the alkali metal oxalates, such as Li-, Na-, K- 

Oxalates and uric acid using different appropriate equations.  

 

2. Experimental Section 

2.1. Materials:  

Lithium oxalate (Li2C2O4), Sodium oxalate (Na2C2O4), Potassium oxalate (K2C2O4), and 

Uric acid of puriss grade were purchased from Sisco Research Laboratories (SRL Pvt. 

Ltd. Bombay,  India), whereas Uric acid was purchased from SRL (S.D. Fine –Chem. Ltd., 

Mumbai, India). The mass fraction purity of the salts as well as Uric acid taken was 

≥0.99. All the above salts were dried heating at 373K for 48 hours and they were stored 

in a desiccator after cooling. 

 

2.2. Apparatus and Experimental Procedure:  

Aqueous Uric acid solution of 0.00001(M), 0.00002(M), 0.00003(M) were prepared 

using doubly distilled de-ionised water. This was stored and used as solvent. The 

Solution of Li, Na and K- oxalates of 0.1(M) were prepared using the prepared solvent of 

different concentration separately. The stock solutions of alkali metal oxalates and uric 

acid soln. were then used to prepare working solution. The weighing was done using 

Mettler Toledo AG285 with uncertainty of 0.0003g. All the solutions were prepared at 

298.15K and kept in air tide condition. The working solutions were used to measure 

density with the help of Vibrating U-Tube Anton Paar digital Density meter (DMA 4500) 

with a precision of ±0.00005 gcm-3 maintained at ±0.01. Passing dry air and using triply 

distilled water the density meter was calibrated (5). Viscosity of the solution were 

measured with the help of Brookfield DV-III Ultra Programmable Rheometer with 

spindle size -42, fitted to a Brookfield digital bath TC-500 with the accuracy of ±1%. The 

calibration of the viscometer was done using standard with the Instrument, water and 

CaCl2 Soln. (6).The viscosity values were obtained by means of following equation-  

 

 = (100/RPM) * TK*Torque*SMC ………………………….(I) 
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Where, RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque constant 

and spindle multiplier torque constant respectively. The results obtained with a 

precision of 0.3%.  The refractive indices of the solutions were measured using Mettler 

Toledo digital Refractometer with uncertainty of ±0.0002 units. A LED bulb, the source 

of the light with λ= 589.3 nm, was used in this instrument. Calibration was done with 

doubly distilled water twice and checked after every two readings.  

 

Scheme-S1: Molecular Structure of Uric acid 

 

       (a)                                                            (b)                                                      (c) 

                                                           

Scheme: S2;    Schematic diagram of (a) Potassium oxalate, (b) Sodium oxalate, (c) 

Lithium oxalate 

 

 

3. Discussion from Experimental data:   

3.1. Density Measurement:  

The study of density leading to the calculation of apparent molar volume (φv) and 

limiting apparent molar volume (φv0) help to understand the interactions taking place 

in the solution. Apparent molar volume is the sum of the geometric volume of the solute 

molecules and the change in the solvent volume due to its interaction with the solute. 
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Using the following equation (II) the value of apparent molar volume (φv) was 

measured (Table 3) 

 

(φv) = M/ρ – 1000. (ρ - ρ0) / m.ρ.ρ0 ……………………… (II) 

 

Where, M is the molar mass of the solute molecule, m is the molarity of the solution, ρ 

and ρ0 are the densities of the solution and aqueous solvent of uric acid respectively. It 

is found from Table3 that the values of φv i.e., apparent molar volume are positive, 

which suggests that there is the interaction between the solute and the solvent 

molecules. The values of φv are found to be decreased with the increase in the 

concentration of the alkali metal oxalates. 

The Values of φv0 i.e., Limiting apparent molar volume calculated from the Masson 

Equation (7) 

 

0 *.V V VS C   ……………………………. (III) 

 

Where, φv0 is the Partial molar volume at infinite dilution and SV* is the experimental 

slope. The plot of φv against the molar concentration found to be linear and with 

negative slopes. The values of φv0 and SV* are reported in the table3. From the table3 it is 

found that the values of φv0 are positive and increase with the temperature as well as 

the mass fraction of the co-solute (8).  

From the Table3 it is seen that the values of φv0 are positive for Li, Na and K oxalates at 

293.15K, 303.15 K and 313.15 K as well as at different mass fraction of the Uric acid. 

This indicates that there is predominant Solute-Solvent interaction over the solute-

solute interaction and the trend of solute-solvent interaction is higher for K-Oxalate 

compared to Na-Oxalate and which is also higher than Li-Oxalate  (9), (10), (11).  
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Table 1: The values of density (ρ0), viscosity (ƞ0) and refractive index (nD) of Li-Ox, Na-

Ox, K-Ox at different mass fractions of aqueous UA solution at 293.15K, 303.15 K, 

313.15 K 

w1  
293.15K 303.15K 313.15K 293.15K 303.15K 313.15K 298.15K 

ρ0  X 10-3  (Kg m-3) η0 (mPa.S) nD 

0.00001 0.99862 0.99620 0.99230 1.02 0.80 0.66 1.3310 

0.00002 0.99868 0.99635 0.99243 1.04 0.82 0.68 1.3322 

0.00003 0.99881 0.99647 0.99255 1.06 0.84 0.70 1.3327 

 

 

 3.2. Limiting Apparent Molar volume: 

 

Using the polynomial equation (IV) the variation with temperature of φv0 of alkali metal 

oxalates with aqueous uric acid solution can be explained.  

 

0 2

0 1 2.V a a T a T    ………………………. (IV) 

 

Where, a0, a1, a2 are the empirical coefficients depending on the solute, mass fraction 

(w1) of the co-solute uric acid and T is the temperature range in kelvin. In table (X) the 

values of the coefficient are given.  

The Limiting molar expansibilities ( 0

E ) can be obtained by the equation (V).  

0
0

1 22V
E

P

a a T
T




 
   

 
…………………….. (V) 

 

The values of 0

E obtained for different temperatures and different mass fraction of Li, 

Na, K –oxalates are reported in table (T4). It is seen from the table that the values of 0

E  

are positive for all the alkali metal oxalates at different temperatures and different mass 

fraction of co-solute Uric acid (12) developed a technique to examine the sign of 
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0

E

P
T

 
 
 

in term of long range structure-making and structure-breaking capacity of the 

solute in the mixed solvent system using the general thermodynamic equation.  

0

E

P
T

 
 
 

= 
2 0

2

V

P
T

 
 
 

= 2a2.............................. (VI) 

 

If the sign of 
2 0

2

V

P
T

 
 
 

is positive or a small negative, the molecule is structure maker 

and otherwise structure breaker. The values of 
0

E

P
T

 
 
 

are found to be positive from 

Table (4), which explains that the alkali metal oxalates are predominantly structure 

maker in the said solvent system.  

 

 

 

Table 2:  The values of density (ρ), viscosity (ƞ) of Li-Ox, Na-Ox, K-Ox at different mass 

fractions of aqueous UA solution at 293.15K, 303.15 K, 313.15 K 

 

W1= 0.00001 

T (K) molality ρ x10-3 (Kgm-3)  (mPa.S) 

 

293.15 

  Li-Ox Na-Ox K-Ox Li-Ox Na-Ox K-Ox 

0.010 0.99866 0.99887 0.99920 1.04 1.04 1.04 

0.025 0.99920 0.99976 1.00055 1.05 1.06 1.06 

0.040 1.00020 1.00110 1.00210 1.07 1.07 1.08 

0.055 1.00155 1.00280 1.00380 1.08 1.09 1.09 

0.070 1.00320 1.00468 1.00570 1.09 1.10 1.11 

0.085 1.00500 1.00689 1.00790 1.11 1.12 1.12 

303.15 

0.010 0.99622 0.99647 0.99690 0.81 0.82 0.82 

0.025 0.99681 0.99737 0.99836 0.82 0.83 0.83 

0.040 0.99776 0.99874 1.00018 0.83 0.84 0.84 

0.055 0.99910 1.00038 1.00230 0.84 0.85 0.86 

0.070 1.00070 1.00212 1.00455 0.85 0.86 0.87 
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0.085 1.00260 1.00400 1.00680 0.86 0.88 0.88 

313.15 

0.010 0.99240 0.99262 0.99297 0.67 0.67 0.67 

0.025 0.99302 0.99337 0.99410 0.68 0.68 0.69 

0.040 0.99437 0.99450 0.99545 0.69 0.69 0.70 

0.055 0.99598 0.99600 0.99710 0.69 0.70 0.71 

0.070 0.99799 0.99760 0.99870 0.70 0.71 0.72 

0.085 1.00043 1.00046 1.00057 0.71 0.72 0.72 

W1= 0.00002 

293.15 

0.010 0.99872 0.99897 0.99934 1.06 1.06 1.06 

0.025 0.99924 0.99990 1.00060 1.08 1.08 1.08 

0.040 1.00030 1.00120 1.00220 1.09 1.10 1.10 

0.055 1.00180 1.00286 1.00400 1.11 1.11 1.12 

0.070 1.00350 1.00480 1.00600 1.12 1.13 1.13 

0.085 1.00530 1.00698 1.00810 1.14 1.14 1.15 

303.15 

0.010 0.99641 0.99663 0.99706 0.84 0.84 0.84 

0.025 0.99720 0.99746 0.99850 0.85 0.85 0.85 

0.040 0.99861 0.99880 1.00026 0.86 0.86 0.87 

0.055 1.00020 1.00042 1.00230 0.87 0.88 0.88 

0.070 1.00220 1.00221 1.00470 0.88 0.89 0.89 

0.085 1.00430 1.00420 1.00720 0.89 0.90 0.90 

313.15 

0.010 0.99249 0.99275 0.99301 0.69 0.69 0.70 

0.025 0.99320 0.99368 0.99421 0.70 0.71 0.71 

0.040 0.99440 0.99515 0.99561 0.71 0.72 0.72 

0.055 0.99600 0.99688 0.99713 0.72 0.73 0.73 

0.070 0.99810 0.99896 0.99890 0.73 0.74 0.74 

0.085 1.00034 1.00133 1.00079 0.74 0.75 0.75 

W1= 0.00003 

293.15 

0.010 0.99882 0.99909 0.99945 1.08 1.08 1.08 

0.025 0.99942 1.00001 1.00080 1.10 1.10 1.10 

0.040 1.00045 1.00129 1.00240 1.12 1.12 1.12 

0.055 1.00186 1.00300 1.00420 1.13 1.13 1.14 

0.070 1.00357 1.00484 1.00620 1.15 1.15 1.16 
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0.085 1.00540 1.00705 1.00830 1.16 1.16 1.17 

303.15 

0.010 0.99653 0.99673 0.99719 0.86 0.86 0.86 

0.025 0.99727 0.99760 0.99860 0.87 0.87 0.88 

0.040 0.99863 0.99890 1.00037 0.88 0.89 0.89 

0.055 1.00026 1.00048 1.00247 0.90 0.90 0.90 

0.070 1.00225 1.00227 1.00490 0.91 0.91 0.92 

0.085 1.00441 1.00439 1.00748 0.92 0.92 0.93 

313.15 

0.010 0.99260 0.99284 0.99314 0.71 0.72 0.72 

0.025 0.99328 0.99380 0.99427 0.73 0.73 0.73 

0.040 0.99448 0.99519 0.99568 0.74 0.74 0.75 

0.055 0.99612 0.99692 0.99720 0.75 0.75 0.76 

0.070 0.99815 0.99900 0.99900 0.76 0.76 0.77 

0.085 1.00031 1.00142 1.00150 0.77 0.77 0.78 

 

Table 3:  The values of apparent molar volume (ϕV), limiting apparent molar volume 

(ϕv0), SV* of Li-Ox, Na-Ox, K-Ox at different mass fractions of aqueous UA solution at 

293.15K, 303.15 K, 313.15 K 

W1= 0.00003 

298.15 

0.010 101.02 106.13 120.38 

141.29 142.76 144.52 
-

402.37 

-

359.09 

-

247.22 

0.025 77.59 86.10 104.76 

0.040 60.97 72.09 94.60 

0.055 46.50 57.89 86.34 

0.070 33.94 47.91 78.76 

0.085 24.40 37.10 72.68 

303.15 

0.010 96.24 108.38 112.64 

142.34 144 145.76 
-

296.17 

-

350.69 

-

304.07 

0.025 70.15 89.11 99.39 

0.040 48.07 73.51 87.05 

0.055 33.11 61.31 75.42 

0.070 19.40 51.32 64.04 

0.085 8.52 40.97 54.90 

313.15 0.010 96.62 104.78 126.18 143.77 145.27 147.95 - - -
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0.025 73.25 84.63 116.31 453.35 387.69 205.72 

0.040 54.05 68.51 106.79 

0.055 37.27 55.14 100.44 

0.070 22.06 41.74 92.79 

0.085 10.69 30.23 86.65 

 

 

Table 4:  The values of a0, a1, a2, φE0, (δ0E/δT)p  Li-Ox, Na-Ox, K-Ox at different mass fractions of 

aqueous UA solution at 293.15K to 313.15K 

Li-Ox 
 

w1 T (K) 
a0 (m3.mol-

1) 

a1 (m3. mol-

1K-1) 

a2 (m3. mol-1K-

2) 

φE0 (m3.mol-

1) 

(δφE0/δT)p 

(m3.mol-1K-2) 

0.00001 

293.15 148.92 -0.3152 0.0009 0.2215 

0.0018 303.15 148.92 -0.3152 0.0009 0.2305 

313.15 148.92 -0.3152 0.0009 0.2485 

0.00002 

293.15 316.60 -1.4076 0.0027 0.2024 

0.0054 303.15 316.60 -1.4076 0.0027 0.2294 

313.15 316.60 -1.4076 0.0027 0.2834 

0.00003 

293.15 319.70 -1.3935 0.0027 0.2165 

0.0054 303.15 319.70 -1.3935 0.0027 0.2435 

313.15 319.70 -1.3935 0.0027 0.2975 

Na-Ox 

0.00001 

293.15 159.66 -0.3633 0.0010 0.2330 

0.0020 303.15 159.66 -0.3633 0.0010 0.2430 

313.15 159.66 -0.3633 0.0010 0.2630 

0.00002 

293.15 259.54 -0.8721 0.0016 0.0820 

0.0032 303.15 259.54 -0.8721 0.0016 0.0980 

313.15 259.54 -0.8721 0.0016 0.1300 

0.00003 

293.15 129.07 -0.1529 0.0007 0.2645 

0.0014 303.15 129.07 -0.1529 0.0007 0.2715 

313.15 129.07 -0.1529 0.0007 0.2855 

K-Ox 
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0.00001 

293.15 297.15 -1.2733 0.0025 0.2175 

0.0050 298.15 297.15 -1.2733 0.0025 0.2175 

298.15 297.15 -1.2733 0.0025 0.2175 

0.00002 

293.15 104.08 -0.0135 0.0004 0.2250 

0.0008 303.15 104.08 -0.0135 0.0004 0.2290 

313.15 104.08 -0.0135 0.0004 0.2370 

0.00003 

293.15 269.42 -1.0749 0.0022 0.2370 

0.0044 303.15 269.42 -1.0749 0.0022 0.2590 

313.15 269.42 -1.0749 0.0022 0.3030 

 

 

W1= 0.00001 

T(K) molality ϕV ·106/ m3 .mol-1 ϕv0. 106/ m3. mol-1 SV* ·106/m3·mol−3/2 ·dm3/2 

293.15 

 
Li Na K Li Na K Li Na K 

0.010 97.04 103.15 120.41 

137.92 140.24 142.71 
-

402.33 
-353.12 -230.91 

0.025 74.81 86.12 104.79 

0.040 57.73 70.60 95.88 

0.055 43.42 56.99 89.10 

0.070 30.94 46.64 82.36 

0.085 20.28 36.05 74.46 

303.15 

0.010 91.25 107.51 114.68 

139.04 141.43 143.96 
-

456.52 
-345.19 -292.95 

0.025 70.17 87.53 98.21 

0.040 47.08 70.77 85.06 

0.055 31.11 58.22 73.61 

0.070 17.68 49.62 65.20 

0.085 5.45 42.40 59.76 

313.15 

0.010 92.61 109.84 126.20 

140.05 142.89 145.28 
-

444.27 
-311.78 -187.32 

0.025 73.67 95.12 116.33 

0.040 50.54 81.62 108.32 

0.055 35.26 68.71 99.18 

0.070 22.21 59.88 94.68 

0.085 8.67 50.62 91.53 
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W1= 0.00002 

293.15 

0.010 98.03 105.14 118.40 

139.91 141.76 143.66 -398.08 -357.95 -238.48 

0.025 79.61 85.31 107.58 

0.040 61.48 71.09 96.37 

0.055 45.23 58.08 87.63 

0.070 33.09 46.63 79.77 

0.085 24.05 36.40 73.51 

303.15 

0.010 96.25 106.39 113.65 

141.09 142.11 144.93 -461.18 -343.87 -296.92 

0.025 68.15 89.93 98.60 

0.040 45.57 73.02 86.81 

0.055 32.02 60.22 76.34 

0.070 18.40 50.47 65.19 

0.085 8.40 41.80 56.80 

313.15 

0.010 95.62 102.78 126.20 

142.04 143.35 146.4 -448.5 -384.14 -202.14 

0.025 71.64 84.64 113.90 

0.040 53.05 66.50 105.54 

0.055 37.27 53.50 99.54 

0.070 22.50 41.02 92.51 

0.085 9.50 29.52 86.66 

 

 

 

3.3. Viscosity calculation:  

 

The experimentally obtained data was analysed using Jones-Dole equation (13)  

(  /
0  -1). m1/2 =A+B m1/2 ……………………………… (VII) 

Where,   and 
0  are the viscosity coefficients of the solution and the pure solvent 

respectively. M is the molarity of the ternary solution. A and B are the empirical 

constants, known as viscosity A co-efficient and B co-efficient (14), (15). A signify the 

solute – solute interaction and B signify the Solute- Solvent interaction. The values are 

listed in the Table 1 and Table2. It is seen that with the increase in the mole fraction of 

alkali metal oxalates in the solutions the values of A increases slightly which indicates 

that there is a slight solute-solute interaction. This is also supported from the values 

obtained for Sv*. The B values also increase with the increase in the mass fraction of the 

Uric acid in the solvent mixture. It can be explained from the significantly growing 

values of B with mass fraction that the solute-solvent interaction is predominating over 



Chapter IX 

240 
 

the solute-solute interaction. The higher B co-efficient values for higher viscosity values 

are due to the solvated solute molecules associated by the solvent molecules all-round 

to the formation of associated molecules by solute- solvent interactions, would present 

greater resistance. This solute-solvent interaction is increased with the increase of the 

mass fraction of Uric acid in the solvent. 

It is also found that the B value decreases with the increase in the temperature for a 

particular alkali metal oxalate Table5.  

 

Table 5: Values of viscosity A and B-coefficient for Li-Oxalate, Na-Oxalate, K-Oxalate 

against different mass fraction of aqueous UA (w1) solution. 

 

T= 293.15 K 

w1 Li-Ox Na-Ox K-Ox Li-Ox Na-Ox K-Ox 

 
A Kg. mol-1 B Kg 1/2 mol-1/2 

0.00001 0.0903 0.1173 0.1419 0.6842 0.6894 0.696 

0.00002 0.1134 0.1307 0.1481 0.6995 0.708 0.716 

0.00003 0.114 0.1176 0.149 0.7157 0.729 0.7388 

T= 303.15 K 

0.00001 0.0875 0.133 0.1464 0.6292 0.6383 0.6452 

0.00002 0.1209 0.1472 0.1547 0.6374 0.6467 0.6541 

0.00003 0.1265 0.1414 0.1648 0.6499 0.6582 0.669 

T= 313.15 K 

0.00001 0.0819 0.1331 0.1528 0.5926 0.6013 0.6095 

0.00002 0.1236 0.15 0.1644 0.6028 0.6092 0.6174 

0.00003 0.1417 0.174 0.1902 0.6378 0.6486 0.6574 
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Plot of viscosity B-coefficient of Li-Ox (♦), Na-Ox (■), K- Ox (▼) at 293.15K (A), 

303.15K (B), 313.15K (C) in aqueous Uric acid (UA) solution 

 

3.4. Refractive index:  

To investigate the ion solvent interaction measurement of refractive index is the 

convenient method. The values of the refractive index are supplied in table6. The 

Lorentz-Lorenz relation (16) can be used to evaluate the molar refraction. 
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Where, 
MR is the molar refraction, 

Dn  is the refractive index, m is the molar mass of the 

solute and   is the density of the solution. The refractive index of a substance, 0C

C
, 0C

and C  are the speed of light in the vacuum and the solution respectively, describes its 

ability to refract light as it moves from one medium to another and thus the higher the 

surface index of the compound the more the light is refracted. (17).  
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The higher refractive index value indicates the molecules are more closely packed or the 

density is higher (16). Thus the molar refraction 
MR increases with the increase with the 

mass fraction of the aqueous Uric acid mixture. 

 

It is seen from the Table6 that the values of 
MR  for K-Oxalate are higher compared to 

that of the Na-Oxalate and which are higher than Li-Oxalate. Thus the values indicate 

that the solute-solvent interaction trend is K-Oxalate>Na-Oxalate>Li-Oxalate. This trend 

is also supported by the density and viscosity analysis.  

 

Table 6: The values of refractive index (nD) and molar refractive index (RM) of Li-Ox, 

Na-Ox, K-Ox at different mass fractions of aqueous UA solution at 298.15K 

  
nD  (298.15 K) RM  cm3.mol-1  (at 298.15 K) 

W1 molality Li-Ox Na-Ox K-Ox Li-Ox Na-Ox K-Ox 

0.00001 

0.010 1.3318 1.3326 1.3329 20.9209 27.5715 37.9397 

0.025 1.3324 1.3329 1.3330 20.9435 27.5786 37.9695 

0.040 1.3334 1.3335 1.3336 20.9727 27.5870 37.9859 

0.055 1.3339 1.3340 1.3344 20.9740 27.5886 38.0039 

0.070 1.3345 1.3347 1.3354 20.9747 27.5970 38.0158 

0.085 1.3354 1.3356 1.3367 20.9820 27.6065 38.0319 

0.00002 

0.010 1.3332 1.3334 1.3336 20.9987 27.6217 37.9844 

0.025 1.3336 1.3339 1.3342 21.0106 27.6336 37.9984 

0.040 1.3342 1.3345 1.3349 21.0226 27.6427 38.0099 

0.055 1.3349 1.3352 1.3357 21.0310 27.6493 38.0239 

0.070 1.3357 1.3360 1.3366 21.0408 27.6556 38.0405 

0.085 1.3365 1.3369 1.3375 21.0485 27.6627 38.0533 

0.00003 

0.010 1.3338 1.3341 1.3344 21.0309 27.6710 28.0510 

0.025 1.3344 1.3347 1.3352 21.0525 27.6906 28.0925 

0.040 1.3351 1.3354 1.3360 21.0708 27.7076 28.1316 

0.055 1.3359 1.3363 1.3369 21.0867 27.7277 28.1697 

0.070 1.3368 1.3372 1.3378 21.1019 27.7440 28.2090 

0.085 1.3377 1.3381 1.3388 21.1145 27.7501 28.2448 
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4. Conclusion:  

The viscosity, density and refractive index study of the solution of Li- Oxalate, Na-

Oxalate, K-Oxalate in aqueous uric acid solvent of different concentration leads to the 

conclusion that solute solvent interaction is predominant over the solute-solute 

interaction and solute-solvent interaction is higher in case of K-Oxalate than sodium 

oxalate and which is greater than Li-Oxalate. One plausible reason is the size of the 

metal ion. The hydrated size of the K+ is less compared to that of the Na+ and which is 

less than Li+. Due to this size factor the K+ comes more closer compared to that of the 

others. The same can be concluded for Na-Oxalate than the Li-Oxalate. This result 

indicates that potassium oxalate can more easily penetrate into the accumulated uric 

acid in the joints of the human body than that of sodium and lithium oxalates thereby 

releasing the accumulated uric acid rendering the recovery of gout pain due to stronger 

solute solvent interactions as discussed above. This is an excellent agreement with that 

as reported earlier (18).   

 

                    

 

 

 

 

solute-solvent interaction increases  

Scheme: 3; Plausible solvation consequences of Li+, Na+ and K+ ( hydrated) in aqueous 

UA medium. 

 

K++ UA Na+ + UA Li+ + UA 



 



CHAPTER- X 

 

CONCLUDING REMARKS 

The research work was designed to explore various interactions taking place in 

various systems inclusion of the various guest molecules inside the cyclodextrin 

molecules. It is well described that cyclodextrin molecules modify the physicochemical 

properties of the guest molecules after incorporation inside it. Therefore, various drug 

molecules as well as various ionic liquids having biological importance were studied 

whether they can be included inside the cavity of the host molecules. The aim of the 

works embodied in this thesis was to discover the interactions playing vital role in the 

solution phase and in the inclusion complexation. Here, the molecular interactions, ionic 

interactions in the solution phase, and the interactions taking place in the process of 

inclusion complexation of various ionic liquid molecules and drug molecules in liquid 

phase and solid phase were discussed. The molecular interactions occurring in the 

solution systems have been studied with the help of physicochemical, thermodynamic, 

transport and optical properties along with spectroscopic studies such as NMR, FT-IR, 

UV-Vis and Mass spectroscopic study. 

The volumetric, viscometric, interferometric, conductometric refractive index 

studies helped us to estimate the extent of molecular interactions various solution 

systems quantitatively whereas the spectroscopic measurements gave an insight into 

the type of molecular interactions occurring in solution and solid phase. These 

interactions helped in better understanding the nature of solute and solvent in the 

solution phase and the inclusion complexation in both the solution and solid phase. 
 

The thorough study represents the fact that the electrolyte lithium 

hexafluoroarsenate (LiAsF6) remains mostly associated with the mixed solvent system 

in the binary mixture of EG and MeOH. This fact is supported by the study of 

conductivity of the salt LiAsF6 in various mass fractions of EG in MeOH. The limiting 

apparent molar volume and viscosity B-coefficient values obtained for LiAsF6 in the 

binary solution specifies the existence of strong ion–solvent interactions, which 

increase further with the increased mass fraction of EG in MeOH. 

The thorough physicochemical and spectroscopic study that are discussed above 

lead to the conclusion that the ILs i.e., [BMIm]Cl and [HMIm]Cl associate to form host-
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guest inclusion complexes with both the CDs. The proton NMR studies provides enough 

information which confirms the formation of ICs while Surface tension, Conductivity 

study and mass spectroscopic study supports the above mentioned phenomena and 

determine the 1:1 stoichiometry of the host-guest inclusion complexation. The Density 

and viscosity study again supports the phenomena of inclusion with a good agreement. 

Binding constants for the ICs have been determined with the help of the conductivity 

study by using a non-linear programme. Finally, the formation of the host-guest 

inclusion complexes has been found most feasible in case of the [BMIm]Cl-β-CD system 

than the other combinations. Based on the above information the plausible inclusion 

structures have been speculated. In the field of Nano-sensing, drug delivery and in many 

other fields these types of inclusion complexes have the extensive applications. 

The work describes the inclusion phenomena between the IL [BMPy]PF6 and α-

and β-Cyclodextrin with the production of the aqueous soluble complexes.  The 

Inclusion phenomena were confirmed by 1H-NMR, FT-IR spectroscopy. Again the 

phenomena of inclusion and Stoichiometry of the complexes were confirmed by Job’s 

plot obtained from UV-Vis spectroscopic study, Surface tension and conductance study. 

Binding constant calculated confirmed the good association between the host and guest 

and good feasibility of formation of the inclusion complexs. The process of inclusion is 

thermodynamically favourable, which is evident from the values of Gibb’s free energy 

change and enthalpy values. The more feasible inclusion was obtained in case of the 

complexation with α-Cyclodextrin. 

The study of encapsulation of TBPMS inside CDs in aqueous medium was found 

successful. A clear picture of inclusion was found in the solid form from the analysis of 

1H-NMR, 2D-ROESY, FT-IR and EI-MS study. The study of conductance, surface tension 

and UV-Visible spectroscopy in the aqueous solution confirmed the above phenomena 

of inclusion. The 1:1 stoichiometric ratio of host and guest in the inclusion complexes 

was confirmed by the conductance and surface tension study for both the cyclodextrins. 

This fact of stoichiometry was further supported by the EI-MS experiment of solid ICs.  

The binding constants of the ICs calculated and the thermodynamic parameters 

obtained by calculation confirmed the higher stability and the feasible formation of the 

ICs. Taking in account all the above observations a schematic representation of the 

inclusion was depicted. Now days, these types of ICs are of great interest in various 

industries as these are environmentally non-hazardous. 
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The entire study reveals the formation of host-guest inclusion complex of 1:1 

stoichiometry. The 1H-NMR and FT-IR studies confirm the formation of inclusion 

complexes between the drug molecule and CD molecule. The same conclusion is also 

supported by the experimental data derived from density and viscosity measurements. 

The single break point at the concentration near to 5mM of CD in each case obtained 

from the surface tension study indicates the formation of the inclusion complexes with 

1:1 stoichiometry. From the UV-VIS spectroscopic data, binding constant calculated 

using Job’s plot,  clearly explains the formation of more effective inclusion complex  with 

PTX than 2-PAM and the formation of IC with β-CD  is more feasible than α-CD. Taking 

all the parameters and results in account the plausible mechanism of the inclusion has 

been depicted. The qualitative and quantitative idea of the formation of host-guest ICs of 

α-CD and β-CD with PTX and 2-PAM reveal substantial applications in drug industries 

and medicinal sciences. 

The viscosity, density and refractive index study of the solution of Li- Oxalate, 

Na-Oxalate, K-Oxalate in aqueous uric acid solvent of different concentration leads to 

the conclusion that solute solvent interaction is predominant over the solute-solute 

interaction and solute-solvent interaction is higher in case of K-Oxalate than sodium 

oxalate and which is greater than Li-Oxalate. One plausible reason is the size of the 

metal ion. The hydrated size of the K+ is less compared to that of the Na+ and which is 

less than Li+. Due to this size factor the K+ comes more closer compared to that of the 

others. The same can be concluded for Na-Oxalate than the Li-Oxalate. This result 

indicates that potassium oxalate can more easily penetrate into the accumulated uric 

acid in the joints of the human body than that of sodium and lithium oxalates thereby 

releasing the accumulated uric acid rendering the recovery of gout pain due to stronger 

solute solvent interactions as discussed above. This is an excellent agreement with that 

as reported earlier. 

All the above discussed drugs and ionic liquids are highly significant in 

pharmaceutical industries, food industries, cosmetic and hygiene industries, paint 

industries. Thus, this may be concluded that the full research work has satisfactory 

consequences in the diverse fields of sciences and technology which demands a far-

reaching influence for the intensification of the progressive research. 
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ABSTRACT
Precise measurements of electrolytic conductivities, densities, and viscosities of lithium hexafluoroarsenate 
(LiAsF6) have been reported in w1=0.00, 0.25, 0.50, 0.75, 1.00 mass fraction of ethylene glycol in methanol at 
298.15 K. The limiting molar conductivities (Λ0), association constants (KA), and the distance of closest approach 
of the ions (R) have been evaluated using the Fuoss conductance equation (1978) for ion-pair formation. The 
Walden products have been obtained and discussed. Apparent molar volumes (fV) and viscosity B-coefficients 
have been determined from the density (ρ) and viscosity (h) data, respectively. The limiting apparent molar 
volumes (fV

o), and experimental slopes (SV
*) have been obtained from Masson equation and interpreted in terms 

of ion-solvent and ion-ion interactions, respectively. The viscosity data have been analyzed using Jones-Dole 
equation, and the derived parameters A- and B-coefficient have also been interpreted for ion-ion and ion-solvent 
interactions, respectively, in the solutions.

Graphical abstract
The exploration of ion-association of lithium hexafluoroarsenate in the binary system of ethylene glycol+methanol 
provides most useful inkling in lithium-ion batteries.

Key words: Lithium hexafluoroarsenate, Ethylene glycol, Methanol, Conductivity, Density, Viscosity.

1. INTRODUCTION
Conductivities of electrolytes in various pure and mixed 
solvent systems are of much interest to chemists. The 
electrical conductivity of electrolytes in mixed solvent 
solutions mainly depends on the concentration of the 
electrolyte and also on the viscosity of the solvent. The 
use of mixed solvents in high energy [1] batteries has 
also extended the horizon in the field of mixed solvent 
systems [2,3]. Considering the latest development in 
battery industries and lithium-ion batteries is the best 
available energy source in the market. Lithium-ion 

rechargeable batteries [4] are widely used in various 
kinds of portable electric devices because of their 
high performance with large capacity and high output 
voltage [5]. The development of electrolyte solutions 
with high ionic conductivity is needed for high-
performance lithium ion batteries. The electrolyte 
solution requires high ionic conductivity, low 
melting point, high boiling point, and high chemical 
and electrochemical stabilities for the batteries of 
high performance as well as in practical usages [6]. 
Therefore, the study of the behavior of lithium ion in 
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different solvent systems helps in the production of 
more useful and most effective batteries [7].

The study of thermodynamic and transport properties 
gives a magnificent information about the molecular 
interactions occurring in solution systems. Volumetric 
and viscometric studies also deal an idea about 
the different molecular interactions prevailing in 
salt solutions containing pure and mixed solvent 
systems and help in the better understanding of the 
behavior of the salt with different solvents. Studies 
on the apparent/partial molar volumes, viscosity 
coefficient of electrolytes, and the dependence on the 
concentration of solution have been undertaken as 
a function, for studying the ion-ion and ion-solvent 
interactions.

The solvents used in this study find wide industrial 
usage. The mixture of these two solvents provides a 
wide range of variation of thermodynamic properties 
as viscosity and relative permittivity. The variation in 
these properties has been taken into consideration, as 
these properties help in determining the extent of ion-
solvent and solvent-solvent interactions occurring in 
the solution systems.

This work is an attempt to understand the 
thermodynamics of lithium hexafluoroarsenate 
(LiAsF6) in different mass fraction (w1) of ethylene 
glycol (EG) in methanol (MeOH) at 298.15 K, to 
explore the molecular interactions occurring in the 
systems. The results are useful for the interpretation 
of the nature of interactions that occur between the 
salts and mixed solvent systems. Thermodynamic 
parameters are evaluated and discussed.

2. EXPERIMENTAL
2.1. Materials
LiAsF6 has been procured from Sigma Aldrich, 
Germany, and used as purchased. The mass fraction 
purity of LiAsF6 was 0.98. MeOH and EG were 
procured from Merck, India, and were purified by 
standard methods [8]. The purity of the solvents was 
99%.

2.2. Apparatus and Procedure
Binary solvent mixtures were prepared by mixing 
the required volumes of EG and MeOH using the 
appropriate conversion of the required mass of each 
liquid into the volume at 298.15 K using solvent 
density (Table 1). A stock solution for each salt was 
prepared by mass (Mettler Toledo AG-285 with 
uncertainty ±0.0003 g), and the working solutions 
were obtained by mass dilution in both pure 
and mixed solvents. The uncertainty of molarity 
of different salt solutions was evaluated to be 
±0.0001 mol·dm−3.

The values of relative permittivity (ε) of the solvent 
mixtures were assumed to be an average of those of 
the pure liquids and calculated using the procedure 
as described by Rohdewald and Moldner [9]. The 
physical properties of the binary solvent mixtures 
of different mass fractions at 298.15 K are listed in 
Table 1.

The conductance measurements were performed 
in a Systronics-308 conductivity bridge 
(accuracy±0.01%) using a dip-type immersion 
conductivity cell, CD-10, having a cell constant of 
0.1±0.001 cm−1. A water bath maintained within 
T=298.15±0.01 K was used, and the cell was 
calibrated by the method proposed by Lind et al. [11] 
The conductance data were reported at a frequency 
of 1 kHz and were uncertain to ±0.3%.

The measurement of density (ρ) was done by vibrating-
tube Anton Paar density-meter (DMA 4500 M) with 
a precision of ±0.0005 g·cm−3. It was calibrated by 
double-distilled water and dry air. The temperature 
was automatically kept constant within ± 0.01 K.

The viscosity was also measured with the help of 
Brookfield DV-III Ultra Programmable Rheometer 
with spindle size-42 fitted to a Brookfield Digital 
Bath TC-500. The temperature was controlled by the 
Brookfield Digital Bath TC-500. The uncertainty of 
the viscosity values is ±0.03 K.

Table 1: Density (ρ), viscosity (η), and relative permittivity (ε) of solvent mixtures at 298.15 K.

Mass fraction of EG (w1) in MeOH aρ.10−3/kg.m−3 bη/mPa·s ε
Expt Lit Expt Lit

w1=0.00 0.78590 0.78660c 0.54 0.5445c 32.7c

w1=0.25 0.86436 - 2.03 - 34.7d

w1=0.50 0.94433 - 4.17 - 36.7d

w1=0.75 1.02077 - 7.45 - 38.7d

w1=1.00 1.10900 1.10980c 16.88 16.90c 40.7c

aUncertainity in the density values: ±0.00002·10−3 kg m−3. bUncertainity in the viscosity values: ±0.003 mPa s. cRef. [10]. 
dCalculated using the procedure described in ref. [9]. EG: Ethylene glycol, MeOH: Methanol
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3. RESULTS AND DISCUSSION
3.1. Conductance Measurement
The experimental values of equivalent conductances 
(Λ) of the electrolyte measured at the corresponding 
molar concentrations (c) are given in Table 2. The 
conductance results have been analyzed using the 
Fuoss conductance equation [12,13].

Three adjustable parameters, namely, the limiting 
molar conductivity (Λ0), the association constant 
(KA, A association constant describing the bonding 
affinity of two molecules at equilibrium, especially the 
bonding affinity of LiAsF6 and solvent molecule), and 
the distance of closest approach of ions (R) are derived 
for a given set of conductivity values (cj, Λj, j=1, …, n) 
from the following set of equations.

Λ=PΛ0[(1+RX)+E1] (1)

P=1−α(1−γ) (2)

2 21 AK cγ γ= − ∫  
(3)

−lnf=βk/2(1+kR) (4)

β=e2/(εkBT) (5)

KA=KR/(1−α)=KR/(1+KS) (6)

Here, the relaxation field effect is denoted by RX, EL 
represents the electrophoretic counter current, k denotes 
the radius of the ion atmosphere, e is the relative 
permittivity of the solvent mixture, e is the electron 
charge, c is the molarity of the solution, kB is the 
Boltzmann constant, KS is the association constant of 
the contact-pairs, KR is the association constant of the 
solvent-separated pairs, γ is the fraction of solute present 
as unpaired ion, α is the fraction of contact pairs, f is 
the activity coefficient, T is the absolute temperature, 
and β is twice the Bjerrum distance. The computations 
were performed using a program suggested by Fuoss 
[12,13], and Shedlovsky extrapolation [14] of the data 
was employed to obtain the initial Λ0

 values for the 
iteration procedure. Input for the program is the set 
(cj, Λj, j=1,…n), n, ε, η, T initial values of Λ0 and an 
instruction to cover a preselected range of R values.

Table 2: The concentration (c) and molar conductance (Λ) of LiAsF6 in different mass fractions of EG (w1) in 
MeOH at 298.15 K.

dc·104/mol·dm−3 eΛ·104/S·m2·mol−1 dc·104/mol·dm−3 eΛ·104/S·m2·mol−1 dc·104/mol·dm−3 eΛ·104/S·m2·mol−1

w1=0.00 w1=0.25 w1=0.50
12.91 93.35 11.45 71.55 9.93 49.85
17.87 91.22 20.99 69.22 18.21 47.39
22.13 89.64 29.06 66.64 25.21 45.64
25.81 88.38 35.98 65.38 31.22 44.38
29.04 87.25 41.98 63.25 36.42 43.25
34.42 85.65 47.22 62.65 40.97 42.45
40.56 84.02 51.85 62.02 44.99 41.72
45.17 82.82 55.97 60.82 51.75 40.72
51.63 81.32 59.65 60.32 59.60 39.62
55.93 80.45 68.69 58.45 65.56 38.65
w1=0.75 w1=1.00
11.45 21.85 5.68 3.85
20.99 19.79 12.83 3.39
29.06 18.34 19.28 3.04
35.98 17.28 24.98 2.78
41.98 16.55 30.02 2.55
47.22 15.75 34.48 2.35
51.85 15.22 38.45 2.22
55.97 14.72 42.01 2.12
59.65 14.42 45.20 2.02
68.69 13.45 53.11 1.82
dUncertainity in the molarity: ±0.0002 mol dm−3. eUncertainity in the molar conductance: ±0.01 S m2 mol−1. 
LiAsF6: Lithium hexafluoroarsenate, EG: Ethylene glycol, MeOH: Methanol
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In practice, for the minimization of standard deviation, 
all the calculations are performed by finding the values 
of Λ0 and δ.

δ2 = Σ [Λj (calcd) − Λj (obsd)]2/(n−2) (7)

For a sequence of R values and then plotting δ against R, 
the minimum of the δ-R versus R curve represents best-
fit R. Hence, approximate runs are made over a fairly 
wide range of R values using 0.1 increment to locate 
the minimum, but no significant minima were found 
in the δ-R curves for all the salts studied here; thus, 
R values are assumed to be R = a + d, where the sum of 
the crystallographic radii of the ions is represented by 
a and the average distance corresponding to the side of 
a cell occupied by a solvent molecule is denoted by d. 
The distance d is given using the following Ekka and 
Roy equation [15]:

d (Å) = 1.183 (M/ρ)1/3 (8)

Where M is the molar mass of the solvent and ρ is its 
density. For mixed solvents, M is replaced by the mole 
fraction average molar mass (Mav) which is given by

Mav=M1M2/(w1M2+w2M1) (9)

Where w1 is the mass fraction of the first component 
of molar mass M1. The values of Λ0, KA, and R attained 
by this procedure are reported in Table 3.

A perusal of Table 3 and Figure 1 shows that the values 
of Λ0 for LiAsF6 decrease as the concentration (c) of 
EG in the binary solvent mixture increases. Figure 2 
shows that the values of Λ0 both in pure and solvent 
mixtures are positive and decrease as mass fraction of 
EG in MeOH increases. This can be explained in view 
of the relative permittivity and viscosity of the solvent 
mixtures. The viscosity of the solvent mixture increases 
with increasing mass fraction (w1) of the EG in MeOH 
rendering to greater solvation of LiAsF6. This can also 
be interpreted on the basis of preferential solvation. 
The salt prefers EG than MeOH in binary mixtures. 
The structure of EG also favors the observation. Due 
to the presence of two –OH groups in the molecule, the 
ions are more solvated by EG than MeOH. The greater 

interaction has been seen by the interaction of charged 
ion and adjacent solvent molecules, which leads to 
reduction in mobility of ions, and thus increases the 
solvation. With the increasing mass fraction of EG in 
the solvent mixture, the conductance of the solution 
decreases, and ion-solvent interaction increases.

Ion solvation can also be explained with the help of 
another characteristic property called the Walden 

Table 3: Limiting molar conductance (Λ0), association constant (KA), co-sphere diameter (R), and standard 
deviations of experimental Λ (δ) of LiAsF6 in different mass fractions of EG (w1) in MeOH at 298.15 K

Mass fraction of EG (w1) in MeOH Λ0·104/S·m2·mol−1 KA/dm3.mol−1 R/Å δ
w1=0.00 102.98 76.06 8.37 0.06
w1=0.25 79.16 82.47 8.42 0.43
w1=0.50 55.58 115.73 8.50 0.16
w1=0.75 30.10 447.75 8.64 0.34
w1=1.00 5.72 1160.25 8.83 0.14
LiAsF6: Lithium hexafluoroarsenate, EG: Ethylene glycol, MeOH: Methanol

Figure 1: Plot of molar conductance (Λ) and 
the square root of concentration (√c) of lithium 
hexafluoroarsenate in w1=0.00 (-♦-), w1=0.25 (-∎-), 
w1=0.50 (-▲-), w1=0.75 (-●-), and w1=1.00 (-*-) mass 
fraction of ethylene glycol in methanol at T=298.15 K.

Figure 2: Plot of limiting molar conductance (Λ0) 
(-♦-) and Walden Product (Λ0η) (-▲-) of lithium 
hexafluoroarsenate in different mass fraction (w1) of 
ethylene glycol in methanol at T=298.15 K.
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product (Λ0η). Walden products of the electrolyte in 
various binary solvent mixtures have been calculated 
and given in Table 4.

Table 4 and Figure 2 have shown that the value of 
Walden product (Λ0η) increases as the content of 
EG (w1) increases in the binary mixture, but in pure 
EG with the concomitant increase of the solvent 
viscosity, the Λ0η decreases [16]. This trend suggests 
the predominance of the Λ0 over solvent viscosity 
(η) in pure MeOH and solvent mixtures containing 
0.00-0.75 mass fraction of EG. whereas in case of 
pure EG, the value of Walden product suggests the 
fact that η predominate Λ0 in pure EG solution. The 
results of molar conductance and the Walden product 
reflect strong electrostatic ion-solvent interactions. 
Changes in the Walden product with concentration are 
common, and they can be attributed to changes in ion-
solvation, i.e., ion-solvent interactions.

The starting point for most evaluations of ionic 
conductance is Stokes’ law which states that the 
limiting Walden product (λ0

±η), (product of the 
limiting ionic conductance and solvent viscosity) 
for any singly charged, spherical ion is a function 
only of the ionic radius, and thus, under normal 
conditions, it is a constant. The values of the ionic 
conductances (λ0

±) (Table 5 and Figure 3) for the Li+ 
and AsF6− ion in different mass fractions of EG in 

MeOH were calculated using tetrabutylammonium 
tetraphenylborate as a “reference electrolyte” 
following the scheme as suggested by Das et al. [17].

The λ0
± values were in turn utilized for the calculation 

of Stokes’ radii (rs) according to the following classical 
expression [16]:

2

6S
A o c

F
N r

r ±=
π λ  

(10)

There are marked characteristic behaviors in the 
association constant (KA) values. Inspection of Table 3 
and Figure 4 shows that KA value of the electrolyte 
increases with an increase in the mass fraction of EG 
in the solvent mixture. Such behavior in the solvent 
mixture is also observed in other alcohols [18].

The Gibbs energy change, ΔG0 for association, is 
calculated from the following relation [19] and is 
reported in Table 4.

ΔG0=−RT ln KA (11)

The negative values ΔG0 can be explained by 
considering the participation of specific interaction 

Table 5: Ionic limiting molar conductance (λ±
0), ionic Walden product (λ±

0η), crystallographic radii (rc), l and 
Stoke’s radii (rs) of Li+and AsF6

−ion in different mass fraction of EG (w1) in MeOH at 298.15 K

Mass fraction of EG (w1) in MeOH λ±
0·104/

S·m2·mol−1
λ±

0η·104/S·m2·mol−1 
mPa·s

rc/Å rs/Å

Li+ AsF6
− Li+ AsF6

− Li+ AsF6
− Li+ AsF6

−

w1=0.00 61.22 41.76 33.34 22.74 1.33 1.95 2.46 3.60
w1=0.25 47.06 32.10 95.53 65.16 1.33 1.95 0.86 1.26
w1=0.50 33.04 22.54 137.79 93.98 1.33 1.95 0.59 0.87
w1=0.75 17.90 12.21 133.32 90.93 1.33 1.95 0.61 0.90
w1=1.00 3.40 2.32 57.45 39.18 1.33 1.95 1.43 2.09
LiAsF6: Lithium hexafluoroarsenate, EG: Ethylene glycol, MeOH: Methanol

Table 4: Walden product (Λ0η) and Gibbs energy 
change (ΔG0) of LiAsF6 in different mass fractions of 
ethylene glycol (w1) in methanol at 298.15 K

Mass 
fraction of 
EG (w1) in 
MeOH

Λ0·η·104/S·m2·mol−1 
mPa·s

ΔG0·10−3/kJ·mol−1

w1=0.00 56.07 −10.74
w1=0.25 160.68 −10.94
w1=0.50 231.77 −11.78
w1=0.75 224.26 −15.13
w1=1.00 96.630 −17.49

Figure 3: Plot of limiting ionic conductance (λ±
0) of 

Li+ (-♦-), AsF6
− (--) and ionic Walden Product (λ±η) 

of Li+ (-▲-), AsF6
− (-●-) in different mass fraction 

(w1) of ethylene glycol in methanol at T=298.15.
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in the ion-association process for ion-pair formation 
of Li+/AsF6

− with the solvents in binary mixture of 
EG and MeOH. From Table 4, it can be seen that the 
ΔG0 values decrease with increasing mass fraction 
(w1) of EG in solvent mixtures indicating greater 
degree of ion association. The ΔG0 in Table 4 along 
with the other parameters mentioned above is in good 
agreement with the results observed by Barthel [20] 
and Hazra [21].

3.2. Density Measurement
The measured value of densities (ρ) and viscosities 
(η) of LiAsF6 in different mass fraction (w1) of EG 

in MeOH, as a function of concentration at 298.15 K, 
is reported in Table 6. For the analysis of interaction 
of LiAsF6 in different mass of EG in MeOH, limiting 
apparent molar volume is important. For this purpose, 
the apparent molar volumes, ϕV, given in Table 6 
were found from the solution density values using the 
following equation [22]:

ϕV=M/ρ0−1000(ρ−ρ0)/cρρ0 (12)

Where M is the molar mass of the solute, c is the 
molarity of the solution, and ρ and ρ0 are the densities 
of the solution and solvent, respectively.

fMolarity (c)/mol·dm−3 g
ρ·10−3/kg·cm−3 ϕV·106/m3·mol−1 hη/mPa·s (η/η0−1)√c/kg1/2.mol−

1/2

w1=0.00
0.000 0.78590 - 0.54 -
0.019 0.78810 62.58 0.67 1.579
0.038 0.79040 58.34 0.73 1.674
0.057 0.79276 55.23 0.78 1.745
0.077 0.79519 52.19 0.83 1.840
0.096 0.79764 50.03 0.87 1.880
0.115 0.80013 48.02 0.91 1.930
w1=0.25
0.000 0.86436 - 2.03 -
0.017 0.86635 73.10 2.27 0.897
0.035 0.86848 67.70 2.41 1.004
0.052 0.87069 63.84 2.53 1.078
0.070 0.87297 60.57 2.64 1.138
0.087 0.87533 57.36 2.75 1.201
0.105 0.87774 54.59 2.85 1.249
w1=0.50
0.000 0.94433 - 4.17 -
0.016 0.946 89.50 4.35 0.342
0.032 0.94785 83.15 4.51 0.457
0.048 0.94985 77.50 4.67 0.548
0.064 0.95194 73.09 4.82 0.617
0.080 0.9541 69.45 4.98 0.687
0.096 0.95635 65.97 5.13 0.744
w1=0.75
0.000 1.02077 - 7.45 -
0.015 1.02196 114.15 7.55 0.111
0.029 1.02336 107.29 7.75 0.235
0.044 1.02494 101.08 7.97 0.332
0.059 1.02664 96.02 8.2 0.414
0.074 1.02843 91.81 8.43 0.484

Table 6: Experimental values of densities (ρ), apparent molar volume (ϕV), and viscosities (η), (η/η0−1)√c of 
LiAsF6 in different mass fraction of EG (w1) in MeOH at T=298.15 K

(Contd...)
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fMolarity (c)/mol·dm−3 g
ρ·10−3/kg·cm−3 ϕV·106/m3·mol−1 hη/mPa·s (η/η0−1)√c/kg1/2.mol−

1/2

0.089 1.03034 87.70 8.68 0.554
w1=1.00
0.000 1.10900 - 16.88 -
0.014 1.10949 147.14 16.92 0.010
0.027 1.11026 138.73 17.25 0.126
0.041 1.11124 131.72 17.65 0.220
0.055 1.11234 126.41 18.09 0.302
0.068 1.11362 121.06 18.54 0.371
0.082 1.11505 115.99 19.05 0.444
fUncertainity in the molarity: ±0.0002 mol dm−3. gUncertainity in the density values: ±0.00002·10−3 kg m−3. hUncertainity 
in the viscosity values: ±0.003 mPa s. LiAsF6: Lithium hexafluoroarsenate, EG: Ethylene glycol, MeOH: Methanol

Table 6: (Continue)

The limiting apparent molar volume 0
V  φ was calculated 

in accordance with a least squares treatment to the plots of 
ϕV versus √c using the following Masson equation [19]:

0 *    V V VS cφ φ= + ⋅√  (13)

Where 0
V  φ  is the apparent molar volume at infinite 

dilution and *
VS  is the experimental slope. The values 

of 0
V  φ  and *

VS  are reported in Table 7.

The variation of 0
V  φ  with the increase in the mass 

fraction of EG in the solvent mixture is shown in 
Figure 5. The extent of ion-solvent interaction can 
be examined by taking the 0

V  φ  values. The plausible 
mechanism of interaction between LiAsF6 and solvents 
(EG and MeOH) has been given in the Scheme 1. A 
perusal of Table 7 indicates that the 0

V  φ  values are 
generally positive and increase with the increasing 
amount of EG in the binary mixtures.

The Scheme 1 suggested that the more number of 
electrolytes (LiAsF6) interact with EG (have two 
plausible side for interaction) than MeOH (have 
only single plausible side for interaction as per the 
nucleophilic group of the molecules). This indicates 
the presence of strong ion-solvent interactions, and 
these interactions increase with an increase in the 

Table 7: Limiting apparent molar volume (ϕV
0), experimental slopes (S*

v), A- and B- coefficients of LiAsF6 in 
different mass fraction of EG (w1) in MeOH at 298.15 K

Mass fraction of EG (w1) in MeOH ϕ0
V·106/m3·mol−1 S*

v·106/m3·mol−3/2·kg1/2 A/kg1/2·mol−1/2 B/kg·mol−1

w1=0.00 72.62 −72.95 1.329 1.785
w1=0.25 85.74 −96.03 0.659 1.830
w1=0.50 105.88 −129.12 0.067 2.190
w1=0.75 132.73 −150.63 −0.193 2.499
w1=1.00 168.63 −182.52 −0.291 2.546
LiAsF6: Lithium hexafluoroarsenate, EG: Ethylene glycol, MeOH: Methanol

mass fraction of EG in MeOH, suggesting a larger 
electrostriction at higher amounts of EG in the mixture. 
The higher the electrostriction of the central (Li+ and 
AsF6

−) ion, greater the pulling effect on the solvent 
molecules (present in the bulk solution) toward itself. 
More solvent molecules are associated, which results 
in higher 0

V  φ  value. Thus, both the ion (Li+ and 
AsF6

−) strongly associates with the solvents.

On the other hand, *
VS  indicates the extent of ion-

ion interactions. Table 7 shows that *
VS  values 

Figure 4: Plot of association constant (KA) (-♦-), 
and Gibbs energy change (∆G0) (-▲-) of LiAsF6 
in different mass fraction (w1) of ethylene glycol in 
methanol at 298.15 K.
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are negative and decrease with increasing mass 
fraction of EG in MeOH, which attributes very 
weak or negligible ion-ion interaction. From the 
same Table 7, it can be seen that the 0

V  φ  values are 
comparatively higher than *

VS , suggesting the fact 
that the ion-solvent interaction dominates over the 
ion-ion interaction. This is in excellent agreement 
with the results drawn from the conductance data 
discussed earlier. Similar results were also observed 
in some 1:1 electrolytes i EG mono methyl ether+ 
methyl alcohol [23].

3.3. Viscosity Measurement
These viscosity data were utilized to calculate the 
viscosity B-coefficient using following Jones-Dole 
equation [24]:

η/η0=ηr=1+Bc+A√c (14)

(ηr−1)/√c=A+B√c (15)

Where the relative viscosities ηr are expressed by 
ηr=η/η0, where η and η0 signify the viscosities of the 
solution and solvent mixture, respectively. The values 
of (ηr−1)/√c are listed in Table 6. These ηr values have 
been utilized to calculate the viscosity B-coefficient 
analyzed by the Jones-Dole equation. A and B are 
viscosity coefficient and indicate the ion-ion and 
ion-solvent interactions, respectively. The values of 
A- and B-coefficient are obtained by plotting (ηr−1)/√c 
against √c and reported in Table 7. A perusal of Table 7 
shows that the values of the A-coefficient are generally 
negative for all the solutions under investigation at all 
composition ranges and indicate the presence of weak 
ion-ion interactions, and these interactions further 
decrease with increasing amount of EG in the mixtures. 
The viscosity B-coefficient [25] reflects the effects of 
ion-solvent interactions in the solution. Table 7 and 
Figure 5 illustrate that the values of the viscosity 
B-coefficient for the salt in the studied mixed solvent 
systems are positive, thereby suggesting the presence 

of strong ion-solvent interaction in the solution, and 
this interaction is strengthened with increasing amount 
of EG in the binary mixtures. This is in good agreement 
with the results of derived parameters obtained from 
conductance and density measurement, discuss earlier.

In view of various derived parameter obtained and 
discussed above, the plausible diagrams of molecular 
interaction and solvation of the ions in solvent mixtures 
are given in Scheme 2.

4. CONCLUSION
The extensive study of LiAsF6 in the binary mixture 
of EG and MeOH suggests the fact that the electrolyte 
remains largely associated in the mixture which is 
evident from the conductivity study of LiAsF6 in 
different mass fraction of EG in MeOH. Limiting 
apparent molar volume and viscosity B-coefficient 
values for LiAsF6 in the binary mixtures indicate the 
presence of strong ion-solvent interactions, and these 
interactions are further strengthened with increasing 
mass fraction of EG in MeOH.

Figure 5: Plot of limiting apparent molar volume 
( Vφ 0 ) (-♦-) and viscosity B-coefficient (-▲-) versus 
mass fraction (w) of ethylene glycol in methanol for 
lithium hexafluoroarsenate at T=298.15 K.

Scheme 1: The plausible mechanism of interaction 
between lithium hexafluoroarsenate and solvents 
(ethylene glycol and methanol).

Scheme 2: The plausible diagrams of molecular 
interaction and solvation of the ions in solvent mixtures.
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Physicochemical interactions between alkali metal oxalates and the uric acid (UA) were studied using 
easily available techniques such as density, viscosity and refractive index studies at three different 
temperatures. The values of limiting molar volume (ΦV

0), experimental slopes (SV
*) were calculated from 

the density values using Masson equation to interpret the solute- solvent and solute – solute interactions 
respectively. Using Jones-Dole equation viscosity A and viscosity B co-efficient were calculated to 
support the solute- solvent and solute – solute interactions obtained from density measurement. Again 
the studies were supported by the result obtained from the refractive index studies. Lorentz-Lorenz 
equation was used to calculate the molar refraction (RM) values for refractive index studies. 
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1. Introduction 

Uric acid is a hetero cyclic compound of carbon, nitrogen, and hydrogen 
with the formula C5H4N4O3. The molecular structure is shown in the Fig. 1. 
The uric acid is a metabolic breakdown of purine nucleotide. High uric acid 
concentration [1], in blood is called hyperuricemia [2,3] leads to gout and 
is associated with the other medical conditions such as diabetes, urate 
kidney stones. The lithium (Li) with the atomic number 3 is found in the 
various foods in variable amount. Primary food sources are grains and 
vegetables. The drinking water also provides significant amount of Li. 
Traces of Li was detected in human organs and fatal tissues already in the 
late nineteen centuries. Low lithium intake from water supply was 
associated with increased rate of suicide, homicide and arrest rate of drugs 
used and other crimes [4]. Sodium (Na) is essential mineral that regulates 
blood volume, blood pressure, osmotic equilibrium and pH in the blood. 
NaCl is the main source of Na in diet. Exceeding the upper limit of Na intake 
(2.3 g/day) hyper tension may occure. Na is important in neuron function 
and in osmoregulation between cells and the extra cellular liquid. This is 
accomplished in all animals by Na+/K+ ATPase. Potassium in nature occurs 
only in ionic salts. It is eighth of nine most common elements by mass 0.2% 
in human body. Potassium ions are present in a wide variety of proteins 
and enzymes. K+ controls hormone secretion and action, systematic blood 
pressure control, glucose and insulin metabolism, fluid and electrolyte 
balance etc. 

Oxalic acid is a common organic compound. It is found in some specific 
plants. Plants fenestraria genus produce optical fibre made from 
crystalline oxalic acid to transmit light to subterranean photo synthetic 
site. Bacteria produce oxalates from oxidation of carbohydrate. The 
oxalates formed from the oxalic acids are the dianion with the common 
formula C2O42- . The molecular structure is shown in Fig. 2. 

Here, the density, viscosity and refractive index studies were performed 
to investigate the solvation consequences between the alkali metal 
oxalates, such as Li-, Na-, K- Oxalates and uric acid using different 
appropriate equations. 
 

 
Fig. 1 Molecular Structure of Uric acid 

 
                 (a)      (b)            (c) 

Fig. 2 (a) Potassium oxalate, (b) Sodium oxalate and (c) Lithium oxalate 

 

2. Experimental Methods 

2.1 Materials 

Lithium oxalate (Li2C2O4), Sodium oxalate (Na2C2O4), Potassium oxalate 
(K2C2O4), and Uric acid of puriss grade were purchased from Sisco 
Research Laboratories (SRL Pvt. Ltd. Bombay,  India), whereas uric acid 
was purchased from SRL (S.D. Fine –Chem. Ltd., Mumbai, India). The mass 
fraction purity of the salts as well as Uric acid taken was ≥0.99. All the 
above salts were dried heating at 373K for 48 hours and they were stored 
in a desiccator after cooling.  
 
2.2 Apparatus and Experimental Procedure 

Aqueous uric acid solution of 0.00001 M, 0.00002 M, 0.00003 M were 
prepared using doubly distilled de-ionised water. This was stored and 
used as solvent. The Solution of Li, Na and K- oxalates of 0.1 M were 
prepared using the prepared solvent of different concentration separately. 
The stock solutions of alkali metal oxalates and uric acid soln. were then 
used to prepare working solution. The weighing was done using Mettler 
Toledo AG285 with uncertainty of 0.0003 g. All the solutions were 
prepared at 298.15 K and kept in air tide condition. The working solutions 
were used to measure density with the help of vibrating U-Tube Anton 
Paar digital density meter (DMA 4500) with a precision of ±0.00005 gcm-3 
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maintained at ±0.01. Passing dry air and using triply distilled water the 
density meter was calibrated [5]. Viscosity of the solution were measured 
with the help of Brookfield DV-III Ultra Programmable Rheometer with 
spindle size -42, fitted to a Brookfield digital bath TC-500 with the 
accuracy of ±1%. The calibration of the viscometer was done using 
standard with the Instrument, water and CaCl2 Soln. [6]. The viscosity 
values were obtained by means of following equation, 

 

η = (100/RPM) * TK*Torque*SMC   (1) 
 

where, RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer 
torque constant and spindle multiplier torque constant respectively. The 
results obtained with a precision of 0.3%.  The refractive indices of the 
solutions were measured using Mettler Toledo digital Refractometer with 
uncertainty of ±0.0002 units. A LED bulb, the source of the light with λ= 
589.3 nm, was used in this instrument. Calibration was done with doubly 
distilled water twice and checked after every two readings. 

 

3. Results and Discussion 

3.1 Density Measurement 

The study of density leading to the calculation of apparent molar 
volume (Φv) and limiting apparent molar volume (Φv

0) help to understand 
the interactions taking place in the solution. Apparent molar volume is the 
sum of the geometric volume of the solute molecules and the change in the 
solvent volume due to its interaction with the solute. Using the following 
Eq.(2) the value of apparent molar volume (Φv) was measured (Table 1) 

 

(Φv) = M/ρ – 1000.(ρ- ρ0) / m.ρ.ρ0    (2) 
 

where, M is the molar mass of the solute molecule, m is the molarity of the 
solution, ρ and ρ0 are the densities of the solution and aqueous solvent of 
uric acid respectively. It is found from Table 1 that the values of Φv i.e., 
apparent molar volume are positive, which suggests that there is the 
interaction between the solute and the solvent molecules. The values of Φv 

are found to be decreased with the increase in the concentration of the 
alkali metal oxalates. The values of Φv0 i.e., Limiting apparent molar 
volume calculated from the Masson equation [7] 

 

Φv= Φv0 + SV*. √C      (3) 
 

where, Φv
0 is the Partial molar volume at infinite dilution and SV

* is the 
experimental slope. The plot of Φv against the molar concentration found 
to be linear and with negative slopes. The values of Φv

0 and SV
* are reported 

in the Table 1. From the Table 1 it is found that the values of Φv0 are 
positive and increase with the temperature as well as the mass fraction of 
the co-solute [8].  

From the Table 1 it is seen that the values of Φv
0 are positive for Li, Na 

and K oxalates at 293.15 K, 303.15 K and 313.15 K as well as at different 
mass fraction of the uric acid. This indicates that there is predominant over 
the solute-solute interaction and the trend of solute-solvent interaction is 
higher for K-Oxalate compared to Na-Oxalate and which is also higher than 
Li-Oxalate [9-11]. 
 
Table 1 The values of apparent molar volume (ϕV), limiting apparent molar volume 
(ϕv0), SV* of Li-Ox, Na-Ox, K-Oxat different mass fractions of aqueous UA solution at 
293.15 K, 303.15 K, 313.15 K 
 

W1= 0.00001 

T (K) Mol. ϕV ·106/ m3 .mol-1 ϕv0. 106/ m3. mol-1 
SV* 106 / 

m3·mol−3/2 dm3/2 

293.15  

 Li Na K Li Na K Li Na K 

0.010 97.04 103.15 120.4 

1
3

7
.9

2
 

1
4

0
.2

4
 

1
4

2
.7

1
 

-4
0

2
.3

3
 

-3
5

3
.1

2
 

-2
3

0
.9

1
 

0.025 74.81 86.12 104.8 

0.040 57.73 70.60 95.88 

0.055 43.42 56.99 89.10 

0.070 30.94 46.64 82.36 

0.085 20.28 36.05 74.46 

303.15 

0.010 91.25 107.51 114.7 

1
3

9
.0

4
 

1
4

1
.4

3
 

1
4

3
.9

6
 

-4
5

6
.5

2
 

-3
4

5
.1

9
 

-2
9

2
.9

5
 

0.025 70.17 87.53 98.21 

0.040 47.08 70.77 85.06 

0.055 31.11 58.22 73.61 

0.070 17.68 49.62 65.20 

0.085 5.45 42.40 59.76 

313.15 

0.010 92.61 109.84 126.2 

1
4

0
.0

5
 

1
4

2
.8

9
 

1
4

5
.2

8
 

-4
4

4
.2

7
 

-3
1

1
.7

8
 

-1
8

7
.3

2
 

0.025 73.67 95.12 116.3 

0.040 50.54 81.62 108.3 

0.055 35.26 68.71 99.18 

0.070 22.21 59.88 94.68 

0.085 8.67 50.62 91.53 

W1= 0.00002 

293.15  

 Li Na K Li Na K Li Na K 

0.010 98.03 105.14 118.4 

1
3

7
.9

2
 

1
4

0
.2

4
 

1
4

2
.7

1
 

-4
0

2
.3

3
 

-3
5

3
.1

2
 

-2
3

0
.9

1
 

0.025 79.61 85.31 107.6 

0.040 61.48 71.09 96.37 

0.055 45.23 58.08 87.63 

0.070 33.09 46.63 79.77 

0.085 24.05 36.40 73.51 

303.15 

0.010 96.25 106.39 113.6 

1
3

9
.0

4
 

1
4

1
.4

3
 

1
4

3
.9

6
 

-4
5

6
.5

2
 

-3
4

5
.1

9
 

-2
9

2
.9

5
 

0.025 68.15 89.93 98.60 

0.040 45.57 73.02 86.81 

0.055 32.02 60.22 76.34 

0.070 18.40 50.47 65.19 

0.085 8.40 41.80 56.80 

313.15 

0.011 92.61 109.84 126.2 

1
4

2
.0

4
 

1
4

3
.3

5
 

1
4

6
.4

 

-4
4

8
.5

 

-3
8

4
.1

4
 

-2
0

2
.1

4
 

0.025 71.64 84.64 113.9 

0.040 53.05 66.50 105.5 

0.055 37.27 53.50 99.54 

0.070 22.50 41.02 92.51 

0.085 9.50 29.52 86.66 

W1=0.00003 

  Li Na K Li Na K Li Na K 

293.15  

0.010 101.02 106.13 120.4 

1
4

1
.2

9
 

1
4

2
.7

6
 

1
4

4
.5

2
 

-4
0

2
.3

7
 

-3
5

9
.0

9
 

-2
4

7
.2

2
 

0.025 77.59 86.10 104.8 

0.040 60.97 72.09 94.60 

0.055 46.50 57.89 86.34 

0.070 33.94 47.91 78.76 

0.085 24.40 37.10 72.68 

 

303.15 

0.010 96.24 108.38 112.6 

1
4

2
.3

4
 

1
4

4
 

1
4

5
.7

6
 

-2
9

6
.1

7
 

-3
5

0
.6

9
 

-3
0

4
.0

7
 

0.025 70.15 89.11 99.39 

0.040 48.07 73.51 87.05 

0.055 33.11 61.31 75.42 

0.070 19.40 51.32 64.04 

0.085 8.52 40.97 54.90 

 

313.15 

0.010 96.62 104.78 126.2 

1
4

3
.7

7
 

1
4

5
.2

7
 

1
4

7
.9

5
 

-4
5

3
.3

5
 

-3
8

7
.6

9
 

-2
0

5
.7

2
 

0.025 73.25 84.63 116.3 

0.040 54.05 68.51 106.8 

0.055 37.27 55.14 100.4 

0.070 22.06 41.74 92.79 

0.085 10.69 30.23 86.65 

  

 

Table 2 The values of a0, a1, a2, φE0, (δ0E/δT)p  Li-Ox, Na-Ox, K-Ox at different mass 
fractions of aqueous UA solution at 293.15 K to 313.15 K 
 

w1 T (K) a0 a1 a2 ΦE0  (δ0E/δT)p  

Li-Ox 

0.00001 

293.15 148.92 -0.315 0.0009 0.212 

0.002 303.15 148.92 -0.315 0.0009 0.230 

313.15 148.92 -0.315 0.0009 0.248 

0.00002 

293.15 316.60 -1.408 0.0027 0.175 

0.005 303.15 316.60 -1.408 0.0027 0.229 

313.15 316.60 -1.408 0.0027 0.283 

0.00003 

293.15 319.70 -1.394 0.0027 0.190 

0.005 303.15 319.70 -1.394 0.0027 0.244 

313.15 319.70 -1.394 0.0027 0.298 

Na-Ox 

0.00001 

293.15 159.66 -0.363 0.0010 0.223 

0.002 303.15 159.66 -0.363 0.0010 0.243 

313.15 159.66 -0.363 0.0010 0.263 

0.00002 

293.15 259.54 -0.872 0.0016 0.066 

0.003 303.15 259.54 -0.872 0.0016 0.098 

313.15 259.54 -0.872 0.0016 0.130 

0.00003 

293.15 129.07 -0.153 0.0007 0.258 

0.001 303.15 129.07 -0.153 0.0007 0.272 

313.15 129.07 -0.153 0.0007 0.286 

K-Ox 

0.00001 

293.15 297.15 -1.273 0.0025 0.192 

0.005 303.15 297.15 -1.273 0.0025 0.242 

313.15 297.15 -1.273 0.0025 0.292 

0.00002 

293.15 104.08 -0.014 0.0004 0.221 

0.001 303.15 104.08 -0.014 0.0004 0.229 

313.15 104.08 -0.014 0.0004 0.237 

0.00003 

293.15 269.42 -1.075 0.0022 0.215 

0.004 303.15 269.42 -1.075 0.0022 0.259 

313.15 269.42 -1.075 0.0022 0.303 
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3.2 Limiting Apparent Molar Volume 

Using the polynomial Eq.(4) the variation with temperature of Φv0of 
alkali metal oxalates with aqueous uric acid solution can be explained.  

 
Φv0= a0 + a1T+ a2T2     (4) 
 

where, a0, a1,a2 are the empirical coefficients depending on the solute, mass 
fraction (w1) of the co-solute uric acid and T is the temperature range in 
kelvin. In Table 1, the values of the coefficient are given. The Limiting 
molar expansibilities (ΦE

0) can be obtained by the Eq. (5).  
 
ΦE0 = (δΦv0/ΔT)P = a1+ 2a2T2    (5) 
 
The values of ΦE

0obtained for different temperatures and different mass 
fraction of Li, Na, K –oxalates are reported in Table 2. 

It is seen from the table that the values of ΦE0 are positive for all the 
alkali metal oxalates at different temperatures and different mass fraction 
of co-solute uric acid. Loren G. Hepler [12] developed a technique to 
examine the sign of    (δΦv0/ΔT)P in term of long range structure-making 
and structure-breaking capacity of the solute in the mixed solvent system 
using the general thermodynamic equation.  

 
(δΦE

0/δT)P = (δ2Φv0/δT2)P= 2a2    (6) 
 
If the sign of (δ2Φv0/δT2)Pis positive or a small negative, the molecule is 

structure maker and otherwise structure breaker. The values of 
(δΦE

0/δT)P are found to be positive from Table 2, which explains that the 
alkali metal oxalates are predominantly structure maker in the said 
solvent system. 

 

3.3 Viscosity Calculation 

The experimentally obtained data was analysed using Jones-Dole 
equation [13] 

 
(ƞ/ƞ0-1).m1/2 = A+B.m1/2    (7) 
 

where η and ηo are the viscosity coefficients of the solution and the pure 
solvent respectively. M is the molarity of the ternary solution. A and B are 
the empirical constants, known as viscosity A co-efficient and B co-
efficient [14, 15]. A signifies the solute – solute interaction and B signifies 
the Solute- Solvent interaction. The values are listed in the Table 3 and 
Table 4. It is seen that with the increase in the mole fraction of alkali metal 
oxalates in the solutions the values of A increases slightly which indicates 
that there is a slight solute-solute interaction. This is also supported from 
the values obtained for Sv*. The B values also increase with the increase in 
the mass fraction of the Uric acid in the solvent mixture. It can be explained 
from the significantly growing values of B with mass fraction that the 
solute-solvent interaction is predominating over the solute-solute 
interaction. The higher B co-efficient values for higher viscosity values are 
due to the solvated solute molecules associated by the solvent molecules 
all-round to the formation of associated molecules by solute- solvent 
interactions, would present greater resistance. This solute-solvent 
interaction is increased with the increase of the mass fraction of Uric acid 
in the solvent. 

It is also found that the B value decreases with the increase in the 
temperature for a particular alkali metal oxalate (Table 5 and Fig. 3). 

 
Table 3 The values of density (ρ0), viscosity (ƞ0) and refractive index (nD) of Li-Ox, 
Na-Ox, K-Ox at different mass fractions of aqueous UA solution at 293.15 K, 303.15 
K, 313.15 K 
 

w1  
293.1 K 303.1 K 313.1 K 293.1 K 303.1 K 313.1 K 298.1 K 
ρ0  X 10-3  (Kgm-3) η0 (mPa.S) nD 

0.00001 0.99862 0.99620 0.99230 1.02 0.80 0.66 1.3310 
0.00002 0.99868 0.99635 0.99243 1.04 0.82 0.68 1.3322 
0.00003 0.99881 0.99647 0.99255 1.06 0.84 0.70 1.3327 

 

Table 4 The values of density (ρ), viscosity (ƞ) of Li-Ox, Na-Ox, K-Ox at different mass 
fractions of aqueous UA solution at 293.15 K, 303.15 K, 313.15 K 
 

W1= 0.00001 

T (K) molality ρ x10-3 (Kgm-3) η(mPa.S) 

293.15 

  Li-Ox Na-Ox K-Ox Li-Ox Na-Ox K-Ox 

0.010 0.998 0.998 0.999 1.04 1.04 1.04 

0.025 0.999 0.999 1.000 1.05 1.06 1.06 

0.040 1.000 1.001 1.002 1.07 1.07 1.08 

0.055 1.001 1.002 1.003 1.08 1.09 1.09 

0.070 1.003 1.004 1.000 1.09 1.10 1.11 

0.085 1.005 1.006 1.007 1.11 1.12 1.12 

303.15 

0.010 0.996 0.996 0.996 0.81 0.82 0.82 

0.025 0.996 0.997 0.998 0.82 0.83 0.83 

0.040 0.997 0.998 1.000 0.83 0.84 0.84 

0.055 0.999 1.000 1.002 0.84 0.85 0.86 

0.070 1.000 1.002 1.004 0.85 0.86 0.87 

0.085 1.002 1.004 1.006 0.86 0.88 0.88 

313.15 

0.010 0.992 0.992 0.992 0.67 0.67 0.67 

0.025 0.993 0.993 0.994 0.68 0.68 0.69 

0.040 0.994 0.994 0.995 0.69 0.69 0.70 

0.055 0.995 0.996 0.997 0.69 0.70 0.71 

0.070 0.997 0.997 0.998 0.70 0.71 0.72 

0.085 1.000 1.000 1.000 0.71 0.72 0.72 

W1= 0.00002 

293.15 

0.010 0.998 0.998 0.999 1.06 1.06 1.06 

0.025 0.999 0.999 1.000 1.08 1.08 1.08 

0.040 1.000 1.001 1.002 1.09 1.10 1.10 

0.055 1.001 1.002 1.004 1.11 1.11 1.12 

0.070 1.003 1.004 1.006 1.12 1.13 1.13 

0.085 1.005 1.006 1.008 1.14 1.14 1.15 

303.15 

0.010 0.996 0.996 0.997 0.84 0.84 0.84 

0.025 0.997 0.997 0.998 0.85 0.85 0.85 

0.040 0.998 0.998 1.000 0.86 0.86 0.87 

0.055 1.000 1.000 1.002 0.87 0.88 0.88 

0.070 1.002 1.002 1.004 0.88 0.89 0.89 

0.085 1.004 1.004 1.007 0.89 0.90 0.90 

313.15 

0.010 0.992 0.992 0.993 0.69 0.69 0.70 

0.025 0.993 0.993 0.994 0.70 0.71 0.71 

0.040 0.994 0.995 0.995 0.71 0.72 0.72 

0.055 0.996 0.996 0.997 0.72 0.73 0.73 

0.070 0.998 0.998 0.998 0.73 0.74 0.74 

0.085 1.000 1.001 1.000 0.74 0.75 0.75 

W1= 0.00003 

293.15 

0.010 0.998 0.999 0.999 1.08 1.08 1.08 

0.025 0.999 1.000 1.000 1.10 1.10 1.10 

0.040 1.000 1.001 1.002 1.12 1.12 1.12 

0.055 1.001 1.003 1.004 1.13 1.13 1.14 

0.070 1.003 1.004 1.006 1.15 1.15 1.16 

0.085 1.005 1.007 1.008 1.16 1.16 1.17 

303.15 

0.010 0.996 0.996 0.997 0.86 0.86 0.86 

0.025 0.997 0.997 0.998 0.87 0.87 0.88 

0.040 0.998 0.998 1.000 0.88 0.89 0.89 

0.055 1.000 1.000 1.002 0.90 0.90 0.90 

0.070 1.002 1.002 1.004 0.91 0.91 0.92 

0.085 1.004 1.004 1.007 0.92 0.92 0.93 

313.15 

0.010 0.992 0.992 0.993 0.71 0.72 0.72 

0.025 0.993 0.993 0.994 0.73 0.73 0.73 

0.040 0.994 0.995 0.995 0.74 0.74 0.75 

0.055 0.996 0.996 0.997 0.75 0.75 0.76 

0.070 0.998 0.999 0.999 0.76 0.76 0.77 

0.085 1.000 1.001 1.001 0.77 0.77 0.78 

 

 

 

 

Fig. 3 Plot of viscosity B-coefficient of Li-Ox (♦), Na-Ox (■), K- Ox (▼) at 293.15K (A), 
303.15K (B), 313.15K (C) in aqueous Uric acid (UA) solution 
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Table 5 Values of viscosity A and B-coefficient for Li-Oxalate, Na-Oxalate, K-Oxalate 
against different mass fraction of aqueous UA (w1) solution 
 

T= 293.15 K 

w1 Li Na K Li Na K 

  A (Kg. mol-1) B (Kg 1/2 mol-1/2) 

0.00001 0.090 0.117 0.142 0.684 0.689 0.696 

0.00002 0.113 0.131 0.148 0.700 0.708 0.716 

0.00003 0.114 0.118 0.149 0.716 0.729 0.739 

T= 303.15 K 

0.00001 0.088 0.133 0.146 0.629 0.638 0.645 

0.00002 0.121 0.147 0.155 0.637 0.647 0.654 

0.00003 0.127 0.141 0.165 0.650 0.658 0.669 

T= 313.15 K 

0.00001 0.082 0.133 0.153 0.593 0.601 0.610 

0.00002 0.124 0.150 0.164 0.603 0.609 0.617 

0.00003 0.142 0.174 0.190 0.638 0.649 0.657 

 

3.4 Refractive Index 

To investigate the ion solvent interaction measurement of refractive 
index is the convenient method. The values of the refractive index are 
supplied in Table 6. The Lorentz-Lorenz relation [16] can be used to 
evaluate the molar refraction. 

 
RM = {(nD

2-1)/(nD
2+2)}. M/ρ    (8) 

 
where, RM is the molar refraction, nD is the refractive index, m is the molar 
mass of the solute and ρ is the density of the solution. The refractive index 
of a substance, C0/C, C0and C are the speed of light in the vacuum and the 
solution respectively, describes its ability to refract light as it moves from 
one medium to another and thus the higher the surface index of the 
compound the more the light is refracted [17].  

The higher refractive index value indicates the molecules are more 
closely packed or the density is higher [16]. Thus the molar refraction RM 
increases with the increase with the mass fraction of the aqueous uric acid 
mixture. 

It is seen from the Table 6 that the values of RM for K-Oxalate are higher 
compared to that of the Na-Oxalate and which are higher than Li-Oxalate. 
Thus the values indicate that the solute-solvent interaction trend is K-
Oxalate>Na-Oxalate>Li-Oxalate. This trend is also supported by the 
density and viscosity analysis. 
 
 
Table 6 The values of refractive index (nD) and molar refractive index (RM)of Li-Ox, 
Na-Ox, K-Oxat different mass fractions of aqueous UA solution at 298.15 K 
 

  nD (298.15 K) RM  m3.mol-1  (at 298.15 K) 

W1 molality Li-Ox Na-Ox K-Ox Li-Ox Na-Ox K-Ox 

0.00001 

0.010 1.332 1.333 1.333 20.921 27.571 37.940 

0.025 1.332 1.333 1.333 20.943 27.579 37.969 

0.040 1.333 1.334 1.334 20.973 27.587 37.986 

0.055 1.334 1.334 1.334 20.974 27.589 38.004 

0.070 1.335 1.335 1.335 20.975 27.597 38.016 

0.085 1.335 1.336 1.337 20.982 27.607 38.032 

0.00002 

0.010 1.333 1.333 1.334 20.999 27.622 37.984 

0.025 1.334 1.334 1.334 21.011 27.634 37.998 

0.040 1.334 1.335 1.335 21.023 27.643 38.010 

0.055 1.335 1.335 1.336 21.031 27.649 38.024 

0.070 1.336 1.336 1.337 21.041 27.656 38.041 

0.085 1.337 1.337 1.338 21.049 27.663 38.053 

0.00003 

0.010 1.334 1.334 1.334 21.031 27.671 28.051 

0.025 1.334 1.335 1.335 21.053 27.691 28.092 

0.040 1.335 1.335 1.336 21.071 27.708 28.132 

0.055 1.336 1.336 1.337 21.087 27.728 28.170 

0.070 1.337 1.337 1.338 21.102 27.744 28.209 

0.085 1.338 1.338 1.339 21.114 27.750 28.245 

 

4. Conclusion 

The viscosity, density and refractive index study of the solution of Li- 
Oxalate, Na-Oxalate, K-Oxalate in aqueous uric acid solvent of different 
concentration leads to the conclusion that solute solvent interaction is 
predominant over the solute-solute interaction and solute-solvent 
interaction is higher in case of K-Oxalate than sodium oxalate and which is 
greater than Li-Oxalate. One plausible reason is the size of the metal ion. 
The hydrated size of the K+ is less compared to that of the Na+ and which is 
less than Li+. Due to this size factor the K+ comes more closer compared to 
that of the others. The same can be concluded for Na-Oxalate than the Li-
Oxalate. This result indicates that potassium oxalate can more easily 
penetrate into the accumulated uric acid in the joints of the human body 
than that of sodium and lithium oxalates thereby releasing the 
accumulated uric acid rendering the recovery of gout pain due to stronger 
solute solvent interactions as discussed above. This is an excellent 
agreement with that as reported earlier [18]. 
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