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ABSTRACT 

The investigation of inclusion complexation and solvation consequence in liquid 

systems by physicochemical, thermodynamic and spectroscopic methods involve the 

change in properties of one substance in presence of another compound. ‘Solution 

Chemistry’ mainly deals with the physicochemical approaches to estimate the extent of 

solvation in liquid media. This approach includes the studies of density, viscosity, 

refractive index and conductance, surface tension, etc. of electrolytes and non 

electrolytes. Thermodynamic approach by measuring the free energies, enthalpies and 

entropies gives the idea about the feasibility of inclusion and solvation of various 

compounds. 

Studies on interactions of molecules in solution are very useful to acquire 

information on the geometrical effects as well as intermolecular interaction taking place 

in the liquid systems. Accurate knowledge of thermodynamic properties of solution 

mixtures has great importance in theoretical and applied area of research. 

The addition of a solute or ion modifies both the solute and solvent structure to 

some extent. The interaction between solute-solute, solute-solvent and solvent-solvent 

molecules results ion–solvation of the solute molecules. The extent of ion-solvation is 

depended upon the interactions taking place between solute-solute, solute-solvent and 

solvent-solvent molecules. Various non-covalent interactions, such as, hydrogen 

bonding, ion dipole, dipole-dipole, hydrophobic-hydrophobic, hydrophobic-hydrophilic 

interactions are also involved in this system. This explains the effectiveness of solution 

chemistry to elucidate the exact nature of interactions through different physic-

chemical, thermodynamic and spectroscopic techniques. 

The chemical nature of solute or electrolyte depends totally on ion-ion and ion-

solvent interactions. Ion-ion interactions are generally stronger than ion-solvent 

interactions. Dilute solution of solutes is theoretically well known but ion association or 

ion solvation still remains a complex procedure. 
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The spectroscopic contribution confirms the inclusion and solvation phenomena 

of some electrolyte and bio-active molecules in aqueous and non-aqueous media.  The 

exact part of the molecules which are associated with the inclusion and solvation 

process can nicely expressed by UV-Visible, FT-IR and NMR studies. 

Thus from extensive investigations in aqueous and non-aqueous binary solvents 

along with ternary systems, it is now growing interest of researcher because of the 

majority of the electrolytes and bio-active solutes are significantly modified by solvent 

systems. 

In this research work, ionic liquids, such as 1-butyl-1-methylpyrrolidinium 

bromide,   1-butyl-1-methylpyrrolidinium chloride, 1, 3-dimethylimidazolium methyl 

sulfate , 1-butyl-4-methylpyridinium iodide  are considered. They have good transport 

and surface properties. Long chain ionic liquid behaves also as surface active copounds 

due to the presence of long chain. Their intrinsic physicochemical properties make 

them “designer solvents” or “green solvent”, such as the favorable solubility of organic 

and inorganic compounds, negligible vapor pressures, low melting points, high thermal 

stability, solvated many organic, inorganic and polymeric materials, adjustable polarity, 

selective catalytic effects, chemical stability. In addition, along with these exceptional 

properties, ionic liquids are used as heat transfer materials for processing biomass and 

electrically transport liquids as electrochemical tool in electrochemistry. 

On the other hand, dopamine hydrochloride, tyramine hydrochloride, 

epinephrine hydrochloride, 2-pyridine aldoxime methochloride are the organic bio 

molecules and have potential applications in living organisms. In order to obtain the 

potential health benefits of bio molecules information about regarding the knowledge 

of their solubility, absorption, metabolism and biological effects, is necessary. 

Pharmacological activity is often considered to   describe beneficial effects of bio 

molecules. This translates towards recommending a diet rich in a variety of vegetables, 

fruits, whole grains, legumes, oils, and nuts. Many vital functions are regulated by 

pulsed or transient release of bio-active substance at a specific time and site in the body 

under physiological conditions. In drug delivery research, they have been notably used 

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

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

cavity based molecules, e.g., α-cyclodextrins, β-Cyclodextrins, cucrbit[6]uril, 18-Crown-

6, dibenzo-18-Crown-6  provides 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, cucurbitril and crowns seems to be the most promising to form inclusion 

complexes, especially with various guest molecules with suitable polarity and 

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

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

"guest" compound are located. 

Therefore, the study of these solutes and solvents are necessarily significance 

because of their wide range of applications in many industries ranging from 

pharmaceutical to cosmetic products. 

Summary  of the works done 

CHAPTER I 

This chapter deals with the objective, scope and applications of the research 

work. This mainly comprises the selection of solute and solvent molecules used and 

applications in various fields, method of work done and summary of the work 

associated with this thesis. 

CHAPTER II 

This chapter states the general introduction of the thesis and the review of the 

earlier work. The brief discussion on solute-solute, solute-solvent and solvent–solvent 

interactions have been presented here. Various theoretically models for weak 

interactions are well considered, stressing the importance of the work connected with 

this thesis. 

  

https://en.wikipedia.org/wiki/Host-guest_chemistry
https://en.wikipedia.org/wiki/Complex_(chemistry)
https://en.wikipedia.org/wiki/Chemical_compound
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CHAPTER III 

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

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

experimental techniques are incorporated for measurement of volumetric, transport 

and spectroscopic purpose. 

CHAPTER IV 

This work has been focused on the characteristics of green solvent i.e. 1-butyl-4-

methylpyridinum iodide and some organic oligosaccharides, α- and β-cyclodextrins in 

aqueous media.  In aqueous solution, hydrophobic butyl side chain of the ionic liquid 

has been inserted into the hollow space of cyclodextrin. The selective formation of 1:1 

inclusion complexes has been established here. Surface tension values, conductivity 

trends, thermodynamic and spectroscopic study reveal that formations of inclusion 

complexes are more favorable and efficient for β-CD than α-CD. 

CHAPTER V 

Molecular interaction prevailing in 1, 3-dimethyl imidazolium methyl sulfate (IL) 

and some industrially important alkoxy-alcohols or cellosolves (methoxy, ethoxy and 

propoxy alcohol) have been studied by electrolytic conductivity, density (ρ), viscosity (

0   ) and FT-IR spectroscopic investigation. The limiting molar conductivities (Λo), 

association constants (K A), and the distance of closest approach (R) of the ions have 

been evaluated using the Fuoss conductance equation (1978). The observed molar 

conductivities were explained by the formation of ion pairs. Ion–solvent interactions 

have been interpreted in terms of apparent molar volumes and viscosity B-coefficients. 

Tetrabutylammonium tetraphenylborate [Bu4NBPh4] was measured as “reference 

electrolyte” to estimate the limiting ionic conductivity of the ions along with the 

numerical appraisal of ion-pair formation constant. The quantitative values of 

molecular interactions from thermodynamic parameters have been discussed in terms 

of H-bonding, ion-ion and ion-dipole interactions. Functional groups of the pure 

solvents and structural characteristics of IL in solvents have been taken into 

consideration for spectroscopic scrutiny through the shifting of the wave number of 

interacting groups present in the IL. 
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CHAPTER VI 

Assembly of pyridine-2-aldoxime drug with cucurbit[6]uril (CB[6]) has been 

investigated by 1H NMR and 2D ROESY NMR, UV-Vis spectroscopy, FT-IR spectroscopy, 

surface tension and conductivity measurements in aqueous saline environment. The 

distinct cationic receptor feature and the cavity dimension of the CB[6] emphasize that 

the macro cyclic host remains complexes with the nerve stimulus drug molecules. The 

results obtained from surface tension and specific conductivity measurements suggest 

1:1 inclusion complex formation between drug and CB[6]. The stability constant 

evaluated by UV-Vis spectroscopic approach is 2.21×105 M-1 at 298.15 K, which 

indicates that the complex is sufficiently stable at physiological temperature. 

CHAPTER VII 

1:1 hosts-guest complexation behavior of 1-butyl-pyridinium bromide (IL) as a 

guest with 18-crown-6 and dibenzo-18-crown-6 as hosts in acetonitrile media has been 

demonstrated here and are exceedingly suitable for diverse application in modern 

sciences. Conductivity and Surface tension measurements show that 1:1 stoichiometric 

complexes are formed between IL and crown. The nature of the complexes has been 

established using thermodynamic parameters, based on density, viscosity, and 

refractive index analysis. The limiting apparent molar volume (ϕv
o), viscosity B-

coefficient and molar refraction data have been used to characterize the solute-solvent 

interaction between IL and crowns. Enthalpy (ΔH0), entropy (ΔS0) and free energy 

change (ΔG0) of the complexation reaction has been evaluated from the temperature 

dependent formation constant data. The studied parameters support the complex 

formation of IL with both the crown, which are explained based upon ionic interaction, 

electrostatic forces and structural effects. 

CHAPTER VIII 

Electrolytic conductivities, densities, viscosities, and Fourier transform infrared 

(FTIR) studies of 1-buty-1-methyl pyrrolidiniumbromide ([BMPyrr][Br]) and 1-butyl-1-

methylpyrrolidiniumchloride ([BMPyrr][Cl]) have been studied in methanol at different 

temperatures. The limiting molar conductivities, association constants, and the distance 



 
Abstract 

x 

 

of closest approach of the ions have been analyzed using the Fuoss conductance 

equation (1978) for ion-pair formation. Ion-solvent interactions have been interpreted 

in terms of apparent molar volumes and viscosity B-coefficients which are obtained 

from the results of density and viscosity measurements. The limiting apparent molar 

volumes, experimental slopes derived from the Masson equation and viscosity A and B 

coefficients using the Jones–Dole equation have been interpreted in terms of ion-ion 

and ion-solvent interactions respectively. The FTIR spectra for the methanol, as well as 

the ionic liquids in methanol have also been recorded. The experimental results have 

been discussed in terms of ion-dipole interactions, hydrogen bonds formation, 

structural aspect, and configurational theory. 

CHAPTER IX 

We investigated the 1:1 molecular inclusion of three bioenergetically important 

tyrosine derivatives, e.g., dopamine hydrochloride, tyramine hydrochloride and (±)-

epinephrine hydrochloride with cyclic oligosaccharide (α-cyclodextrin) in aqueous 

medium of various pH conditions (e.g., at pH= 7.4 and at pH=9.0). Surface tension and 

specific conductivity measurements were used to explain the molecular ratio of 

inclusion complexes. Using Benesi–Hildebrand method with the help of UV-Vis 

spectroscopic inspection, apparent formation constants (K) and thermodynamic 

parameters for the inclusion have been determined. 1H-NMR study of α-cyclodextrin 

confirms the inclusion phenomenon. Hydrophobicity, H-bonding and pH of the medium 

play a significant role to validate the stability of the inclusion complexes. 

CHAPTER X 

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

thesis. 
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CHAPTER I 
 

NECESSITY OF THE RESEARCH WORK 
 

1.1. OBJECT, SCOPE AND APPLICATION OF THE RESEARCH  WORK 

             In general, ionic liquids (ILs) are salts with melting point below 1000C.  They 

consist of organic cation along with an organic or inorganic anion. Some of ionic 

liquids are stable at higher temperatures upto 500K.  Because of their unique 

physicochemical properties, such as miscibility of organic and inorganic materials, 

low vapour pressures, high thermal stability, ability of  good solvent characteristics 

for organic and  inorganic materials. They have normally high solvency power for 

polar and non polar compounds. Moreover, they have also selective catalytic 

efficiency, chemical and thermal rigidity; non-flammability and high ionic mobility 

made them significant interest in wide range of industrial applications. Also, Ionic 

liquids are considered as a ‘designer solvents’ and green replacement of volatile 

organic solvents [1]. 

          A biologically active molecule is one that has an effect on living organism, tissue 

or cell. For this reason all the drug molecules are biologically active molecules. 

Basically they are organic molecules having carbon, hydrogen and oxygen and to 

lesser extent of nitrogen, phosphorus and sulphur. Other elements sometimes 

incorporate but are much less common. Also they include macromolecules such as 

polysaccharides, proteins, lipids and nucleic acids as well as small molecules such as 

natural products etc.  Biologically active compounds are widely used as a drug, food 

or nutrients.  These active molecules thus have direct effects on health. These will 

reduce the many hazards disease, like cancer, cardiovascular disease, etc. Because of 

these biological activity, diverse and numerous experimental approach are to be 

considered to understanding of biological significance of bio-active molecules. 

               The studies on supramolecular chemistry give a broad idea about the 

formation of ‘inclusion complex’ between the host and the guest molecules through 

non-covalent interactions. In molecular inclusion a guest molecule is actually fit 

inside another host molecule. Thus, most of this interaction has been performed by 

host-guest interaction. Cyclodextrin, crowns, cucurbitrils, porphyrins, calixarenes 

etc. are seems to be the host molecules. The guest molecules have suitable polarity 
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and dimensions. In host-guest chemistry, an inclusion compound is a complex in 

which one chemical compound ("host") forms a cavity in which molecules of a 

second "guest" compound are located [2]. Ionic liquids with suitable hydrophobic 

long chain can also be considered  as a guest molecules for inclusion complexes with 

cyclodextrins.                 

                         
         Release of drugs as of inclusion complex across biological cells and membranes 

is dependent on physicochemical properties of both drugs and inclusion complex. 

But direct study of the physicochemical properties in physiological media such as 

blood, intracellular fluids is difficult to achieve. One of the efficient approaches is the 

study of molecular interactions in liquids by thermodynamic methods as 

thermodynamic parameters are suitable for interpreting intermolecular interactions 

in solution phase. Also the study of thermodynamic properties of drug in 

appropriate medium can be correlated to its therapeutic effects [3, 4] which are 

obtained from physicochemical and spectroscopic measurements. 

       A ‘liquid system’ is a homogeneous mixture of two or more substances, 

consisting of ions or molecules, i.e. when a small amount of substance, called solute 

(solid, liquid or gas), dissolves to a certain limit in a liquid or solid substance (pure, 

or a mixture itself) called the solvent. In a liquid system the solute is dispersed 

uniformly throughout the solvent and substances must have similar intermolecular 

forces to form solutions. The force of attraction of solid and liquid (solute molecules) 

with various solvent systems are different. When a solute particle is poured into a 

solvent, the solute particles dissolves with the surrounding solvent molecules. For 

the solid or liquid solute, the interactions between the solute-solvent is so strong 

that the individual solute molecules. The relative force of attraction of the solute for 

the solvent is a key factor in determining their solubility [5]. 

By an IUPAC definition, Solvation Consequences is an interaction of a solute 

with the solvent, which leads to stabilization of the solute species in the solution. 

Solvation consequences, also is the process of attraction and association of 



Necessity of the Research Work   21 

molecules in a solvent with molecules or ions of a solute. The solvation 

consequences are closely akin to ionic solvations can be studied from different 

angles using almost all the available thermodynamic and physicochemical 

techniques. The solvation consequences also studied from different type of 

interaction as ion-solvent, electrostatic, ion-dipole, dipole-dipole, van dar Waal, 

hydrophobic interactions, etc. and that can be investigated using the experimental 

measurable properties such as, surface tension, conductance, density, viscosity, 

refractive index, spectroscopy and various derived parameters factors associated 

with solvation.  

       Physicochemical properties are of growing interest of solvent-solvent [6, 7] and 

solute-solvent [8, 9] systems. The physicochemical properties play a crucial role in 

interpreting the intermolecular interactions among mixtures and efforts in recent 

years have been directed at an understanding of such properties at microscopic and 

macroscopic levels. To understand the mechanism of such interactions 

thermodynamic, volumetric and transport studies on binary and ternary solvent 

systems are extremely helpful. The excess thermodynamic properties of the various 

assorted compounds represent the difference between actual property and the 

property of the system if the system is ideal. Thus these properties provide 

important information about the nature and strength of intermolecular forces 

operating among mixtures. Also physicochemical properties involving excess 

thermodynamic functions have relevance in carrying out engineering and industrial 

applications. 

The studied thermophysical, thermodynamic, transport, optical and 

spectroscopic properties are of great significance in characterizing the properties 

and structural aspects of solutions.  The nature of intermolecular interactions can be 

exposed from the analysis of the derived properties through the thermophysical and 

spectroscopic investigations. 

Volumetric properties like apparent molar volume are of also immense 

significance in measured the properties and feature of solutions. The facts therefore 

encourage us to extent the density study of binary or ternary solvent systems with 

some industrially important solvents: polar, weakly polar and non polar solvents as 

well as with some solutes, bio-molecules, ionic liquids and complex mixtures. The 

sign and magnitude of partial molar volume ( 0
V ), a thermodynamic quantity, 

provides information about the nature and magnitude of ion-solvent interaction 
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while the experimental slope (Sv*) provides information about ion-ion interactions. 

Besides, the derivative parameters derived from experimental density and viscosity 

measurements and subsequent interpretation of the nature and strength of 

intermolecular interaction occurring in the diverse systems help in testing and 

improvement of various theories of solution systems. Thus the properties afford 

important information about the nature and strength of intermolecular forces 

functioning among mixtures also [10]. 

 Valuable information relating to the nature and strength of forces of 

electrolytes/non-electrolytes effective in solutions can be obtained from viscosity 

measurements. In current times the use of computer simulation of molecular 

dynamics has led to major progress in the direction of a successful molecular theory 

of transport properties in liquids and an appropriate understanding of molecular 

motions and interaction patterns in non-electrolytic solvent mixtures involving both 

hydrogen bonding and non-hydrogen bonding solvents has been recognized [11,12]. 

The refractive index is also an essential optical property of liquids and liquid 

systems. Knowledge of refractive index of various liquid systems provides vital 

information concerning the molecular interactions occurring in the solutions which 

is essential for many thermophysical parameters [13, 14].  The refractive index 

results also help to determine the various volumetric properties [15]. 

             UV-Vis, FTIR and NMR techniques are used to measure qualitatively and 

quantitatively the ion-solvent, ion-ion and molecular interactions in different ion-

association and host-guest complex systems [16].  

 

1.2. SELECTION OF SOLVENTS, SOLUTES AND BIOLOGICALLY ACTIVE 

MOLECULES 

Distilled water, acetonitrile, methanol, methoxy ethanol, ethoxy ethanol, 

propoxy ethanol, solution of ionic liquid, solution of 18-Crown-6, dibezo-18-

Crwown-6 and solution of cyclodextrin along with water, considered as a universal 

solvent, have been selected as main solvent  in this research work because these 

solvents are industrially and biologically very important and by mixing these 

solvents we could obtain a wide variation of viscosities and dielectric constants 

giving us an optimum environment for the study. 

Ionic liquids, Bio-logically active molecules (dopamine hydrochloride, 

tyramine hydrochloride, epinephrine hydrochloride, parlidoxime), were considered 
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as solutes. The study of these solutes is of great interest because of their wide use as 

solvents solubilising agents in pharmaceutical, cosmetics and medicinal industries. 

 

1.3. METHODS OF STUDY 

The existence of free ions, solvated ions, and ion-pairs in aqueous and non-

aqueous media depends upon the concentrations of the solvent systems. Hence the 

study of various interactions and equilibrium of ions in different concentration 

regions are of immense importance to the technologist and theoretician as most of 

the chemical processes occurs in these systems. 

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

insight into the phenomena of solvation and different interactions prevailing in 

solution. I have, therefore, employed various methods, namely conductometry, 

surface chemistry (surface tension), viscometry, densitometry, refractometry, UV-

Visible, FTIR and NMR spectroscopic technique to explore the problem of solvation 

consequences and inclusion phenomena. 

 

1.4. DERIVED  PARAMETERS AND THEIR CONSEQUENCE 

            The limiting molar conductance (0), gives a fundamental idea about the ion-

solvent interaction the solution. More the magnitude of conductance of the solution 

less is the ion-solvent interaction. Another parameter obtained from the 

conductance study i.e. association constant (KA) gives an idea about the solvation of 

the ions or ion association by the solvent molecules.  

           The surface tension measurements were performed by platinum ring 

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

Kelvin. The accuracy of the measurement was within ±0.1 mN∙m−1. Temperature of 

the system has been reserved by circulating auto-thermostated water bath through 

a double-wall glass vessel containing the solution. 

Apparent molar volume ( 0
V ) is obtained from experimental density results. 

The sign and magnitude of apparent molar volume ( 0
V ) gives information about the 

nature and magnitude of ion-solvent interaction while the experimental slope (Sv*) 

signifies about ion-ion interactions. 
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Viscosity B-coefficients and A-coefficents also provide the valuable 

information about the ion-solvent interaction, estimated from experimental 

viscosity data.   

The refractive index is an optical property of the binary and ternary solution 

which used to measure the compactness of the studied liquid systems. 

FTIR spectroscopy is used to confirm the interaction and inclusion occurring 

in the liquid systems. The total internal energy of a molecule in a first approximation 

is the sum of rotational, vibrational and electronic energy levels. Infrared 

spectroscopy is the study of interactions between matter and electromagnetic fields 

in the IR region. In this spectral region, the electromagnetic waves mainly couple 

with the molecular vibrations; i.e., a molecule can be excited to a higher vibrational 

state by absorbing IR radiation. The probability of a particular IR frequency being 

absorbed depends on the actual interaction between this frequency and the 

molecule. IR spectroscopy is therefore a very potent method which provides 

fingerprint information about the chemical composition. 

UV–visible spectroscopy or ultraviolet-visible spectrophotometry termed as 

absorption spectroscopy or reflectance spectroscopy in the ultraviolet-visible 

region. This means it uses light in the visible and near-UV and near-infrared [NIR] 

regions. Interacting molecules undergo electronic transitions in this region. 

Molecules containing π-electrons or non-bonding electrons can absorb the energy in 

the form of ultraviolet or visible light to excite these electrons to higher anti-bonding 

molecular orbitals. The more easily excited the electrons (i.e. lower energy gap 

between the HOMO and the LUMO), the longer the wavelength of light it can absorb. 

The wavelengths of absorption peaks can be correlated with the types of bonds in a 

given molecule and are valuable in determining the interacting functional groups 

within a molecule or complexed molecules. 

Nuclear Magnetic Resonance (NMR) spectroscopy is also applied to study the 

inclusion mechanism of the molecules. Proton NMR spectroscopy and 2D-NMR is 

used to confirm the insertion path and stoichiometry of inclusion in liquid 

environments. 

 



CHAPTER II 
 

GENERAL INTRODUCTION (REVIEW OF THE EARLIER WORKS) 
 

2.1. 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). There physical and chemical 

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

overview about the possible applications and properties of ionic liquids can be 

found in the recent book “Ionic Liquids in Syntheses”, edited by Peter Wasserscheid 

and Tom Welton [1].  The commonly accepted definition of ionic liquids is that they 

are “ionic materials that are liquid below 373 K” [2].  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[3].  Ionic liquids are salts with melting 

points below 373 K. They  consist  of  an  organic  cation  combined  with  an  organic  

or  inorganic  anion [4]. 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 vapour 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 [5, 6].  

Room temperature ionic liquid (RTIL) are ILs which are liquid 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 

have also termed as non-aqueous ionic liquids, room-temperature molten salts, 

organic ionic liquids and ionic fluids [7]. 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 
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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 [8]. 

 
          Commonly ILs consist of a large bulky and asymmetric organic cations based 

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

carbon atoms in a linear alkyl chain), N-alkylpyridinium (accordingly abbreviated 

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

and many others; and inorganic anions such as 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 

have great demand of ionic liquids (both in academia and industry). Almost 8000 

papers have been published in the last decade. There are about one million (106) 

simple ionic liquids that can be easily prepared in the laboratory by combination of 

different 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.    

 

2.2. SOME BIOLOGICALLY ACTIVE MOLECULES 

          Biologically active molecules have at least one practical effect on living 

organism, tissue or cell of the human body. For this reason all the drug molecules are 

biologically active molecules including some vitamin, amino acid molecules. 

Basically they are organic molecules having carbon, hydrogen and oxygen and to 

lesser extent of nitrogen, phosphorus and sulphur. Other elements sometimes 

incorporate but are much less common. They include macromolecules such as 

polysaccharides, proteins, lipids and nucleic acids as well as small molecules such as 

natural products etc.  Biologically active compounds are widely used as a drug, food 

or nutrients.  These active molecules thus have direct effects on health. These will 

reduce the many hazards disease, like cancer, cardiovascular disease, etc. Because of 

these biological activity, diverse and numerous experimental approach are to be 

considered to understanding of biological significance of bio-active molecules. Thus 
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bio-active molecules are therefore required in almost all metabolic and therapeutic 

purposes. 

     α-Cyclodextrin and β-cyclodextrin are polysachharides, both of them contain 

glucose unit, widely applied in production of medicine and food, cosmetics, paint, 

and textile industries.  In the production of medicine, it can strengthen the stability 

of medicine without being oxidized and resolving.  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. α-

cyclodextrin and β-cyclodextrin are most commonly used as a complexing agent in 

hormones,  some vitamins, and many  other compounds normally used in tissue and 

cell biology [9,10].  

        Dopamine hydrochloride is a naturally occurring catecholamine and it is a 

significant neurotransmitter in the mammalian central nervous system and is a 

member of catecholamine. It required for the treatment of Perkinson’s disease. 

Tyramine hydrochloride is amino-acid derivative (tyrosine residue) acts as 

a catecholamine releasing agent. In food, it often is produced by the decarboxylation 

of tyrosine during fermentation decay. Epinephrine is known 

as adrenalin or adrenaline. It is also hormone and neurotransmitter, serves as 

chemical mediators for conveying the nerve impulses to effectors organs. 

Epinephrine is normally produced by both the adrenal glands and certain neurons. It 

plays an important role in increasing blood flow to muscles, output of the 

heart, pupil dilation, and blood sugar. Parlidoxime or 2-pyridine aldoxime 

methochloride is a drug molecule. In drug industry it has immense importance for 

nerve stimuli because of its prompt functionality. It is an important drug and acts as 

a nerve agent for the treatment of organophosphorus poisoning in the nervous 

system. It binds to the organophosphate; the organophosphate changes 

conformation, and loses its binding to the acetylcholinesterase enzyme. The 

conjoined poison antidote then unbinds from the site, and thus regenerates the 

desired enzyme, which is now active to function again. 
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2.3. INCLUSION COMPLEXES   

         Inclusion Complexes are those in which a guest molecule or part of the molecule 

is actually inserted into the host molecule. The interaction taking place for these 

host-guest complexes is non-covalent interactions. Cyclodextrin, crowns, 

cucurbitrils, porphyrins, calixarenes etc. are seems to be the host molecules. The 

guest molecules have suitable polarity and cavity dimensions. In host-guest 

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

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

or entity are situated in the host cavity and thus form inclusion complex through 

various favourable weak interactions. Ionic liquids, vitamin, amino acid and amino 

acid derivatives are considered  as guest molecules for inclusion complexes with 

cyclodextrins, calixarenes, cucurbitrils, crowns, etc.      

 

 
 

          The solubility and dissolution properties of drugs play an important role in the 

process of formulation progress. Problem of solubility of some bio-molecules is a 

major challenge for formulation chemist. Solid dispersion, solvent deposition, 

micronization are some vital approaches routinely employed to improve the 

solubility of feebly water soluble drugs. Each direction suffers with some boundaries 

and advantages. Among all, complexation technique has been employed more 

precisely to improve the aqueous miscibility, dissolution rate, and bioavailability of 

feebly water soluble drugs. Various physicochemical and spectroscopic techniques 
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have been investigated to explain and understand the nature of interactions and of 

inclusion complexes.  

        Drug molecules are difficult to deliver due to bioavailability problems. 

Formulation of such tricky molecules are being tried to improve their solubility and 

bio-availability by physical modification. For such physical modifications, various 

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

of the drugs are poorly water soluble drugs. There are numerous approaches 

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

drug. The techniques are selected on the basis of definite aspects such as properties 

of drug under contemplation, nature of excipients to be selected and nature of 

intended dosage form. Among these approaches salting nature, solubility, particle 

size reduction, solid dispersion, and solvent deposition technique are most 

frequently used.  Inclusion complex with cyclodextrins and other host molecules are 

the most attractive technique to enhance aqueous solubility of poorly soluble drugs. 

CDs, act as the useful solubilizer enabling both solid and liquid oral and parenteral 

dosage forms. Solid binary system of drug and CDs are capable to modify the 

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

thermal behaviour, and there by forming a highly water soluble amorphous forms. 

The CDs, due to their extreme high aqueous solubility, they became capable to 

enhance the dissolution rate and bio-availability of the poorly soluble drugs. The 

permeation of insoluble drugs through various biological membranes can also be 

enhanced by preparing drug- CD inclusion compounds [11, 12]. 

         

2.4. SOLUTION CHEMISTRY 

            Solution chemistry investigates the miscibility of substances and   it deals with 

the change in propertis and chemical nature of both solute and solvent. There are 

three types of approach have been made to estimate the degree of solvation. The 

first is the solvation approaches connecting the studies of viscosity, density, 

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

ionic solvation [13], the second is the thermodynamic contribution by measuring the 

free energies, enthalpies and entropies of solvation of ions from which factors 

related with solvation can be exposed [14] and the third is to use spectroscopic 



General Introduction (Review of the Earlier Work) 31 

measurements where the spectral shifts or the chemical shifts find out their 

qualitative and quantitative nature[15].  

 Therefore, understanding of the solvation phenomena will become 

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

are operated in the solution or liquid systems and hence the present research work 

is thoroughly related to the studies of solute-solute, and solvent-solvent interactions 

in some industrially and biologically important   liquid systems. 

 

 

2.5. INTERACTIONS IN LIQUID PHASE 

There three types of interactions in the liquid systems:  

a. Solvent – solvent interactions: energy necessary to break weak bonds between 

solvent molecules.  

b. Solute – solute interactions: energy necessary to break intermolecular bonds 

between the solute molecules.  

c. Solute – solvent interactions:  comprises H negative because of bonds are 

formed between them.  

 

 
  

The liquid phase is described by local order and long-range disorder, and to 

study processes in liquid systems, it is therefore valuable to use methods that probe 

the local surrounding of the constituent particles. The same is also true for solvation 

processes: a local probe is important to obtain insight into the physical and chemical 

processes occurring solvent media. 



32                                      General Introduction (Review of the Earlier Work) 

 
Schematic presentation of possible processes for solvation of a molecule. 

 

2.5.1. VARIOUS KIND OF INTERACTIONS 

The forces of interactions can be attractive or repulsive depending on whether 

like or unlike charges of the solute and solvent molecules are closer together. On 

average, dipoles in a liquid orient themselves to form attractive interactions with 

their neighbors, but thermal motion makes the process unfeasible. 

Polar solvent molecules are attracted by the ions of the solute molecules. For 

shake of simplicity, if the water molecules are on the crystal surfaces of ionic crystals 

then water molecules gradually surround and isolate the surface ions of the soluble 

crystals. They gradually move away from the crystal into solution. This separation of 

ions from each other is called dissociation. The surrounding of solute particles by 

solvent particles is called solvation. When the ions are dissociated, each ionic species 

in the solution acts as though it were present alone. Thus, a solution of sodium 

chloride acts as a solution of sodium ions and chloride ions.   

 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 
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interactions explain a very key role to know the physicochemical behaviour 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.  

 

2.5.2. 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 

[16]. The exchange of solvent molecules around ions in solutions is fundamental to 

the understanding of the reactivity of ions in solution [17]. Solvated ions also play a 

key function in electrochemical industries, where for instance the conductivity of 

electrolytes depends on ion-solvent relations [18]. 

 
                      The possible chemical method of producing ionic solutions 

 

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 favourable. Thus there 

is a substantial energy of interaction between the ions and the solvent molecules. 

These interactions are together termed as ion- solvent interactions.  
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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 [19] 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 [20] donor-

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

wide variance of properties influencing their thermodynamic, transport and 

volumetric 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 [21].  

Ion-solvent interactions can also be investigated by spectrometry [22]. 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.  

 

2.5.3. 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 
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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. 

 
 

2.5.4. 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 

[23] 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 [24] extended the above approach to solvent mixtures. Random mixing 

of solvents was their main assumption provided the molecules have similar sizes. 

Prigogine and Bellemans [25] 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. [26] 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. 



36                                      General Introduction (Review of the Earlier Work) 

 

 
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 structural contributions are mostly negative and arise from several effects, 

especially from interstitial accommodation and changes 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 [27, 28]. It is observed in many systems that there is no 

simple correlation between the strength of interaction and the observed properties. 

Rastogi et al. [29] therefore suggested that the observed excess property is a 

combination of an 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 [30], L. Huggins [31] 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. [32-34] 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 [35]. A more 

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

theory [36-38] and developed a statistical theory for predicting the excess 
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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 components with molecules of different shapes and sizes. 

Patterson and Dilamas [39] 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[40-43] 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 effect of association with non-associative intermolecular interaction occurring in 

solvent mixtures based on equation of state developed originally by Flory et.al. 

Subsequently the ERAS model has been successfully applied by many workers [44] 

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 [45]. 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 [46, 47]. Gepert et al.[48] applied this model for studying some binary 

systems containing alcohols. 

 

2.5.5. BINDING FORCES   OF ATOMS IN A MOLECULE  

Molecular interactions between two or more molecules are 

called intermolecular interactions and the interactions between the atoms within a 

molecule are called intramolecular interactions.  Intermolecular interactions 

presence all types of molecules or ions in all states of matter. The energy required to 

break a chemical bond is called the bond-energy. For example the average bond-

energy for O-H bonds in water is 463kJ/mol. The forces holding molecules together 

are generally called intermolecular forces. The energy required to break molecules 

apart is much smaller than a characteristic bond-energy, but intermolecular forces 
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play vital roles in determining the properties of a substances. Intermolecular forces 

are particularly important in terms how molecules interact and form biological 

organisms or even life. 

Various intermolecular forces of interactions are-  

a. Strong ionic attraction: It relates to properties of ionic solids. The more ionic 

compound has the higher lattice energy. The following trends can be explained 

by  ionic attraction: LiF, 1036; LiI, 737; KF, 821; MgF2, 2957 kJ/mol. 

 
 

 

b.  Dipole-dipole forces:  

Molecules have permanent dipoles can interact with other polar molecules 

through dipole-dipole interactions and this type of interactions electrostatic in 

nature. Higher dipole moment material show greater melting and boiling point than 

lower dipole moment material. 
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c. Ion-dipole forces: This is the attractive interaction between ion and a dipolar 

molecule. 

 

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

This type of attractive interactions arises as a result of temporary dipoles 

induced atoms or molecules. Dispersion forces also identified as London forces 

or induced dipoles. It is two types; one is ion-induced dipole and other one is 

dipole –induced dipole. 

 
 A permanent dipole molecule can induce a near about molecule and create a dipole 

in the second molecule that is located nearby in space. The strength of the 

interaction depends on the dipole moment of the first molecule and the 

polarizability of the second.  
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e. Hydrogen bond: Hydrogen bond is the attractive force of interaction between 

polar molecules in which hydrogen is bound to highly electronegative atom, such as 

nitrogen, oxygen or fluorine. The hydrogen atom so covalently bonded to other 

electronegative atoms of the other molecule or itself to create the new type of bond. 

This type of bond can occurs intermolecularly or intramolecularly between the 

molecules. The hydrogen bond (5 to 30 kJ/mole) is stronger than a van der Waals 

interaction, but weaker than covalent or ionic bonds. Certain substances such as 

H2O, HF, NH3 form hydrogen bonds, and the formation of which affects properties 

(m.p, b.p, solubility) of substance.  

 

 
Other compounds, such as, OH and NH2 addendum also form hydrogen bonds. 

Hence, molecules of many chemicals such as aliphatic or aromatic alcohols, esters, 

various acids, different amines, and also amino acids contain these groups, and thus 

finally hydrogen bonding plays an important role in biological science.  
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f. Covalent bonding: Covalent bond is a chemical bond that involves the sharing of 

electrons pairs between two atoms. Covalent is actually intramolecular force rather 

than intermolecular force. Covalent bonds are strong, and their enthalpies are on the 

order of 100 kcal per mole and weaker than ionic bond. It is declared here, because 

some solids are formed by the covalent interactions. For example, in diamond 

molecule, silica and quartz etc., atoms in the whole crystal are correlated together by 

covalent bonding. So, the solids are hard, brittle, and have high melting points. 

Covalent bonding holds atoms tighter than ionic attraction. 

 

 
Covalent Bonding in Diamond 

 

g. Metallic bonding: The metallic bond involves the sharing of free electrons among 

a metal atoms lattice. The metallic bonds may be compared to molten compounds. 

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

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

ductility in nature. The outer electrons are so weakly bound to metal atoms that they 

are free to roam across the entire metal.  
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Intermolecular interactions are important in decisive the solubility of a 

substance. “Like dissolve like” i.e., polar molecules dissolve in polar solvent and non-

polar molecules dissolve i non-polar solvents. 

 

2.6. DENSITY 

The physicochemical properties of liquid systems have concerned much 

attention from both theoretical and engineering relevance. Many engineering 
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applications require quantitative data on the density of liquid mixtures. They also 

supply information about the nature and molecular interactions between liquid 

systems.  

The volumetric properties include ‘Density’ as a function of weight, volume 

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

approaches to the study of molecular interactions in liquids is the use of 

thermodynamic methods. These properties are generally some thermodynamic 

parameters, such as enthalpy, entropy and Gibbs energy represents the macroscopic 

state of the system. The presentation of these macroscopic properties in terms of 

molecular phenomena is usually difficult. Sometimes higher derivatives of these 

properties can be interpreted more effectively in terms of molecular interactions. 

The volumetric information may be of enormous importance in this regard. Various 

concepts regarding molecular processes in solutions like electrostriction, 

hydrophobic hydrations, micellization and co-sphere overlap during solute-solvent 

interactions [49-51] have been derived and interpreted from the partial molar 

volume data. 

 

2.6.1. APPARENT AND PARTIAL MOLAR VOLUMES 

The molar volume data are useful interpret the solute-solvent interactions in 

dilute solutions. It obtained from the density measurements.  Actually, the volume 

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

understand. This is so because, upon admission 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 [52]. 
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where M is the molar mass of the solute, c is the molarities of the solution; ροand ρ 

are the densities of the solvent and the solution respectively. The partial molar 

volumes, 2v can be obtained from the equation [52]: 
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The extrapolation of the apparent molar volume of electrolyte to infinite dilution 

solution obtained by four most important equations over a decades – the Masson 

equation [53], the Redlich-Meyer equation [54], the Owen-Brinkley equation[55], 

and the Pitzer equation. Masson found that the apparent molar volume of 

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

linear equation:      
0 *

V V VS c                                               (3) 

where, 0
V is the apparent molar volume or the partial molar volume at infinite 

dilution and *
VS   the experimental slope. The majority of V  data in water and 

nearly all V data in non-aqueous [44-55] 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 expressed as follows: 
0 2

0 1 2   V a a T a T                                         (4) 

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

absolute temperature.  

The limiting apparent molar expansibilities ( 0
E ) can be designed by the        

following equation: 

 0 0
1 2δ δ 2E V P

T a a T   
                                  

(5) 

The limiting apparent molar expansibilities ( 0
E ) change in magnitude withthe 

change of temperature. Different workers emphasized that *
VS is not the sole 

criterion for determining the structure-making or breaking tendency of any solute. 

So, Helper [57] developed a technique of examining the sign of  PE Tδδ 0 for the 
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solute in terms of long–range structure-making and breaking capacity of the 

electrolytes in the mixed solvent systems. The general thermodynamic expression 

used for structure oriented purpose is as follows: 

   0 2 0 2
2δ δ δ δ 2E VP P

T T a  
                              

(6) 

If the sign of  PE Tδδ 0 is positive or small negative the electrolyte is a structure 

maker and when the sign of  PE Tδδ 0 is negative, it is a structure breaker. Redlich 

and Meyer [55] have shown that an equation (3) cannot be any more than a limiting 

law where for a given solvent and temperature, the slope Sv* should depend only 

upon the valence type. They recommended the equation: 

     
0

v v v vS c b c                              (7) 

where 
3

2
vS Kw                                            (8) 

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

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

signifying their usual meanings. 

The Redlich-Meyer’s extrapolation equation [54] adequately represents the 

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

however, studies 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 [55] can be used to aid in the extrapolation to infinite dilution and to 

adequately represent the concentration dependency of V . The Owen-Brinkley 

equation 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     (11) 

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

widely used for non-aqueous solutions. 
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In recent times, the Pitzer formalism has been used by Pogue and Atkinson [59] to 

fit the apparent molal volume data. The Pitzer equation for the apparent molar 

volume of a single salt M MMX  is as follows and the symbols are usual meaning : 

 
1 1

0 2 22 22 2     
            

V
V V M X V M X MX M X MXV Z Z A bIn I bI RT mB m C (12) 

 

2.6.2. LIMITING PARTIAL MOLAR VOLUMES 

The calculation of the ionic limiting partial molar volumes in diverse solvents 

is, however, a complicated one. At present, however, most of the existing ionic 

limiting partial molar volumes in organic solvents were obtained by the application 

of methods originally developed for aqueous solutions to non-aqueous electrolyte 

solutions. In the last few years, the method suggested by Conway et al. [60] has been 

used more often. These authors used the method to determine the limiting partial 

molar volumes of the anion for a series of homologous tetraalkylammonium 

chlorides, bromides and iodides in aqueous solution. They plotted the limiting 

partial molar volume
4

0
v R NX , for a series of these salts with a halide ion in common 

as a function of the formula weight of the cation, MR4N+ and obtained straight-lines 

for each series in the given equation (13): 

4 4

0 0   v R NX vR N X
bM

            
(13) 

The extrapolation to zero cationic formula weight gave the limiting partial molar 

volumes of the halide ions 0
V X
  . 

Uosaki et al.[61] used this method for the separation of some literature values and of 

their own 
4

0
V R NX  values into ionic contributions in organic electrolyte solutions. 

Krumgalz [62] applied the same method to a large number of partial molar volume 

data for non-aqueous electrolyte solutions in a wide temperature range. 

 

2.6.3. EXCESS MOLAR VOLUMES 

The excess molar volumes, VE are calculated from the molar masses Mi and 

the densities of pure liquids and the mixtures according to the following equation 

[63, 64] 
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Where, i and  are the density of the  ith  component  and  density  of  the  solution 

mixture  respectively. VE is the resultant of contributions from several opposing 

effects. These may be divided arbitrarily into three types, namely, chemical, physical 

and structural. Physical contributions, which are nonspecific interactions between 

the real species present in the mixture, contribute a positive term to VE. The 

chemical or specific intermolecular interactions result in a volume decrease, thereby 

contributing negative VE values. The structural contributions are mostly negative 

and arise from several effects, especially from interstitial accommodation and 

changes of free volume.  

 

2.7. VISCOSITY 

Viscosity is the fundamental 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. 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 [65, 66]. Viscosity is not thermodynamic quantity, but viscosity of an 

electrolytic solution along with the thermodynamic property, 0
,2v , i.e., the partial 

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

and the nature of structures in the electrolytic solutions. 

 

2.7.1. VISCOSITY OF PURE LIQUIDS AND LIQUID MIXTURES 

The comparison of viscosity of pure liquids and liquid mixtures give the idea 

about the molecular motion in liquids and it is controlled by the influence of the 

neighbouring molecules. The actual movement of molecules depends on the 
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intermolecular force between the neighbouring molecules. Thus this aspect of the 

momentum transfer which forms the basis of the procedures for predicting the 

variations in the viscosity of liquids and also liquid mixtures. 

 

2.7.2. EARLY THEORETICAL CONSIDERATIONS ON LIQUID VISCOSITY 

The theoretical development of liquid viscosity in early stages has been 

reviewed   Andrade [67] and Frenkel [68].  By considering the forces of collision to 

be the only important factor and assuming that at the melting point, the frequency of 

vibration is equal to that in the solid state and that one-third of the molecules are 

vibrating along each of the three directions normal to one another. Andrade 

developed equations which checked well against data on mono atomic metals at the 

melting point. Frenkel considered the molecules of a liquid to be spheres moving 

with an average velocity with respect to the surrounding medium and using Stokes’ 

law and Einstein’s relation for self-diffusion-coefficient, arrived at a complicated 

expression for liquid viscosity with only limited applicability. Furth [69] assumed 

the momentum transfer to take place by the irregular Brownian movement of the 

holes [70] which were linked to clusters in a gas and thus, in analogy with the gas 

theory of viscosity and with assumption of the equipartition law of energy, showed 

that for liquids: 

0.915    
 

A
RTRT m e

V


                        
(15) 

Where, η, V and m are viscosity, volume and mass, respectively, T is the temperature, 

R is the universal gas constant, σ is the surface tension and A is the work function at 

the melting point. He compared his theory with experiment as well as with the 

theories of Andrade [67] and Ewell and Eyring [70] Auluck, De and Kothari [71] 

further modified the theory and successfully explained the variations of the viscosity 

with pressure. A critical review of these simple theories and their abilities to explain 

momentum transport in liquids is given by Eisenschitz [72]. 

 

2.7.3. THE CELL LATTICE THEORY AND LIQUID VISCOSITY 

A model related to in the literature by various names such as cell, lattice, 

cage, free volume or one particle model was introduced by Lennard-Jones and 

Devonshire [73, 74] and further expanded by Pople [75].  Eisenschitzemploying this 
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model developed a theory of viscosity by considering themotion of the 

representative molecules to be Brownian and theirdistribution according to the 

Smoluchowski equation. Even with certain assumptions, the final expression 

showed shortcomings most of which were later overcome in a subsequent 

publication [76]. 

 

2.7.4. STATISTICAL MECHANICAL APPROACH TO LIQUID VISCOSITY 

The distribution functions for the liquid molecules were obtained on the 

basis of statistical mechanical theory mainly by the efforts of Kirkwood [77, 78] 

Mayer and Montroll [79], Mayer [80], Born and Green [81] and the considerations on 

the basis of the general kinetic theory led Born and Green [81, 82] to develop a 

viscosity equation which provided explanation for several empirical equations [80, 

81, 83] proposed for liquid viscosity. In this connection the theoretical contributions 

of Kirkwood and coworkers [84-89] Zwanzig et al.,[90] Rice and coworkers [91-94] 

Longuet-Higgins and Valleau[95] and Davis and Co-workers[96, 97] are worth 

mentioning. 

 

2.7.5. PRINCIPLE OF CORRESPONDING STATES AND LIQUID VISCOSITY 

The principle of the corresponding states has been applied to liquids in the 

same way as to gases [98] the basic assumption being that the intermolecular 

potential between two molecules is a universal function of the reduced 

intermolecular separation. This assumption is a good approximation for spherically 

symmetric mono atomic non-polar molecules. For complicated molecules, the 

principle becomes increasingly crude. In general, more parameters are introduced in 

the corresponding state correlations on somewhat empirical grounds in the hope 

that such modification in some way compensates the shortcomings of the above 

stated assumption. In this connection the studies by Rogers and Brickwedde [99], 

Boon and Thomaes [101-103] Boon, Legros and Thomaes, and Hollman and Hijmans 

[104] are worth mentioning. 

 

2.7.6. THE REACTION RATE THEORY FOR VISCOUS FLOW 

Considering viscous flow as a chemical reaction in which a molecule moving 

in a plane occasionally acquires the activation energy necessary to sleep over the 
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potential barrier to the next equilibrium position in the same plane. Eyring [105] 

showed that the viscosity of the liquid is given by: 

2 *
2 3
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Where λ is the average distance between the equilibrium positions in the direction 

of motion, λ1is the perpendicular distance between two neighbouring layers of 

molecules in relative motion, λ2is the distance between neighbouring molecules in 

the same direction and λ3is the distance from molecule to molecule in the plane 

normal to the direction of motion. The transmission coefficient (ĸ) is the measure of 

the chance that a molecule having once crossed the potential barrier will react and 

not cross in the reverse direction, Fn is the partition function of the normal 

molecules, *
aF that of the activated molecule with a degree of freedom corresponding 

to flow, actE is the energy of activation for the flow process, h is Planck’s constant 

and k is Boltzmann constant. Ewell and Eyring argued that for a molecule to flow 

into a hole, it is not necessary that the latter be of the same size as the molecule. 

Consequently they assume that  actE is a function of  vapE for viscous flow because 

 vapE is the energy required to make a hole in the liquid of the size of a molecule. 

Utilizing the idea and certain other relations [106] finally gets 
11
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Where, n and b are constants. It was found that the theory could reproduce the trend 

in temperature dependence of η but the computed values are greater than the 

observed values by a factor of 2 or 3 for most liquids. Kincaid, Eyring and Stearn 

[107, 112] have summarized all the working relations. 

 

2.7.7. THE SIGNIFICANT STRUCTURE THEORY AND LIQUID VISCOSITY 

Eyring and co-workers [105-110] improved the “holes in solid” model theory 

to picture the liquid state by identifying three significant structures. In brief, a 

molecule has solid like properties for the short time it vibrates about an equilibrium 

position and then it assumes instantly the gas like behaviour on jumping into the 



General Introduction (Review of the Earlier Work) 51 

neighbouring vacancy. The above idea of significant structures leads to the following 

relation for the viscosity of liquid [111-112]. 

s s
S g

V V V
V V

  
 

                                  
(18) 

Where, VS   is the molar volume of the solid at the melting point and V is the molar 

volume of the liquid at the temperature of interest while ηS  and ηg are the viscosity 

contributions from the solid-like and gas-like degrees of freedom, respectively. The 

expressions for ηS  and ηg are given by Carlson, Eyring and Ree [113]. Eyring and Ree 

[114] have discussed in detail the evaluation of ηS from the reaction rate theory of 

Eyring [115] assuming that asolid molecule can jump into all neighbouring empty 

sites. The expressionfor ηS takes the following form [116] 

휂 =
푁 ℎ
푍ĸ .

푉
푉 	 .
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2
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1
푉 − 푉 .
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1 − 푒
푒푥푝

푎 ́퐸 푉
(푉 − 푉 )푅푇																																				(19) 

Where AN is Avogadro’s number, Z is the number of nearest neighbours, θ is the 

Einstein characteristic temperature, ES is the energy of sublimation and a’ is the 

proportionality constant. On the other hand, the term ηg is obtained from the kinetic 

theory of gases by the relation: 
1
2

2 3

2
3g

mkT
d




   
                                           

(20) 

Where d is the molecular diameter and m is the molecular mass. 

 

2.7.8. 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 friction between 

adjacent, relatively moving parallel planes of the liquid, anything that increases or 

decreases the interaction between the planes will raise or lower the friction and 

thus, increase or decrease the viscosity. If large spheres are placed in the liquid, the 

planes will be keyed together in increasing the viscosity. Similarly, increase in the 

average degree of hydrogen bonding between the planes will increase the friction 

between the planes, thereby viscosity. An ion with a large rigid co-sphere for a 



52                                      General Introduction (Review of the Earlier Work) 

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 hydrogen 

bonding or the degree of correlation among the adjacent solvent molecules will 

increase the viscosity. Conversely, ions destroying correlation would decrease the 

viscosity. In 1905, Grüneisen [117] 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 [118] suggested 

an empirical equation quantitatively correlating the relative viscosities of the 

electrolytes with molar concentrations (c):  

1r
o

A c Bc



                                                   (21) 

The above equation can be rearranged as:  

1r A B c
c

 
                                                        (22) 

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 [119] of inter-ionic attractions in 1923. The A -

coefficient depends on the ion-ion interactions and can be calculated from interionic 

attraction theory [120] and is given by the Falkenhagen Vernon [121-122] equation: 
2
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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. [125] suggested that if association of the 

ions occurs to form an ion pair, the viscosity should be analysed by the equation: 
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(24) 

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 [129, 

131] and is given below: 

21r
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                                               (25) 

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 [132-133]. 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 [134]. 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. 
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(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. 

 

2.7.9. VISCOSITIES AT HIGHER CONCENTRATION 

It had been found that the viscosity at high concentrations (1M to saturation) 

can be represented by the empirical formula suggested by Andrade: 

													휂 = 퐴푒푥푝 																																																																												(26) 

The several alternative formulations have been proposed for representing the 

results of viscosity measurements in the high concentration range [135-138]and the 

equation suggested by Angell [139-140] based on an extension of the free volume 

theory of transport phenomena in liquids and fused salts to ionic solutions is 

particularly noteworthy. The equation is: 

11 exp KA
N N

 
   

                                                           (27) 

Where, N represents the concentration of the salt in eqv. litre-1, A and K1are 

constants supposed to be independent of the salt composition and No is the 

hypothetical concentration at which the system becomes glass. The equation was 

recast by Majumder et al. introducing the limiting condition, that is N →0, η→ηo; 

which is the viscosity of the pure solvent. Thus, we have: 

ln 휂/휂 = ln 휂 =
퐾 푁

푁 (푁 −푁) 																																														(28) 

Equation (28) predicts a straight line passing through the origin for the plot of Relln

vs. N/(No-N)if a suitable choice for No is made. Majumder et al. [141-143] tested the 

equation (28) by using literature data as well as their own experimental data. The 

best choice for No and K1was selected by a trial and error methods. The set of K1and 

No producing minimum deviations between Exp
Re l and Theo

Re l was accepted. In dilute 

solutions, N <<Noand we have: 

휂 = exp
퐾 푁
푁 ≅ 1 +

퐾 푁
푁 																																																(29) 
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Equation (29) is nothing but the Jones-Dole equation with the ion-solvent 

interaction term represented as B=K1/No2.The arrangement between B-values 

determined in this way and using Jones-Dole equation has been found to be good for 

several electrolytes. Further, the equation (28) can be written in the form:  

푁
푙푛휂 =

푁
퐾 −

푁
퐾 푁																																																																				(30) 

It closely resembles the Vand’s equation [153] for fluidity (reciprocal for viscosity):  
2.5푐

2.3 log휂 =
1
푉 − 푄푐																																																																	(31) 

Where, c is the molar concentration of the solute and Vhis the effective rigid molar 

volume of the salt and Q is the interaction constant. 

 

2.7.10. DIVISION OF B-COEFFICIENT INTO IONIC VALUES 

The viscosity B -coefficients have been determined by a large number of 

workers in aqueous, mixed and non-aqueous solvents. However, the B -coefficients 

as determined experimentally using the Jones-Dole equation, does not give any 

impression regarding ion-solvent interactions unless there is some way to identify 

the separate contribution of cations and anions to the total solute-solvent 

interaction. The division of B -values into ionic components is quite arbitrary and 

based on some assumptions, the validity of which may be questioned. The following 

methods have been used for the division of B – values in the ionic components: 

(1) Cox and Wolfenden [144] carried out the division on the assumption that       Bion 

values of Li+ and IO3⁻in LiIO3are proportional to the ionic volumes which are 

proportional to the third power of the ionic nobilities. The method of Gurney [145] 

and also of Kaminsky is based on: 

K Cl
B B  (In water)                                             (32) 

The argument in favour of this assignment is based on the fact that the B -

coefficients for KCl is very small and that the motilities’ of K+and Cl−are very similar 

over the temperature range 288.15 – 318.15 K. The assignment is supported from 

other thermodynamic properties. Nightingle [146], however preferred RbCl or CsCl 

to KCl from mobility considerations. 

(2) The method suggested by Desnoyers and Perron is based onthe assumption that 

the Et4N+ion in water is probably closest to be neither structure breaker not a 
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structure maker. Thus, they suggest that it is possible to apply with a high degree of 

accuracy of the Einstein’s equation [147], 

                                                             0.0025B V                                          (33) 

and by having an accurate value of the partial molar volume of the ion, V , it is 

possible to calculate the value of 0.359 for
4Et N

B  in water at298.15 K. Recently, Sacco 

et al. proposed the “reference electrolytic” method for the division of B -values. 

Thus, for tetraphenyl phosphonium tetraphenyl borate in water, we have: 

퐵 	퐵 + 	퐵 /2																																														(34) 

4 4BPh PPhB (Scarcely soluble in water) has been obtained by the following method: 

 

퐵 = 퐵 퐵 −퐵 																																		(35) 

The values obtained are in good agreement with those obtained by other methods. 

The criteria adopted for the separation of B -coefficients in non-aqueous solvents 

differ from those generally used in water. However, the methods are based on the 

equality of equivalent conductance of counter ions at infinite dilutions. 

(a) Criss and Mastroianni assumed퐵 = 퐵 in ethanol based on equal mobilities of 

ions [186].  They also adopted 퐵 = 0.25as the initial value for acetonitrile 

solutions. 

(b) For acetonitrile solutions, Tuan and Fuoss [187] proposed the equality, as they 

thought that these ions have similar mobilities. However, according to Springer et 

al.[198], 25 4( ) 61.4Bu N   and 25 4( ) 58.3Ph B   in acetonitrile. 

퐵 = 퐵 																																																																					(36) 

(c) Gopal and Rastogi [148] resolved the B -coefficient in N-methylpropionamide 

solutions assuming that퐵 = 퐵 at all temperatures. 

(d) In dimethyl sulphoxide, the division of B -coefficients were carried out by Yao 

and Beunion [187] assuming: 

퐵[( ) ] = 퐵 = 1/2퐵[( ) ]																												(37) 

at all temperatures. 

Wide use of this method has been made by other authors for dimethyl 

sulphoxide, sulpholane, hexamethyl phosphotriamide andethylene carbonate [189] 

solutions. The methods, however, have been strongly criticized by Krumgalz [190]. 



General Introduction (Review of the Earlier Work) 57 

According to him, any method of resolution based on the equality of equivalent 

conductance for certain ions suffers from the drawback that itis impossible to select 

any two ions for which o o   in all solvents at all temperatures. Thus, though

K Cl   at 298.15 K in methanol, but is not so in ethanol or in any other solvents. In 

addition, if the mobilities of some ions are even equal at infinite dilution, but it is not 

necessarily true at moderate concentrations for which the B -coefficient values are 

calculated. Further, according to him, equality of dimensions of 3( )i pe BuN  or 

3( )i Am BuN  and 4Ph B  does not necessarily imply the equality of B -coefficients 

of these ions and they are likely to be solvent and ion-structure dependent. 

Krumgalz[191, 192] has recently proposed a method for the resolution of B -

coefficients. The method is based on the fact that the large tetraalkylammonium 

cations are not solvated [192, 193] in organic solvents (in the normal sense 

involving significant electrostatic interaction). Thus, the ionic B -values for large 

tetraalkylammonium ions, R4N+ (where R > Bu) inorganic solvents are proportional 

to their ionic dimensions. So, we have: 

퐵 = 푎 + 푏푟 R N 																																																													(38) 

a=퐵 _ Band b is a constant dependent on temperature and solvent nature. 

The extrapolation of the plot of 퐵 (R > Pr or Bu) against r3toR4N to zero cation 

dimension gives directly X
B  in the proper solvent and thus B -ion values can be 

calculated.  

The B -ion values can also be calculated from the equations: 

퐵 퐵 ′ 퐵 − 퐵 ′ 																																												(39) 

퐵 	

퐵 ′
= 	

푟
푟 ′

																																																																						(40) 

The radii of the tetraalkylammonium ions have been calculated from the 

conductometric data [194]. Gill and Sharma [192]used Bu4NBPh4as a reference 

electrolyte. The method of resolution is based on the assumption, like Krumgalz, that 

Bu4N+ and Ph4B−ions with large R-groups are not solvated in non-aqueous solvents 

and their dimensions in such solvents are constant. The ionic radii of Bu4N+(5.00Å) 

and Ph4B (5.35 Å) were, in fact, found to remain constant in different non-aqueous 
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and mixed non-aqueous solvents by Gill and co-workers. They proposed the 

equations: 

퐵
퐵 =

푟
푟 =

5.35
5.00 																																															(41) 

퐵 = 퐵 + 퐵 																																												(42) 

The method requires only the B -values of Bu4NBPh4 and is equally applicable to 

mixed non-aqueous solvents. The B -ion values obtained by this method agree well 

with those reported by Sacco et al. in different organic solvents using the 

assumption as given below: 

퐵[( ) ] = 	 퐵 	= 	1/2퐵                (43) 

Recently, Lawrence and Sacco and others [147-156] used tetrabutylammonium 

tetrabutylborate (Bu4NBBu4) as reference electrolyte because the cation andanion in 

each case are symmetrical in shape and have almost equal Vander Waal’s volume. 

Thus, we have: 

퐵
퐵 =

푉
푉 ( )

																																																												(44) 

퐵 =
퐵

[1 + 푉 ( )/푉 ( )] 																														(45) 

A similar division can be made for Ph4PBPh4 system. 

Recently, Lawrence et al. made the viscosity measurements of tetraalkyl (from 

propyl to heptyl) ammonium bromides in DMSO and HMPT.  

The B-coefficients 퐵 = 	 퐵 + 	푎[푓 푅 푁 ]were plotted as functions of 

the Vander Waal’s volumes. The 
Br

B  values thus obtained were compared with the 

accurately determined 
Br

B  value using Bu4NBBu4and Ph4PBPh4 as reference salts. 

They concluded that the ‘reference salt’method is the best available method for 

division into ionic contributions. 

Jenkins and Pritcheit[157] suggested a least square analytical technique to 

examine additives relationship for combined ion thermodynamics data, to effect 

apportioning into single-ion components for alkali metal halide salts by employing 

Fajan’s competition principle[196]and ‘volcano plots’ of Morris [159]. The principle 

was extended to derive absolute single ion B-coefficients for alkali metals and 

halides in water. They also observed that 퐵 퐵 suggested by Krumgalz to be 
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morereliable than 퐵 퐵 in aqueous solutions. However, we require more data to 

test the validity of this method. 

It is apparent that almost all these methods are based on certain 

approximations and anomalous results may arise unless proper mathematical 

theory is developed to calculate B -values. 

 

2.7.11. TEMPERATURE DEPENDENCE OF B - ION VALUES 

Regularity in the behaviour of B± and dB±/dT has been observed both in 

aqueous and non-aqueous solvents and useful generalizations have been made by 

Kaminsky. He observed that (i) within a group of the periodic table the B -ion values 

decrease as the crystal ionic radii increase, (ii) within a group of periodic system, the 

temperature co-efficient of BIon values increase as the ionic radius. The results can be 

summarized as follows: 

(i) A and dA /dT>0                                                      (46) 

(ii) BIon<0 and / 0IondB dT                                           (47) 

characteristics for the structure breaking of ions. 

(iii) BIon>0and / 0IondB dT                                            (48) 

characteristics for the structure making of ions. 

An ion when surrounded by a solvent sheath, the properties of the solvent in 

the solvational layer may be different from those present in the bulk structure. This 

is well reflected in the ‘Co-sphere’ model of Gurney[160], A, B, C Zones of Frank and 

Wen[161-166] and hydrated radius of Nightingle [167]. 

Stokes and Mills gave an analysis of the viscosity data incorporating the basic 

ideas presented before. The viscosity of a dilute electrolyte solution has been 

equated to the viscosity of the solvent (ηo) plus the viscosity changes resulting from 

the competition between various effects occurring in the ionic neighbourhood. Thus, 

the Jones-Dole equation: 
* ( )E A D

o o A c Bc                  (49) 

Where, η*, the positive increment in viscosity is caused by columbic interaction. 

Thus, 

휂 + 휂 + 휂 = 휂 퐵푐                                                          (50) 

B -coefficient can thus be interpreted in terms of the competitive viscosity effects. 
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Following Stokes, Mills and Krumgalz [200] we can write: 

	퐵 = 퐵 + 퐵 + 퐵 + 퐵 																(51) 

Where, as according to Lawrence and Sacco: 

Ion W Solv Shape Ord DiscordB B B B B B                  (52) 

퐵 is the positive increment arising from the obstruction to the viscous flow of 

the solvent caused by the shape and size of the ions (the term corresponds to E  or 

ShapeB ). 퐵 is the positive increment arising from the alignment or structure 

making action of the electric field of the ion on the dipoles of the solvent molecules 

(the term corresponds to ηAor OrdB ). Str
IonB  is the negative increment related to the 

destruction of the solvent structure in the region of the ionic co-sphere arising from 

the opposing tendencies of the ion to orientate the molecules round itself 

centrosymetrically and solvent to keep its own structure (this corresponds to ηDor 

BDisord). B is the positive increment conditioned by the effect of‘reinforcement of 

the water structure’ by large tetraalkylammoniumionsdue to hydrophobic 

hydration. The phenomenon is inherent in the intrinsic water structure and absent 

in organic solvents. BW and BSolv account for viscosity increases and attributed to the 

Vander Waals volume and the volume of the solvation of ions. Thus, small and highly 

charged cations like Li+and Mg2+form a firmly attached primary solvation sheath 

around these ions ( Orient
IonB  or ηE positive). At ordinary temperature, alignment of the 

solvent molecules around the inner layer also cause increase in Orient
IonB  (ηA), Orient

IonB

(ηD)is small for these ions. Thus, BIon  will be large and positive as 
Einst Orient Str
Ion Ion IonB B B  However, Einst

IonB and Orient
IonB would be small for ions of greatest 

crystal radii(within a group) like Cs+ or I−due to small surface charge densities 

resulting in weak orienting and structure forming effect. Str
IonB  would be large due to 

structural disorder in the immediate neighbourhood of the ion due to competition 

between the ionic field and the bulk structure. Thus,퐵 + 퐵 < 퐵 and IonB

is negative. Ions of intermediate size (e.g., K+ and Cl-) have a close balance of viscous 

forces in their vicinity, i.e., 퐵 + 퐵 = 퐵  so that B is close to zero. 



General Introduction (Review of the Earlier Work) 61 

Large molecular ions like tetraalkylammonium ions have large 퐵 because 

of large size but퐵 and퐵 would be small, i.e.,퐵 + 퐵 ≫ 퐵 would be 

positive and large. The value would befurther reinforced in water arising 

from퐵 due to hydrophobichydrations. 

The increase in temperature will have no effect on퐵 .But the orientation 

of solvent molecules in the secondary layer will be decreased due to increase in 

thermal motion leading to decrease in퐵 .퐵 will decrease slowly with 

temperature as there will be less competition between the ionic field and reduced 

solvent structure. The positive or negative temperature co-efficient will thus depend 

on the change of the relative magnitudes of Orient
IonB and Str

IonB . 

In case of structure-making ions, the ions are firmly surrounded by a primary 

solvation sheath and the secondary solvation zone will be considerably ordered 

leading to an increase in IonB and concomitant decrease in entropy of solvation and 

the mobility of ions. Structure breaking ions, on the other hand, are not solvated to a 

great extent and the secondary solvation zone will be disordered leading to a 

decrease in IonB values and increases in entropy of solvation and the mobility of ions. 

Moreover, the temperature induced change in viscosity of ions (or entropy of 

solvation or mobility of ions) would be more pronounced in case of smaller ions 

than in case of the larger ions. So, there is a correlation between the viscosity, 

entropy of solvation and temperature dependent mobility of ions. Thus, the ionic B -

coefficient and the entropy of salvation of ions have rightly been used as probes of 

ion-solvent interactions and as a direct indication of structure making and structure 

breaking character of ions. The linear plot of ionic B-coefficients against the ratios of 

mobility viscosity products at two temperatures (a more sensitive variable than 

ionic mobility) by Gurney [207] clearly demonstrates a close relation between ionic 

B-coefficients and ionic mobilities. Gurney also demonstrated a clear correlation 

between the molar entropy of solution values with B -coefficient of salts. The ionic B- 

values show a linear relationship with the partial molar ionic entropies or partial 

molar entropies of hydration ( )
o
hS  as: 

푆̅ = 푆̅ − 푆̅ 																																																																				(53) 
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Where, 푆̅ = 푆̅ + Δ푆 , 푆̅ , is the calculated sum of the translational and rotational 

entropies of the gaseous ions. Gurney obtained a single linear plot between ionic 

entropies and ionic B-coefficients for all monoatomicions by equating the entropy of 

the hydrogen ion (푆 ) to –5.5 cal.mol−1deg−1. Asmus[201] used the entropy of 

hydration to correlate ionic B values and Nightingale [194] showed that a single 

linear relationship could be obtained with it for both monoatomic and polyatomic 

ions. The correlation was utilized by Abraham et al. [201] to assign single ion B -

coefficients so that a plot of o
eS [202, 203] the electrostatic entropy of solvation 

orΔ푆 , the entropic contributions of the first and secondsolvation layers of ions 

against B points (taken from the works of Nightingale) for both cations and anions 

lie on the same curve. There are excellent linear correlations between Δ푆  and 

Δ푆 and the single ion B -coefficients. Both entropy criteria (Δ푆  and Δ푆 , ) and B -

ion values indicate that in water the ions Li⁺, Na⁺, Ag⁺ and F⁻ are not structure 

makers, and the ions Rb⁺, Cs⁺, Cl⁻, Br⁻, I⁻and ClO4⁻are structure breakers and K⁺is a 

border line case. 

 

2.7.12. THERMODYNAMICS OF VISCOUS FLOW 

Assuming viscous flow as a rate process, the viscosity (η) can be represented 

from Eyring’s approaches as: 

휂 = 퐴푒 =
ℎ푁
푉 푒

∆ ∗

=
ℎ푁
푉 푒

∆ ∗ ∆
																																		(54) 

Where visE = the experimental entropy of activation determined from a plot of lnη 

against 1/T . *G , *H and *S are the free energy, enthalpy and entropy of 

activation, respectively. 

Nightingale and Benck [167] dealt in the problem in a different way and calculated 

the thermodynamics of viscous flow of salts in aqueous solution with the help of the 

Jones-Dole equation (neglecting the A c term).Thus, we have: 

푅
푑푙푛휂
푑(1/푇) = 푟

푑푙푛휂
푑(1/푇) +

푅
(1 + 퐵푐) .

푑(1 + 퐵푐)
푑(1/푇) 																														(55) 

∆퐸 ( ) = ∆퐸 ( ) + ∆퐸 																																																																				(56) 

∆퐸 can be interpreted as the increase or decrease of the activation energies for 

viscous flow of the pure solvents due to the presence of ions, i.e., the effective 
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influence of the ions upon the viscous flow of the solvent molecules. Feakins et 

al.[168] have suggested an alternative formulation based on the transition state 

treatment of the relative viscosity of electrolytic solution. They suggested the 

following expression: 

     
0 0 0 0

, 2 ,1 2 10
,2 57

1000 1000
V V

vB
RT

   


    
   

Where, 0
,1v and 0

,2v are the partial molar volumes of the solvent and solute 

respectively and 2
o  is the contribution per mole of solute to the free energy of 

activation for viscous flow of solution. 1
o  is the free energy of activation for 

viscous flow per mole of the solvent which is given by: 
0 0 0
1 1 0 ,1Δ Δ ln( ) (58)v AG RT hN      

Further, if B is known at various temperatures, we can calculate the entropy and 

enthalpy of activation of viscous flow respectively from the following equations as 

given below: 

푑(∆휇 )
푑푇 = −∆푆 																																																																							(59) 

∆퐻 = ∆휇 + 푇∆푆 																																																													(60) 

 

2.7.13. EFFECTS OF SHAPE AND SIZE 

Stokes and Mills have dealt in the aspect of shape and size extensively. The 

ions in solution can be regarded to be rigid spheres suspended in continuum. The 

hydrodynamic treatment presented by Einstein leads to the equation: 

 
0

1 2.5 61



   

Where, is the volume fraction occupied by the particles. Modifications of the 

equation have been proposed by (i) Sinha[169]on the basis of departures from 

spherical shape and (ii) Vand on the basis of dependence of the flow patterns around 

the neighbouring particles at higher concentrations. However, considering the 

different aspects of the problem, spherical shapes have been assumed for 

electrolytes having hydrated ions of large effective size (particularly polyvalent 

monatomic cations). Thus, we have from equation (61): 
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 2.5 62A c Bc    

Since A c term can be neglected in comparison with Bc and   = c 0
,1v where 0

,1v is 

the partial molar volume of the ion, we get:  

 0
,12.5 63v B   

In the ideal case, the B -coefficient is a linear function of partial molar volume of the 

solute, 0
,1v with slope to 2.5. Thus, B± can be equated to:  

   
3
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Assuming that the ions behave like rigid spheres with a effective radii, R± moving in a 

continuum. R±, calculated using the equation (64) should be close to crystallographic 

radii or corrected Stoke’s radii if the ions are scarcely solvated and behave as 

spherical entities. But, in general, R± values of the ions are higher than the 

crystallographic radii indicating appreciable solvation. 

The number bn of solvent molecules bound to the ion in the primary solvation 

shell can be easily calculated by comparing the Jones-Dole equation with the 

Einstein’s equation: 

   2.5 65
1000 i b s

B
n   

 

Where, i is the molar volume of the base ion and s , the molar volume of the 

solvent. The equation (65) has been used by a number of workers to study the 

nature of solvation and solvation number. 

 

2.7.14. VISCOSITY OF NON-ELECTROLYTIC SOLUTIONS 

The equations of Vand [170], Thomas [171] and Moulik proposed mainly to 

account for the viscosity of the concentrated solutions of bigger spherical particles 

have been also found to correlate the mixture viscosities of the usual non 

electrolytes [172-173]. These equations are: 

Vand equation: 2.5ln
1 1

h
r

h

V c
Q QV c


  

                           
(66) 

Thomas equation: 21 2.5 10.05r h hV cV c                  (67) 
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Moulik equation: 2 2I Mc                                               (68) 

where r is the relative viscosity, a is constant depending on axial ratios of the 

particles, Q is the interaction constant, hV is the molar volume of the solute including 

rigidly held solvent molecules due to hydration, c is the molar concentration of the 

solutes; I and M are constants. The viscosity equation proposed by Eyring and 

coworkers for pure liquids on the basis of pure significant liquid structures theory, 

can be extended to predict the viscosity of mixed liquids also[173-184]. The final 

expression for the liquid mixtures takes the following form: 

1
2

2 3

6 1 exp exp
(2 ( )

2
3
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                 (69) 

Where n is 2 for binary and 3 for ternary liquid mixtures. The mixture parameters,

mr , SmE , mV , SmV and ma were calculated from the corresponding pure component 

parameters by using the following relations : 

																				푟 = 푥 푟 + 2푥 푥 푟 																																																													(70) 

																	퐸 = 푥 퐸 + 2푥 푥 퐸 																																																													(71) 

푉 = 푥 푉푉 = 푥 푉 푎 = 푥 푎 (72) 

																			푟 = 푟 푟 and					퐸 = 퐸 퐸 (73) 

																																					휃 =
ℎ

ĸ2휋
푏
푚 																																																																													(74) 

푏 = 2푍휀 22.106
푁 휎
푉 − 10.559

푁 휎
푉

1
√2휎

푁 휎
푉 																							(75) 

Here σ and ε are Lennard-Jones potential parameters and the other symbols have 

their usual significance. 
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 For interpolation and limited extrapolation purposes, the viscosities of 

ternary mixture can be correlated to a high degree of accuracy in terms of binary 

contribution by the following equations. 

휂 = 푥 휂 + 푥 푥 [퐴 + 퐵 (푥 − 푥 ) + 퐶 (푥 − 푥 ) ] + 푥 푥 [퐴

+ 퐵 (푥 − 푥 ) + 퐶 (푥 − 푥 ) ]

+ 푥 푥 [퐴 + 퐵 (푥 − 푥 )

+ 퐶 (푥 − 푥 ) ]																																																																											(76a) 

 

The correlation of ternary is modified to the following form: 

휂 = 푥 휂 + 푥 푥 [퐴 + 퐵 (푥 − 푥 ) + 퐶 (푥 − 푥 ) ] + 푥 푥 [퐴

+ 퐵 (푥 − 푥 ) + 퐶 (푥 − 푥 ) ]

+ 푥 푥 [퐴 + 퐵 (푥 − 푥 ) + 퐶 (푥 − 푥 ) ]

+ 퐴∗ 푥 푥 푥 																																																																																											(76b) 

 

However,a better result may be obtained using the following relation: 

휂 = 푥 휂 + 푥 푥 [퐴 + 퐵 (푥 − 푥 ) + 퐶 (푥 − 푥 ) ] + 푥 푥 [퐴

+ 퐵 (푥 − 푥 ) + 퐶 (푥 − 푥 ) ]

+ 푥 푥 [퐴 + 퐵 (푥 − 푥 ) + 퐶 (푥 − 푥 ) ]

+ 	 푥 푥 푥 [퐴 + 퐵 푥 (푥 − 푥 )

+ 		퐶 푥 (푥 − 푥 ) ]																																																																											(76c) 

whereA12, B12, C12, A23, B23, C23, A31, B31 and C31, are constants for binary mixtures; 

A123, B123 and C123are constants for the ternaries; and the other symbols have their 

usual significance. 

 

2.7.15. VISCOSITY DEVIATION 

Viscosity of liquid mixtures can also provide information for the elucidation of the 

fundamental behaviour of liquid mixtures, aid in the correlation of mixture 

viscosities with those of pure components, and may provide a basis for the selection 

of physico-chemical methods of analysis. Quantitatively, as per the absolute reaction 
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rates theory, the deviations in viscosities , from the ideal mixture values can be 

calculated as: 

1
( )

j

i i
i

x  


                                                         (77) 

Where ηis the dynamic viscosities of the mixture and i ix are the mole fraction and 

viscosity of ith component in the mixture, respectively. 

 

2.7.16. GIBBS EXCESS ENERGY OF ACTIVATION FOR VISCOUS FLOW 

Quantitatively, the Gibbs excess energy of activation for viscous flow ΔGE can be 

calculated as [215]: 

1
ln ( ln )

j
E

i i i
i

G RT V x V  


 
  

 
                                        (78) 

Where, and V are the viscosity and molar volume of the mixture; i  and iV are the 

viscosity and molar volume of ith pure component, respectively. 

 

2.7.17. VISCOUS SYNERGY AND ANTAGONISM 

Rheology is the branch of science that studies [185] material deformation and 

flow, and is increasingly applied to analyze the viscous behaviour of many 

pharmaceutical products, [186-200] and to establish their stability and even 

bioavailability, since it has been firmly established that viscosity influences the drug 

absorption rate in the body. The study of the viscous behaviour of pharmaceutical, 

foodstuffs, cosmetics or industrial products, etc., is essential for conforming that 

their viscosity is appropriate for the contemplated use of the products. 

Viscous synergy is the term used in the application to the interaction between 

the components of a system that causes the total viscosity of the system to be 

greater than the sum of the viscosities of each component considered separately. In 

contraposition to viscous synergy, viscous antagonism is defined as the interaction 

between the components of a system causing the net viscosity of the latter to be less 

than the sum of the viscosities of each component considered separately. If the total 

viscosity of the system is equal to the sum of the viscosities of each component 

considered separately, the system is said to lack interaction. 
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The method most widely used to analyze the synergic and antagonic behavior 

of the ternary liquid mixtures used here is that developed by Kaletunc- Gencer and 

Peleg allowing quantification of the synergic and antagonic interactions taking place 

in the mixtures involving variable proportions of the constituent components. The 

method compares the viscosity of the system, determined experimentally, exp , with 

the viscosity expected in the absence of interaction, cal , as defined by the simple 

mixing rule as: 

휂 = 푤 휂 																																																																						(79) 

where iw and i are the fraction by weight and the viscosity of the ith component , 

measured experimentally and i is an integer. 

Accordingly, when  휂 > 휂 , viscous synergy exists, while, when exp cal  , 

the system is said to exhibit viscous antagonism. The procedure is used when 

Newtonian fluids are involved, since in non-synergy indices are defined in 

consequence. 

In order to secure more comparable viscous synergy results, the so-called 

synergic interaction index (IS) as introduced by Howell [201]is taken into account: 

exp mix
S

mix mix

I
  

 


                                              (80) 

When the values of ISare negative, it is concerned as antagonic interaction index (IA). 

The method used to analyze volume contraction and expansion is similar to 

that applied to viscosity, i.e., the density of the mixture is determined 

experimentally, exp , and a calculation is made for  cal based on the expression: 

1

j

cal i i
i

w 



                                                                    

(81) 

where i is the experimentally measured density of  the ith component. Other 

symbols have their usual significance. 

Accordingly, when exp cal  , volume contraction occurs, but when exp cal  , there 

is volume expansion in the system. 
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2.8. CONDUCTANCE 

One of the most precise and direct technique available to determine the 

extent of the dissociation constants of electrolytes in aqueous, mixed and non-

aqueous solvents is the “conductometric method.” Conductance data in conjunction 

with viscosity measurements, gives much information regarding ion-ion and ion-

solvent interaction. 

 
Dissolved Ions Conduct Electricity 

 

The measurements can be made in a variety of solvents over wide ranges of 

temperature and pressure and in dilute solutions where interionic theories are not 

applicable. Conductance measurements together with transference number 

determinations provide an unequivocal method of obtaining single-ion values. The 

chief limitations, however, is the colligative-like nature of the information obtained.  

The studies of conductance measurements were pursued vigorously during 

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

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

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

solvents. The successful application of the Debye-Hückel theory of interionic 

attraction was made by Onsager [202] to derive the Kohlrausch’s equation 

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

symmetrical electrolyte the equation is given by: 

                                                  o S c                                                     (82) 

where, 



70                                      General Introduction (Review of the Earlier Work) 

   oS                                                           (83) 
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                                       (84b) 

The equation took no account for the short-range interactions and also of shape or 

size of the ions in solution. The ions were regarded as rigid charged spheres in an 

electrostatic and hydrodynamic continuum, i.e., the solvent. In the subsequent years, 

Pitts (1953) and Fuoss and Onsager (1957) [203-207] independently worked out 

the solution of the problem of electrolytic conductance accounting for both long-

range and short-range interactions. 

However, the o values obtained for the conductance at infinite dilution using Fuoss-

Onsager theory differed considerably from that obtained using Pitt’s theory and the 

derivation of the Fuoss-Onsager equation was questioned. The original Fuoss-

Onsager equation was further modified by Fuoss and Hsia [207-208] who 

recalculated the relaxation field, retaining the terms which had previously been 

neglected. 

The results of conductance theories can be expressed in a general form: 

1 ( )
(1 ) (1 )2

o o c c G    
 

       
                       (85) 

where ( )G  is a complicated function of the variable. The simplified form: 

																				Λ = Λ − 푆√푐 + 퐸푐	푙푛푐 + 퐽 푐 − 퐽 √푐																															(86)	 

However, it has been found that these equations have certain limitations, in some 

cases it fails to fit experimental data. Some of these results have been discussed 

elaborately by Fernandez-Prini [209-210]. Further correction of the equation (86) 

was made by Fuoss and Accascin. They took into consideration the change in the 

viscosity of the solutions and assumed the validity of Walden’s rule. The new 

equation becomes: 

3
1 2lno S c Ec c J c J c F c                                               (87) 

where,   
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																												퐹푐 =
4휋푅 푁

3 																																																																	(94푎) 

In most cases, however, 2J is made zero but this leads to a systematic deviation of 

the experimental data from the theoretical equations. It has been observed that 

Pitt’s equation gives better fit to the experimental data in aqueous solutions. 

 

2.8.1. 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 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 [211-212]. 

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

association constant, KA for the process: 
z zM A MA                                                             (88) 

2 2

(1 )
AK

c


  


                                                                     (89) 

2 21 AK c                                                                 (90) 

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 [213]or Shedlovsky’s equation [214]. 

푇(푧)
Λ =

1
Λ +

퐾
Λ

.
푐훾±Λ
푇(푧) 																																																						(91) 

where ( ) ( )T z F z  (Fuoss-Kraus method) and 1/T(z)=S(z) (Shedlovsky’s method). 

														퐹(푧) = 1− 푧(1− 푧(1−. . . ) ) 																												(92푎) 
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               and 

1
푇(푧) = 푆(푧) = 1 + 푧 +

푧
2 +

푧
8 +. ….																														(92푏) 

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 (91). 

 The Fuoss-Hsia conductance equation for associated electrolytes is given by: 
3

22
1 2( ) ln( ) ( ) ( ) ( )o AS c E c c J c J c K c                (93) 

The equation was modified by Justice [215]. The conductance of symmetrical 

electrolytes in dilute solutions can be represented by the equations: 

 
3
2

1 2( ( ) ln( ) ( ) ( )o S c E c c J R c J R c                            (94b) 
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                                                                                             (95) 
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                                                                           (96) 

The conductance parameters are obtained from a least square treatment after 

setting,
2

2
eR 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 (96) 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 [216]: 
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                                            (97) 
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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 [274]. 
2 2

24 exp
1000

r q
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r a

N z eK r dr
r kT

 






 
  

 
                                       (98) 

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 [217-218]. 

 

2.8.2. ION SIZE PARAMETER AND IONIC ASSOCIATION 

For plotting, equation (87) can be rearranged to the ‘ ’ function as: 
3

1 1 2 1ln o oS c Ec c J c J c J c                                         (99) 

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’ but the agreement is still poor. However, little of real physical 

significance may be attached to the distance of closest approach derived from J1 

[219]. Fuoss [220] 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. 
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 (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                   (100) 

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. 100 are: 

2 2

(1 )(1 ) 
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c f
                                                          (101) 
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(102) 

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 s 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); 휀is ES measured 

in units of kT. 

Now, 
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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, 
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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: 

 1 1o e o X L
Xp p R E

X


   
              

                         (105) 

Which is a three parameter equation ( , , , ), /o Sc R E X X    (therelaxation field) 

and e  (the electrophoretic counter current) are longrangeeffects due to 

electrostatic interionic forces and p is the fraction of Gurney co-sphere. 

The parameter KR (or ES) is a catch-all for all short range effects: 

1 (1 )p                                                                                 (106) 

In case of ionogens or for ionophores in solvents of low dielectric constant, 훼 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 

2 2
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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 [221]. The 

shortcomings of the previous equations have been rectified in the present equation 
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that is also more general than the previous equations and can be used for higher 

concentrations (0.1 N in aqueous solutions).    

 

2.8.3. LEE-WHEATON CONDUCTANCE EQUATION 

As Fuoss 1978 conductance equation contained a boundary condition 

error,[222, 224] Fuoss introduced a slight modification to his model [225]. 

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 [226(a)] in the same year described in the derivation of a new conductance 

equation, based on the Gurney co-sphere model and henceforth the new equation is 

referred to as the Lee-Wheaton equation [226(b)]. The conductance data were 

analyzed by means of the Lee-Wheaton conductance equation [227] in the form: 
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The mass action law association [285] is 
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and the equation for the mean ionic activity coefficient: 

exp
1

q
R




    
                                                                             (116) 

where C1to C5are least square fitting coefficients as described by Pethybridge and 

Taba[228], 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 

and β= 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 [229]: 

16000 A i iN qc                                                      (117) 
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Where, the symbols have their usual significance [230]. 

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. 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 [228]until satisfying the criterion for convergence. The best value of a 

parameter is the one when equation (118) 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: 
2

( ) ( )2

1

[ ]n
i calc i obs

A
i n m

 







                                             (120) 

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                                                                                 (121) 

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 [229-233].  

 

2.8.4. 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 
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conditions, the validity of Kohlrausch’s law of independent migration of ions is 

almost axiomatic. Thus: 

0 o o                                                                  (122a) 

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    
                                               (122b) 

 Thus, from accurate value of 0 of 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 [234] and some important points 

are mentioned as follows: 

(i) Walden equation [235] 
25 25

o water o ,water o acetone o ,acetone( ) ( )                                               (123) 

 

(ii) 
4

o ,pic o oo,Et N
( ) 0.267, 0.269       [301,302]                                                (124) 

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 )                                                    (125) 

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 )   [293,294]                           (126) 
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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 [295] is: 
2
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Where Z 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 [236-

237]. 

However, large discrepancies were observed between the experimental and 

calculated values [238(a)]. In a paper,[238(b)]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                                                       (128) 

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                                          (129) 

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: 
2

S
o o

z F
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A                                                                  (130) 
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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 

tetraalkyl (aryl) onium ions must be constant, we have: 

0 constanto                                                                             (131) 

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 

tetraalkylammonium cation starting with Et4N⁺. The relationship can be well utilized 

to determine o
 of ions in other organic solvents from the determined o values. 

 

2.8. 5. SOLVATION  

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

result in the orientation of the solvent molecules towards the ion. The number of 

solvent molecules that are involved in the solvation of the ion is called solvation 

number. If the solvent is water, this is called hydration number. Solvation region can 

be classified as primary and secondary solvation regions. Here we are concerned 

with the primary solvation region. The primary solvation number is defined as the 

number of solvent molecules which surrender their own translational freedom and 

remain with the ion, tightly bound, as it moves around, or the number of solvent 

molecules which are aligned in the force field of the ion. 

 

If the limiting conductance of the ion i of charge Ziis known, the effective radius of 

the solvated ion can be determined from Stokes’ law. The volume of the solvation 

shell is given by the equation. 

 3 34
3S S CV r r   

                                            
(132) 

where  rc is the crystallographic radius of the ion. The solvation number ns would 

then be obtained from 

0

S
S

Vn
V

                                                             (133) 

Assuming Stokes’ relation to hold well, the ionic solvated volume can be obtained, 

because of the packing effects [239-241], from 
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34.35o

S SV r                                                         (134) 

Where o
SV is expressed in mol/lit. and Sr  in angstroms. However, this method is not 

applicable to ions of medium size though a number of empirical and theoretical 

corrections [242-245] have been suggested in order to apply it to most of the ions.  

 

2.8.6. 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 휆 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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                                                (135) 

Where o = 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: 

 

0 819i i
o o

i

. z cons tant
R

                                                (136) 

This is known as the Walden rule [246]. 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. 

 Robinson and Stokes [247], Nightingale and others [248-251] have suggested 

a method of correcting the radii. The tetraalkylammonium 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 
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microscopic viscosity [318] was invoked without much success [252] but it has been 

found that: 

0 constanti
o                                                            (137) 

Where p is usually 0.7 for alkali metal or halide ions and p = 1 for the large ions [253, 

254,255]. Gill [256] has pointed out the inapplicability of the Zwanzig theory [257] 

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: 
2

0.0103
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z F
r D r
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                                           (138) 

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 [258-259]. 

 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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or,                   i
RR R 


                                                      (140) 

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. 

Boyd [243] gave the expression: 

2 2

4
26 1

27

ii
o

i
o i o

i o

Fe z
z er
r


 



       
    

                                       (141) 

by considering the effect of dielectric relaxation in ionic motion;  is the Debye 

relaxation time for the solvent dipoles. Zwanzig [244] treated the ion as a rigid 

sphere of radius ir moving with a steady state viscosity,Vi through a viscous 
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incompressible dielectric continuum. The conductance equation suggested by 

Zwanzig is: 
2
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                                   (142) 

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 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 (142) can be rearranged as : 
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In order to test Zwanzig’s theory, the equation (145) was applied for Me4N⁺and 

Et4N⁺ in pure aprotic solvents like methanol, ethanol, acetonitrile, butanol and 

pentanol [325-330]. Plots of *L against the solvent function *P were found to 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. 
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It is found that the Zwanzig’s [257] 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 [260-273],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. 

(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 any constancy 

but it shows a maximum in case of DMF + water and DMA +water mixtures and 

other aqueous binary mixtures. To derive expressions for the variation of the 

Walden product with the composition of mixed polar solvents, various attempts 

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 [274] the 

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 [275] have 

developed the kinetic theory of ion-solvent interaction within the framework of 
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continuum mechanics where the concept of kinetic polarization deficiency has been 

introduced. However, quantitative expression is still awaited. Further, 

improvements [276-277] 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 physicochemical studies indifferent solvent media. 

 

 

2.8.7. THERMODYNAMICS OF ION-PAIR FORMATION 

The standard Gibbs energy changes ( oG ) for the ion- association process can be 

calculated from the equation 
o

AG RT ln K                                                               (146) 

 

The values of the standard enthalpy change, oH and the standard entropy change,
oS , can be evaluated from the temperature dependence of values as follows, 
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The values can be fitted with the help of a polynomial of the type: 

 
2

0 1 2(298.15 ) (298.15 )oG c c T c T                      (149) 

And the coefficients of the fits can be compiled together with the σ% values of the 

fits. The standard values at 298.15 K are then: 

 

298.15 0
oG c                                                                       (150) 

298.15 1
oS c                                                                        (151) 

298.15 1298.15o
oH c c                                                                   (152) 
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The main factors which govern the standard entropy of ion-association of 

electrolytes are: (i) the size and shape of the ions, (ii) charge density on the ions, (iii) 

electrostriction of the solvent molecules around the ions, and (iv) penetration of the 

solvent molecules inside the space of the ions, and the influence of these factors are 

discussed later. 

The non-columbic part of the Gibbs energy oG  can also be calculated using the 

following equation: 
o

AG N W                                                                      (153) 
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                               (154) 

 

Where, the symbols have their usual significance.  

The quantity 2q/r is Columbic part of the interionic mean force potential and W  is 

its non-columbic part. 

 

2.8.8. SOLVATION MODELS―SOME RECENT TRENDS 

The interactions between particles in chemistry have been based upon 

empirical laws- principally on Coulomb’s law. This is also the basis of the attractive 

part of the potential energy used in the Schrödinger equation. Quantum mechanical 

approach for ion-water interactions was begun by Clementi in 1970. A quantum 

mechanical approach to salvation can provide information on the energy of the 

individual ion-water interactions provided it is relevant to solution chemistry, 

because it concerns potential energy rather than the entropic aspect of salvation. 

Another problem in quantum approach is the mobility of ions in solution affecting 

salvation number and coordination number. However, the Clementi calculations 

concerned stationary models and cannot have much to do with the dynamic 

salvation numbers. Covalent bond formation enters little into the aqueous 

calculations; however, with organic solvents the quantum mechanical approaches to 

bonding may be essential. The trend pointing to the future is thus the molecular 

dynamics technique. In molecular dynamic approach, a limited number of ions and 

molecules and Newtonian mechanics of movement of all particles in solution is 

concerned. The foundation of such a approach is the knowledge of the 



General Introduction (Review of the Earlier Work) 87 

intermolecular energy of interactions between a pair of particles. Computer 

simulation approaches may be useful in this regard and the last decade (1990-2000) 

witnessed some interesting trends in the development of solvation models and 

computer software. Based on a collection of experimental free energy of solvation 

data, C.J. Cramer, D.G. Truhlar and co-workers from the University of Minnesota, 

U.S.A. constructed a series of solvation models (SM1-SM5 series) to predict and 

calculate the free energy of solvation of a chemical compound. These models are 

applicable to virtually any substance composed of H, C, N, O, F, P, S, Cl, Br and/or I. 

The only input data required are, molecular formula, geometry, refractive index, 

surface tension, Abraham’s a (acidity parameter) and b (basicity parameter) values, 

and, in the latest models, the dielectric constants. The advantage of models like SM5 

series is that they can be used to predict the free energy of self-solvation to better 

than 1 KCl/mole. These are especially useful when other methods are not available. 

One can also analyze factors like electrostatics, dispersion, hydrogen bonding, etc. 

using these tools. They are also relatively inexpensive and available in easy to use 

computer codes. 

       Galindo et al.[350,351] have developed Statistical Associating Fluid Theory for 

Variable Range (SAFT-VR) to model the thermodynamics and phase equilibrium of 

electrolytic aqueous solutions. The water molecules are modelled as hard spheres 

with four short-range attractive sites to account for the hydrogen-bond interactions. 

The electrolyte is modeled as two hard spheres of different diameter to describe the 

anion and cation. The Debye-Hückel and mean spherical approximations are used to 

describe the interactions. Good agreement with experimental data is found for a 

number of aqueous electrolyte solutions. The relative permittivity becomes very 

close to unity, especially when the mean spherical approximation is used, indicating 

a good description of the solvent. E. Bosch et al.[352]of the University of Barcelona, 

Spain, have compared several “Preferential Solvation Models” specially for 

describing the polarity of dipolar hydrogen bond acceptor-cosolvent mixture. 

 

2.9. REFRACTIVE INDEX 

Optical data (refractive index) of electrolyte mixtures provide interesting 

information related to molecular interactions and structure of the solutions, as well 
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as complementary data on practical procedures, such as concentration 

measurement or estimation of other properties [280]. 

The refractive index defined as the ratio of the speed of light in a vacuum with 

respect to the speed of light in other substance. 

 D
Speed of light in vacuumRefractive Index n  of substance  

Speed of light in substance
  

 

 Whenever light changes speed as it travels a border from one solution 

into another medium, its movement of direction also changes, i.e., it is refracted. The 

relationship between light's speed in the two mediums (VA and VB), the angles of 

incidence ( Asin ) and refraction ( Bsin ) and the refractive indexes of the two 

mediums ( An and Bn ) is shown below: 

A A B

B B A

V sin n
V sin n




                                                     (155) 

Thus, it is not necessary to measure the speed of light in a sample in order to 

measure its index of refraction. Refractive index or index of refraction of a molecule 

suggests the compactness of the sample; it is possible to determine the refractive 

index of the sample quite accurately. 

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 [358] by using, nD experimental data according to the following 

expression 
2 2[( 1)/ 2]( / )  D DR n n M                                                (156) 

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                                                  (157) 

Where, A is given by: 
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       (158) 

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: 
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1 1 2 2  R R R R                                     (159) 

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                             (160) 

Where, ΔnD is 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 and x is the mole 

fraction. 

The computed deviations of refractive indices of the binary mixtures are 

fitted using the following Redlich-Kister expression [281]. 
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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: 
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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].Similar to that obtained for the salt + solvent solutions 

was used to represent ternary refractive indices: 
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nD is the refractive index of the ternary solution, Ci are the parameters, and P is the 

number of terms in the polynomial. 
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 There is no general rule that states how to calculate a refractivity deviation 

function. However, the molar refractivity is isomorphic to a volume for which the 

ideal behaviour may be expressed in terms of mole fraction: in this case smaller 

deviations occur but data are more spread because of the higher sensitivity of the 

expression to rounding errors in the mole fraction. For the sake of completeness, 

both calculations of refractivity deviation function, molar refractivity deviation was 

fitted to a Redlich and Kister-type expression and the adjustable parameters and the 

relevant standard deviation ó are calculated for the expression in terms of volume 

fractions and in terms of mole fractions, respectively. 

 

 

 

 

 



CHAPTER III 
 

EXPERIMENTAL SECTION 
 

3.1. NAME, STRUCTURE, PHYSICAL PROPERTIES, PURIFICATION AND 

APPLICATIONS OF THE SOLVENTS AND SOLUTES USED IN THE RESEARCH 

WORK 

 

3.1.1. SOLVENTS 

The liquid solvents used in my research work are depicted below 

i. Methanol 

Methanol or Carbinol is a simplest primary alcohol with the formula CH3OH. It is 

produced naturally in small amounts during many fermentation processes as well as 

catalytic process. This is colorless, flammable and highly toxic liquids with distinct 

odor. 

 
Source: Sigma Aldrich, Germany 

Purification: It was dried by passing molecular sieve and then distilled by 

appropriate method [1].  

Appearance: Colourless liquid 

Molecular Formula: CH4O 

Molecular Weight: 32.04 g/mol 

Boiling Point: 337-378 K 

Melting Point: 175 K 

Dielectric Constant: 32.70 at 293.15 K 

 

Application: It is used for solvent, fuel and producing biodiesel. About 40% 

methanol converted to formaldehyde and from which various products are obtained 
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like, plastics, plywood, textile and paint industries.   Methanol is also used as a enegy 

carrier.  

 

ii. 2-Methoxy ethanol 

2-Methoxy ethanol or methyl cellosolve, is an organic compound with 

formula C3H8O2 and mainly used as a solvent. It is a colorless clear liquid with a 

characteristics ether-like odor. It is a glycol ethers category solvent and for which 

extraordinary for ability to dissolve a variety of different types of chemical 

compounds.  

 
Source: Sigma Aldrich, Germany 

Purification: It was dried by adding drying agent CaSO4 followed by filtration and 

then distilled [1]. 

Appearance: Colourless, refractive liquid 

Molecular Formula: C3H8O2 

Molecular Weight: 76.09 g/mol 

Boiling Point: 397-398 K 

Melting Point: 188 K 

Dielectric Constant: 17.38 at 293.15 K 

 

Application: 2-Methoxyethanol is used as a solvent for many practical purposes 

such as varnishes, dyes, and resins. It is also used as an additive in airplane deicing 

solutions. In organometallic chemistry it is commonly used for the synthesis 

of Vaska’s complex and related compounds such as ruthenium (II) complexes. 

 

iii. 2-Ethoxy ethanol  

2-Ethoxy ethanol or ethyl cellosolves is a clear colorless compound. It is prepared by 

the reaction of ethylene oxide with ethanol. It is a common solvent widely used 

commercial and industrial applications. 
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Source: Sigma Aldrich, Germany 

Purification: It was dried by adding drying agent CaSO4 followed by filtration and 

then distilled [1]. 

 

Appearance: Colourless liquid 

Molecular Formula: C4H10O2 

Molecular Weight: 90.12 g/mol 

Boiling Point: 408 K 

Melting Point: 203 K 

Dielectric Constant: 14.25 at 293.15 K 

 

 

Application: It dissolves chemically diverse compounds as it contains glycol ether 

linkage. Also, it dissolves some organic substances like, oils, resins, grease, 

waxes, nitrocellulose, and lacquers. 

 

iv. 2-Propoxy ethanol 

This is colorless, odorless oily liquid with formula C5H12O2. It can act as bases. They 

form salts with strong acids and various complexes with Lewis acidic substances. It 

has propyl linkage with ethereal oxygen. Ethers may react violently with strong 

oxidizing substances. Many reactions, which typically involve the cleavage of the C-O 

bond, ethers are comparatively inert. 
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ppearance: Liquid 

Molecular Formula: C5H12O2 

Molecular Weight: 104.15 g/mol 

Boiling Point: 423-425 K 

Melting Point: 198 K 

Dielectric Constant: 11.76 at 293.15 K 

 

 

Source: Sigma Aldrich, Germany 

Purification: It was dried by passing through Linde 4 Å molecular sieves and then 

distilled [1]. 

Application: Like other cellosolves, propoxy ethanol also dissolve some organic 

materials e.g., oils, resins, grease, waxes, nitrocellulose etc. 

 

v. Acetonitrile 

Acetonitrile is a simplest organic nitrile and colorless liquid. It is a polar protic 

solvent. It is produced mainly as a byproduct of acryonitrile manufacture. 

 
 

Appearance: Liquid 

Molecular Formula: C2H3N 

Molecular Weight: 41.05 g/mol 

Boiling Point: 354-355 K 

Melting Point: 227-229 K 

Dielectric Constant: 37.50 at 293.15 K 

 

Source: Sigma Aldrich, Germany 

Purification: It was dried fromP2O5 and then from CaH2 distillation procedure [2]. 
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Application: Its low viscosity and low chemical reactivity make it suitable for 

chromatographic purpose. It is widely used in battery industries because of the 

relatively high dielectric constants. Also it used as a common solvent for organic 

synthesis. 

 

 

 

vi. Water 

 

Water is a ubiquitous chemical substance that is composed of 

hydrogen and oxygen and is essential for all known forms of 

life. Commonest form of water is liquid built water has also 

other two for solid and gas. In solid state it forms ice and in 

gaseous state it form vapor of water. Water is a good solvent and is often known as 

the universal solvent. 

Source:  Doubly distilled water. 

Purification: Water was firstly deionised and then distilled by 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 1.  

 

Appearance: Liquid 

Molecular Formula: H2O 

Molecular Weight: 18.02 g/mol 

Boiling Point: 100 0C 

Melting Point: 00C 

Dielectric Constant: 78.35 at 298.15 K 

 

Application: Water is also a good solvent due to its polarity. The solvent properties 

of water are vital in biology, because many biochemical reactions take place only 

within aqueous solutions due to the universal solvent property. In addition, water is 

used to transport biological molecules. The most important use of water in 
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agriculture is for irrigation. Water fit for human consumption is called drinking 

water. Water is widely used in chemical reactions as a green solvent and minutely as 

catalyst. In inorganic reactions, water is a common major solvent, solubilizes many 

ionic compounds. In organic reactions, it is not usually used as a reaction solvent, 

because it does not dissolve the organic substances. Nevertheless, these properties 

are sometimes desirable. Also, water accelerates the Diels-Alder reactions. 

Supercritical water has recently been a topic of research interests. 

 

3.1.2. SOLUTES (ELECTROLYTES AND NON-ELECTROLYTES) 

The electrolytes like ionic and salts of biologically active molecules liquids and the 

non-electrolytes, cyclodextrins and crown ethers have been described below. 

 

       i.    1-butyl-4-methylpyridinium iodide  

1-butyl-4-methylpyridinium iodide is the pyridine based ionic liquid, of molecular 

formula C10H16 IN, containing methyl, ethyl group with two active nitrogen atoms in 

the imidazole or five member ring, exist as a molten liquid phase with the melting 

point ≥ 33oC.  .   

                                       
Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is ˃99.0% 

 

Appearance: Crystalline 

Molecular Formula: C10H16 IN 

Molecular Weight: 277.15 g/mol 

 

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

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

environmentally friendly (or eco-friendly) because they are less hazardous for 
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human body as well as less toxic for living organisms, used as recyclable solvents for 

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

for processing biomass and electrically conductive liquids as electrochemical device 

in the field of electrochemistry (batteries and solar cells) 

 

 

 

ii.  1-butyl-1-methylpyrrolidinium bromide 

1-butyl-1-methylpyrrolidinium bromide is the pyrrolidinium based ionic liquid, of 

molecular formula C9H20BrN, containing methyl and butyl group with one positive 

charge nitrogen atom in the ring, exist as a white powder.   

 
Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is ˃99.0% 

 

Appearance: Powder white 

Molecular Formula: C9H20BrN 

Molecular Weight: 222.17 g/mol 

 

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

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

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

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

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

for processing biomass and electrically conductive liquids as electrochemical device 

in the field of electrochemistry (batteries and solar cells) 
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  iii.   1-butyl-1-methylpyrrolidinium chloride 

1-butyl-1-methylpyrrolidinium chloride is also the pyrrolidinium based ionic liquid, 

of molecular formula C9H20NCl, containing methyl, butyl group with one active 

nitrogen atoms in the pyrrolidinium or five member rings, exist as a light brown 

powder. 

 

 
 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is ˃98.0% 

Appearance: Powder (light brown) 

Molecular Formula: C9H20NCl 

Molecular Weight: 177.71 g/mol 

 

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

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

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

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

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

for processing biomass and electrically conductive liquids as electrochemical device 

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

 

            iv.     1,3-dimethylimidazolium methyl sulfate 

1,3-dimethylimidazolium methyl sulfate  is a imidazolium based ionic liquid, of 

molecular formula C6H12N2O4S, containing methyl, ethyl group with two active 

nitrogen atoms in the imidazole or five member ring, exist as a molten liquid phase 

with the melting point ≥ 25-30oC.   
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Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is ˃98.0% 

Appearance: Solidified mass 

(off white) 

Molecular Formula: C6H12N2O4S 

Molecular Weight: 208.24 g/mol 

 

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

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

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

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

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

for processing biomass and electrically conductive liquids as electrochemical device 

in the field of electrochemistry (batteries and solar cells) and so forth. In the modern 

technology, industry, and also in academic research field, the vast application is 

frequently increases. 

 

         v.     1-butyl pyridinium bromide 

1-butyl pyridinium bromide is also the pyridinium based ionic liquid, of molecular 

formula C9H12BrN, containing butyl long chain with pyridine nitrogen atoms in the 

six member ring, exist as crystalline. 

                                   
Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is ˃98.0% 
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Appearance: Crystalline(white) 

Molecular Formula: C9H12BrN 

Molecular Weight: 282.13 g/mol 

Melting Point: 313.15 K 

 

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

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

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

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

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

for processing biomass and electrically conductive liquids as electrochemical device 

in the field of electrochemistry (batteries and solar cells) and so forth. In the modern 

technology, industry, and also in academic research field, the vast application is 

frequently increases. 

 

vi.   Dopamine hydrochloride 

 Dopamine hydrochloride, a naturally occurring catecholamine, is an inotropic 

vasopressor agent. Its chemical name is 3,4 dihydroxy phenethylamine 

hydrochloride and its chemical formula  is C18H12NO2Cl. Dopamine is an important 

neurotransmitter in the mammalian central nervous system and is a member of 

catecholamines. 

 

 
Appearance: White powder 

Molecular Formula: C18H12NO2Cl 

Molecular Weight: 189.64 g/mol 

Melting Point: 2330C 
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Source: Sigma Aldrich, Germany 

Purification: Used as purchased. 

Application: It is used in neuropsychiatric disorders such as Perkinson’s disease, 

which is the second most common central nervous system disorder [3]. 

 

vii.    Tyramine hydrochloride 

It is a naturally occurring trace amine derived from the amino acid tyrosine. Its 

molecular formula is C8H12NCl .Tyramine acts as a catecholamine releasing agent. In 

foods, it often is produced by the decarboxylation  of tyrosine  during 

fermentation  or decay. 

 
 

Appearance: White powder 

Molecular Formula: C8H12NCl 

Molecular Weight: 137.17 g/mol 

 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased 

Application: Tyramine is physiologically metabolized by monoamine oxidases. 

In humans, if monoamine metabolism is compromised by the use of monoamine 

oxidase inhibitors (MAOIs) and foods high in tyramine are absorbing , 

a hypertensive crisis occur, as tyramine also can dislocate stored monoamines, such 

as dopamine, norepinephrine, and epinephrine, from pre-synaptic vesicles. 

Tyramine is neuro transmitter and acts as a catecholamine releasing chemical, 

having nonpsychoactive peripheral sympathomimetic property [4]. 

 

vii.    Epinephrine hydrochloride 

Epinephrine is known as adrenalin or adrenaline. It is also hormone and 

neurotransmitter, serves as chemical mediators for conveying the nerve impulses to 
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effectors organs. Epinephrine is normally produced by both the adrenal glands and 

some certain neurons. It plays vital role in the prompt response by increasing blood 

flow to muscles, output of the heart, pupil dilation, and blood sugar. Epinephrine 

does this by its effects on α and β receptors. It is found in many animals and some 

one cell organisms. 

 

 
 

Appearance:  White powder  

Molecular Formula: C9H14NO3Cl 

Molecular Weight: 219.67 g/mol 

 

 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased 

Application: Epinephrine is used to treat a number of conditions including: cardiac 

arrest, anaphylaxis, and superficial bleeding. It has been used for the treatment 

of   bronchospasm and hypoglycemia, but newer treatments for these that are 

selective for β2 adrenoceptors, such as salbutamol are currently preferred [5]. 

 

viii.   2-pyridine aldoxime methochloride 

Parlidoxime or 2-pyridine aldoxime methochloride (2-PAM) is an oxime base drug 

molecule. In drug industry it has immense importance for nerve stimuli because of 

its prompt functionality. It is an important drug and acts as a nerve agent for the 

treatment of organophosphorus poisoning in the nervous system. It has a suitable 

charged pyridine moiety and an oxime part resides at C-2 position of pyridine ring.  
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Source: Sigma-Aldrich, India 

Purification: Used as purchased 

 

Appearance: Solid 

Molecular Formula: C7H9N2OCl 

Molecular Weight: 172.61 g/mol 

Melting Point: 2300C 

 

 

Application: Pralidoxime is typically used in cases of organophosphate poisoning. 

Pralidoxime is able to attach to the (the unblocked, anionic site) acetylcholinesterase 

enzyme. It then binds to the organophosphate; the organophosphate changes 

conformation, and loses its binding to the acetylcholinesterase enzyme [6]. The 

conjoined poison / antidote then unbind from the site, and thus regenerate the 

enzyme, which is now able to function again. 

 

        ix.    18-Crown-6 

18-Crown-6 is an organic compound with the formula C12H24O6. It is a low melting 

point white crystalline solid. It easily takes up water molecules.  Structural 

dimension of 18-crown-6 make it suitable for complexationl, like other crown 

ethers. Also, it acts as a ligand for some metal cations especially for potassium 

cations (binding constant in methanol: 106 M−1). The synthesis of the crown ethers 

led to the awarding of the Nobel Prize in Chemistry to Charles J. Pedersen. 
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Source: Sigma-Aldrich, Germany 

Purification: Used as purchased 

 

Appearance: Solid 

Molecular Formula: C12H24O6 

Molecular Weight: 264.31 g/mol 

Melting Point: 37-400C 

 

 

Application: 18-Crown-6 binds to a variety of small cations, using all 6 oxygens as 

donor atoms. Crown ethers can be used in the laboratory as phase transfer catalysts.   

It also used in radioimmuno therapy for treatment of carcinomas and for the 

development of sensors ion transport of membrane interfaces, as solvent extraction 

agents, in the construction of ion-selective electrodes etc. 

 

x.   Dibenzo-18 Crown-6 

Dibenzo-18-Crown-6 is a benzannulated crown ether having molecular formula 

C20H24O6. It exists as a white powder. Dibenzo-18-Crown-6, like other crown ethers, 

it has strong complexing abilities and has more affinity for alkali metal cations. 
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Appearance: White powder 

Molecular Formula: C20H24O6 

Molecular Weight: 360.40 g/mol 

Melting Point: 162-1640C 

 

 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased 

Application: It  used as  separating agents for removing metal ions (i.e., Cs+ and 

Sr2+) from mixed nuclear and chemical waste.  There is also growing interest in the 

use of crown ethers for radioimmuno therapy treatment of carcinomas and for the 

development of sensors ion transport of membrane interfaces, as solvent extraction 

agents, in the construction of ion-selective electrodes, and in liquid chromatography 

[7]. 

 

             xi.   Alpha Cyclodextrin (α-CD) 

α-CD is naturally occurring polysachharides of six glucose units and they are 

covalently attached  via end to end α-1,4 linkage. It has hydrophobic inner cavity and 

hydrophilic outer surface. In aqueous medium hydrophobic inner core allow it to 

form host-guest inclusion colmplex with suitable hydrophobic molecules. Most of 

the cases it forms 1:1 inclusion complex due to its small cavity volume. 
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Source: Sigma Aldrich, Germany 

Purification: Used as parched. The purity is 99.98%. 

 

Appearance: Crystalline Powder 

Molecular Formula: C36H60O30 

Molecular Weight: 972.84 g/mol 

Melting Point: >551 K 

 

Application: α-Cyclodextrin is widely applied in production of medicine and food. It 

also used in cosmetics, paint, and textile industries.  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. α-cyclodextrin 

is commonly used as a complexing agent in hormones, vitamins, and many bioactive 

compounds frequently used in tissue and cell culture applications.  

 

         xii.    Beta Cyclodextrin (β-CD) 

β-Cyclodextrin is finely made from pure provision material-starch and translate 

enzyme, which is white powder and the molecular structure is like a cylinder 

compounded from seven glucose unit attached with the glycosidic linkage. The 

function of β-Cyclodextrin depends on its cylinder molecule structure which can be 

easy to integrate other materials. That feature is applied widely in industry 
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Source: Sigma Aldrich, Germany 

Purification: Used as parched. The purity is 99.98%. 

 

Appearance: Crystalline Powder 

Molecular Formula: C42H70O35 

Molecular Weight: 1134.98 g/mol 

Melting Point: 563.15-573.15 K 

Boiling Point 1814.33 K 

Relative Density 1.44 g.cm3 at 200 C 

 

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 functions are improved 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.  CD with a cavity diameter of 6.4-7.5 Å, is the most interest because its 

cavity size allows for the best special fit for many common guest moieties. For this 

reason, β-cyclodextrin is most commonly used as a complexing agent in hormones, 

vitamins, and many compounds. This potential has also been supports for different 

applications in medicines, cosmetics, food technology, pharmaceutical, and chemical 

industries as well as in agriculture and environmental industries [8]. 
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         xiii.    Cucurbit[6]uril  

Cucurbit [6]uril is a barrel shaped cavity with six methylene-bridged glycoluril units, 

possesses a hydrophobic core (5.5 Å width and 6.0 Å height) and polar carbonyl 

groups surrounding the portals. The uredio-carbonyl groups on both rims are 

suitable for complexing with cationic organic guests through ion–dipole and 

hydrogen bonding interactions. The association constant shown by Shih et al. for 1:1 

complexes of n-alkyl diammonium ion with it was in the order of 108 M-1[9]. 

Therefore, it has excellent complexation properties towards cationic guest 

molecules.       

 
 

Source: Sigma Aldrich, Germany 

Purification: Used as parched. The purity is 99.98%. 

 

Appearance: White Powder 

Molecular Formula: C36H36N24O2 

Molecular Weight: 996.82 g/mol 

 

Application: Cucurbiturils have been used by chemists for various applications, 

indicating host compounds for drug delivery, asymmetric synthesis, molecular 

switching, and dye modification. 
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3.2. EXPERIMENTAL METHODS  

 

3.2.1. PREPARATION OF SOLUTIONS 

A stock solution for each salt was prepared by mass, and the working 

solutions were obtained by mass dilution. The uncertainty of molarity of different 

salt solutions was evaluated to be ± 0.0003 mol·dm-3. 

 

3.2.2. PREPARATION OF SOLVENT MIXTURES 

The research work has been carried out with binary or ternary solvent systems 

with, methanol, acetonitrile and cellosolves etc. as primary solvents with some polar, 

weakly polar and non-polar solvents as well as with some electrolytes (ionic liquids 

& other electroluytes) and non-electrolytes (cyclodextrins, cucurbitril, crown 

ethers). 

For the preparation of solvent mixture, pure components were taken 

separately in glass stoppered bottles and thermostated at the desired temperature 

for sufficient time. When the thermal equilibrium was ensured, the required 

volumes of each component were transferred in a different bottle which was already 

cleaned and dried thoroughly. Conversion of required mass of the respective 

solvents to volume was accomplished by using experimental densities of the 

solvents at experimental temperature. It was then stoppered and the mixed contents 

were shaken well before use. While preparing different solvent mixtures care was 

taken to ensure that the same procedure was adopted throughout the entire work. 

The physical properties of different pure and mixed solvents have been presented in 

the respective chapters. 
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The following different binary and ternary solutions have been prepared and 

used for my research studies. 

 

Binary Solutions: 

1-butyl-1-methylpyrrolidinium bromide + methanol 

1-butyl-1-methylpyrrolidinium chloride + methanol 

1,3-dimethylimidazolium methyl sulfate + 2-methoxy ethanol 

1,3-dimethylimidazolium methyl sulfate + 2-ethoxy ethanol 

1,3-dimethylimidazolium methyl sulfate + 2-propoxy ethanol 

Ternary Solutions: 

1-butyl-4-methylpyridinium iodide + 0.001(M) Aqueous mixture of  α-Cyclodextrins 

1-butyl-4-methylpyridinium iodide + 0.003(M) Aqueous mixture of  α-Cyclodextrins 

1-butyl-4-methylpyridinium iodide + 0.005(M) Aqueous mixture of  α-Cyclodextrins 

1-butyl-4-methylpyridinium iodide + 0.001(M) Aqueous mixture of  β-Cyclodextrins 

1-butyl-4-methylpyridinium iodide + 0.003(M) Aqueous mixture of  β-Cyclodextrins 

1-butyl-4-methylpyridinium iodide + 0.005(M) Aqueous mixture of  β-Cyclodextrins 

2-pyridine aldoxime methochloride+ Aqueous mixture of  Cucrbit[6]uril 

1-butyl pyridinium bromide + acetonitrie solution of 18-Crown-6 

1-butyl pyridinium bromide + acetonitrie solution of Dibenzo-18-Crown-6 

Dopamine hydrochloride + Aqueous mixture of  α-Cyclodextrins 

Tyramine hydrochloride + Aqueous mixture of  α-Cyclodextrins 

Epinephrine  hydrochloride + Aqueous mixture of  α-Cyclodextrins 
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3.2.3. MASS MEASUREMENT 

 Mass measurements were made on digital Mettler Toledo, AG 285, and 

Switzerland electronic analytical balance.  

 

 
 

 

It can measure mass to a very high precision and accuracy. The weighing pan of a 

high precision (0.0001g) is inside a transparent enclosure with doors so that dust 

does not collect and so any air currents in the room do not affect the balance’s 

operation. 

 

3.2.4. DENSITY MEASUREMENT 

The density was measured with the help of Anton Paar density-meter (DMA 

4500M) with accuracy of 0.0005 g.cm-3. 
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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 obtained by the following relation with ρ of the sample in the 

oscillator [10]: 

ρ = A ∙ τ2 - B                                                                 (1) 

A and B are the respective instrument constants of each oscillator. The values 

are calculated by calibrating with two substances of the precisely known densities 

with ρ1 and ρ2. Modern instruments calculate and store the constants A and B after 

the two calibration measurements, which are checked with air and water condition. 

The instrument was calibrated by double-distilled water and dry air.   

 

3.2.5. VISCOSITY MEASUREMENT 

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                               (2) 

Here, RPM, TK (0.09373) and SMC (0.327) are speed in rpm, viscometer 

torque constant and spindle multiplier constant respectively. The instrument was 

calibrated by the standard samples supplied with the instrument and compared 

with the standard solutions of aqueous CaCl2 solutions. The temperature was 

maintained to within ± 0.01°C using Brookfield Digital TC-500 thermostat bath. The 

viscosities were measured with an accuracy of ± 1 %. Each measurement reported 

herein is an average of triplicate reading with a precision of 0.3 %. 
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3.2.6. TEMPERATURE CONTROLLER 

Experimental measurements were carried out in thermostatic water bath 

(Science India, Kolkata) maintained with an accuracy of  0.01 K of the desired 

temperature. 

 

    
 

Laboratory water bath is a system in which a container containing water and the 

investigated solution is placed over this container to quickly heat. These laboratory 

equipments are available in different volumes and construction with both digital and 

analogue controls and greater temperature uniformity, durability, heat retention 
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and recovery. The chambers of water bath lab products are manufactured using 

highly resistant stainless steel and other metals. 

 

       Water Distiller (Borosil Glass Works Limited, India):   

 

 

 

Water Distiller is usually made by the Borosil Glass material.  A distilining solvent 

in the boiling chamber heats the water until it boils off. The vapour rises from the 

boiling chamber. Volatile contaminants are discharged through a built-in vent tube. 

Minerals and salts are retained in the boiling chamber as hard deposits. The steam 

passed into the condenser, which is condensed by cool water. Droplets of water 

poured into the collecting container.  

 

Rotary Vacuum Flash Evaporator (Superfit, An ISO 9001:2000 Certified Company) 
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Rotary evaporation is most often and conveniently applied to separate "low 

boiling" solvents such as n-hexane or ethyl acetate from solid or mix compounds at 

atmospheric conditions. However, careful application also allows removal of a 

solvent from a sample containing a liquid compound if there and a sufficient 

diversity in boiling points at the selected temperature and reduced pressure. 

 

3.2.7. CONDUCTIVITY MEASUREMENT 

 Systronics Conductivity TDS meter-308 is used for measuring specific 

Conductivity of electrolytic solutions. It can provide both automatic and manual 

temperature compensation. 

 
The conductance measurements were carried out on this conductivity bridge 

using a dip-type immersion conductivity cell of cell constant 1.11cm-1. The entire 

conductance data were reported at 1 KHz and was found to be ±0.3 % precise.  The 

instrument was standardized using 0.1(M) KCl solution. The cell was calibrated by 

the method of Lind and co-workers. 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 prevent admission of air into the cell when 

solvent or solution was added. 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 thermo regulator [11]. 

Several solutions were prepared by weight precise to ± 0.02 %. The weights 

were taken on a Mettler electronic analytical balance (AG 285, Switzerland). The 

molality being converted to molality as required. 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. 
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3.2.8. REFRACTIVE INDEX MEASUREMENT 

 Refractive index was being measure with the help of Digital Mettler Toledo 

30GS Refractometer. 

 

 
 Calibration was performed by measuring the refractive indices of double-

distilled water, toluene, cyclohexane, and carbon tetrachloride at defined 

temperature. The accuracy of the instrument is +/- 0.0005. 2-3 drops of the sample 

was put onto the measurement cell and the reading was taken. The refractive index 

of a sample depends on temperature. During measurement, refractometer 

determines the temperature and then corrects the refractive index to a temperature 

as desired by the user.  

 

 

3.2.9. FT-IR MEASUREMENT 

Infrared spectra were recorded in 8300 FT-IR spectrometer (Shimadzu, 

Japan)  
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with a resolution of ± 0.25 cm-1 in the region of 400-4000 cm-1 at room temperature 

(25 0C) with 49-54 % humidity. This KBr optics based instrument records data in 

different modes (KBr pellets, Nujol mull, and non-aqueous solutions). 

The intensity of light (I0) entering through a blank is measured. The intensity 

of light (I) entering through the sample solution is measured. The investigated data 

is used to estimate two quantities: the transmittance (T) and the absorbance (A).  

 

                                         (3) 

The transmittance is simply the fraction of light in the original beam that passes 

through the sample and reaches the detector section of the instrument.  

    

3.2.10. SURFACE TENSION 

 
The surface tension experiments were completed by platinum ring detachment 

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

temperature. The precision of the measurement was within ±0.1 mN∙m−1. 

Temperature of the system has been preserved by circulating auto-thermostated 

water (within ± 0.01K) through a double-wall glass vessel holding the solution.  

 

3.2.11. UV-VIS MEASUREMENT 

Compounds that absorb Ultraviolet and/or visible light have characteristic 

absorbance curves curves as a function of wavelength. Absorbance of different 

wavelengths of light occurs as the molecules move to higher energy states. 
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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 of a mirror, 

the light beam passes through a slit and hits a diffraction grating. The grating can be 

rotated allowing for a specific wavelength to be selected. At any exact orientation of 

the grating, only monochromatic or single wavelength successfully entrances 

through a slit. A filter is used to eliminate unnecessary higher orders of diffraction. 

The light beam strikes a second mirror before it gets split by a half mirror (half of 

the light is reflected and the other half passes through). One of the beams is allowed 

to pass through a reference cuvette, the other passes through the sample cuvette. 

The intensities of the light beams are then considered at the end. Regarding this the 

Beer-Lambert law has been stated below. 

 

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 implies decrease in 
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intensity of the light, this makes b, c and I the entire time positive. Integration of the 

above equation leads to Beer-Lambert’s law: 

- ln I/I0 = kbc                                             (4) 

- log I/I0 = 2.303kbc                                  (5) 

ε = 2.303k                                                 (6) 

A = - log I/I0                                              (7) 

A = εbc                                                       (8) 

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. 

 

3.2.12. NUCLEAR MAGNETIC SPECTRA MEASUREMENT 

Nuclear Magnetic Spectra (NMR) spectroscopy is used to study the structure of 

molecules, the kinetics or dynamics of molecules and the composition of mixtures of 

biological or synthetic solutions or composites 1H NMR spectra were recorded at 

400MHz and 500 MHz using Bruker Advance instrument. 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 shifts. 
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CHAPTER IV 
 

SELF-ASSEMBLY INCLUSION OF GREEN SOLVENT WITH 

OLIGOSACCHARIDES 

 
4.1. Introduction 

           The formation of cyclodextrin (CD) based inclusion complexes with wide 

variety of guest molecules are of great interest because of their extensive application 

in fields of bio-sensing and bio-imaging, drug and gene delivery, electronics, energy 

production and regenerative medicine [1-7]. Cyclodextrins (CDs) are obtained from 

the enzymatic degradation of one of the most essential polysaccharides, starch. The 

core of their structures contains dimensionally stable cavities that can trap or 

encapsulate other molecules through non covalent interaction. The outer part of 

their cavities are hydrophilic in nature due to the large number of hydroxyl groups 

while the inner part of the cavities are lined with skeletal carbon and ethereal 

oxygen moieties of the glucose residues which make it relatively apolar and create a 

hydrophobic micro environment[8-10](Scheme 1). On the other hand, Ionic liquids 

(ILs) (Scheme 2) with hydrophobic long chain have unique properties, such as 

“green” alternative to the conventional and environmentally detrimental volatile 

solvents, negligible vapour pressure, excellent thermal stability, strong ability to 

dissolve many chemicals, high electrical conductivity, large electrochemical window, 

and ability of repetitive utilization. All the unusual properties help IL to be broadly 

applied in material syntheses, chemical reactions, separations, electrochemistry and 

formation of ordered molecular assembly [11-12]. The term self-assembly refers to 

quite a fascinating phenomenon where unassociated, disorderly molecules come 

together in some fashion to form organized structures without any external stimuli 

[13]. 

          In our previous work [14] we successfully addressed inclusion through 

hydrophilic-hydrophobic interaction of IL with β-CD. Herein, we present a 

physicochemical and spectroscopic investigation for inclusion of the IL with α-CD 

and β-CD by easily available techniques. 
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4.2. Experimental Section 

 

4.2.1. Materials 

The investigated compounds e.g., IL , α-CD and β-CD of puriss grade ware 

procured from Sigma-Aldrich, Germany and used as purchased. The mass fraction 

purity of IL, α-CD and β-CD were ≥ 0.99, 0.99 and 0.98 respectively. 

 

4.2.2. Apparatus and procedure 

 

         Solubility of the chosen compounds have been precisely checked and observed 

that the selected IL, α-CD and β-CD are freely soluble in triply distilled and degassed 

water (with a specific conductance of 1×10-6S∙cm-1). Experimental solution of IL was 

prepared by mass (Mettler Toledo AG-285 with uncertainty ±0.0003g), and then the 

working solutions were obtained by mass dilution at 298.15 K.  

        The surface tension experiments were done by platinum ring detachment 

method using a Tensiometer (K9, KRŰSS; Germany) at the studied temperature. The 

precision of the measurement was within ±0.1 mN∙m−1. Temperature of the system 

has been maintained circulating auto-thermostated water through a double-wall 

glass vessel containing the solution. 

           The conductance measurements were carried out in a Systronic-308 

conductivity meter (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 completed in a water bath maintained within T = (298.15 ± 

0.01) K. 

       The solution and solvent densities (  ) were measured by means of vibrating u-

tube Anton Paar digital density meter (DMA 4500M) with accuracy of ±0.00005g cm-

3 maintained at ±0.01K of the experimental temperature. It 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.  
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4.3. Results and Discussion 

 

4.3.1. Surface tension 

           Surface tension (γ) measurements can be used to elucidate whether inclusion 

can happen or not but also to interpret the stoichiometry of inclusion complexes 

[15]. It was proved that no remarkable change occurs for the surface tension of pure 

water when α- and β-CD are added in water, indicating that α- and β-CD are almost 

surface inactive compounds in pure water mixtures [16]. γ values increase with 

addition of CDs are due to the fact that surface activity decreases with increasing no. 

of CD molecules into the IL (Scheme 3 and 4) solution. Each curve, Fig.1 (a) and 1(b), 

clearly shows a single break point in surface tension at a certain concentration, i.e., 

the γ values increase with the increase in concentration, reach a certain point (break 

point), and then become approximately steady, which obviously indicates the 

formation of selective 1:1 inclusion complex. By examining the details of γ- values 

(Table-1) it is understood that β-CD is more efficient for the formation of inclusion 

complexes than α-CD. This is evidently due to the fact that β-CD provides more 

workable feature (Scheme 1) for the formation of feasible inclusion complexes than 

α-CD. Also, we envisage the non-polar tail group of the IL to be inserted via the 

wider rim through hydrophobic and hydrophilic interaction, so as to make 

maximum contact with the CD cavity (Scheme 3 & 4), while the charged polar head 

side remains either in the wider rim of CD or in the bulk solution through H-

bonding. 

 

4.3.2. Conductivity study 

          The selected IL is freely soluble in water. The solution conductivity of IL is 

markedly altered by the addition of CDs. The dependence of specific conductivity of 

IL, as reported earlier [17-18], with both CD concentrations at 298.15K are depicted 

in Fig.1c & d. Through this method the stoichiometry of the inclusion complexes can 

be deduced from the breaks (Table 2) in the conductivity curves [19-20]. The 

remarkably decreasing specific conductivity with increasing CD concentrations 

indicates the Inclusion complex formation between CD and the hydrophobic part  of 

the IL one by one and hence movement of the IL is restricted and the free ions per 

unit volume is decreased; as a result the conductivity decreases. At a certain 
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concentration of CDs, this linear decrease of specific conductance with IL 

concentration halted rather abruptly to show no or little further decrease with 

further CD additions and which represents the saturation point of inclusion. A 

distinct break in the conductivity curve occurred at a concentration of about 5.0 

mmol L-1 for CDs, suggesting that the stoichiometry of the Inclusion complex is 

equimolar [21]. This indicates that the principal inclusion complexes of CDs with IL 

in this range are of 1:1 ratio which indicates that the IL are almost totally in 

complexed form. This definitely illustrates that both the CDs have the favorable 

structures for the formation of selective inclusion complexes with the investigated 

IL. This is also supported by the above mentioned surface tension experiment. 

 

4.3.3. UV-Vis Spectroscopic study 

        Absorption spectra used to confirm the formation of inclusion complex. In this 

study, absorption spectrum of the studied compound was taken into consideration 

[21-22]. Since α-CD and β-CD have almost no absorption throughout the 

wavelength; hence, their absorbance can be neglected [21]. Absorption spectra for IL 

found similar at most of the points along the wavelengths recorded which shows 

that the absorbance arises from IL only. Whereas, inclusion complexes show 

increased intensity at 224 nm due to the inclusion phenomena between CDs and IL 

(Fig. 1e and f). The same phenomenon has been observed by Wang et al. [23] in their 

interaction studies of β-CD and orange G. The UV-Visible spectra shows that the 

absorbance values increase with increasing CD concentrations while the 

concentration of IL remains the same. It indicates that the solubility of guest 

molecule (IL) increases upon forming the Inclusion complexes [24]. Since the alkyl 

part of IL more likely to enter the hydrophobic cavity of the CD in each case, 

stoichiometric ratio of inclusion complexes should be theoretically 1:1. A very good 

linear relationship was obtained for 1/A vs. 1/[CD] from the Hildebrand-Benesi 

Equation[25]. This reciprocal plot clearly indicates the stoichiometry ratio for the 

inclusion formation between IL and CDs are 1:1. The same phenomenon has been 

observed by Wang et al.[23]by using a derivative of sulphonated azo compound like 

orange G to form inclusion complex with β-CD. From the reciprocal plot (Fig.S1a and 

S1b) the apparent formation constant (K) were calculated 850 L.mol-1 for α-CD and 

2553 L.mol-1 for β-CD respectively. Thus, higher value of formation constant for β-
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CD suggests inclusion is more favorable for β-CD in comparison to that of the α-CD. 

The spectroscopic results also support surface tension and conductometric outcome. 

 

4.3.5. Thermodynamical aspects 

 

          Table 3 clearly depicts that the 0#
1 (free energy of activation of viscous flow 

per mole of solvent) and 0#
2 (free energy of activation of viscous flow per mole of 

the solute) values are positive and almost equal for all the solvent composition for 

each CDs [26-27]. This may be due to the fact that IL–co-solute (CD) interactions in 

the ground state are almost same as in the transition state. In other words, the 

solvation of IL in the transition state is also favorable in terms of free energy. As
0# 0#
2 1   then according to the Feakins model [25], the solutes (IL) behave as 

structure-makers. This indicates that the solvation of the IL in the ground state 

becomes increasingly favorable as the number of carbon atoms (hydrophobicity) of 

the side chain is appropriate for inclusion. The positive activation enthalpy (∆H*) 

values of the mixtures are suggesting that the formation of activated species for 

viscous flow becomes difficult as the amount of IL in the mixtures increases. The 

negative values of T∆S*, which increase with increasing temperature of the system, 

for all the studied mixtures, suggests that the net order of the system decreases as 

the temperature of the solution increases. That is with increasing temperature of the 

system the total free energy of the system becomes smaller. Therefore the 

possibility of the inclusion is favorable with the rise in temperature as well as the 

mass fraction of CDs. The ∆H* and ∆S*quantities contain contributions from the 

following processes: (i) formation of the IL-CD complex due to non-covalent 

interactions (H-binding, van der Waals forces, hydrophobic and electrostatic 

interactions and steric effects), (ii) dehydration (release of water molecules) of the 

CDs during the molecular interactions, (iii) hydration of the Inclusion complex by 

the surrounding water molecules and (iv) conformation changes during formation of 

Complex (Liu et al. 2002). The entry (i) ,(ii) and  (iii) signify that during these 

processes the values of  entropy of interaction are always negative. Interestingly, the 

contribution from process (iv) cannot be considered because the CD molecule is not 

flexible and does not allow the change of its conformation upon binding with a guest 
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molecule and retain the same conformation before and after the inclusion with IL 

[14,28]. The more negative  T∆S* values in IL+ aq. β-CD than IL+ aq. α-CD comprises 

inclusion is more appropriate  in the former case than later. 

 

4.4. Conclusion 

            Thus from thermodynamical, structural and the experimental evidences it can 

generally be concluded that there are four energetically favorable interactions that 

shift the equilibrium towards the formation of inclusion complex: one, the 

displacement of existing polar water molecules from the apolar cavity of CDs. Two, 

the formation of extended hydrogen bonds by the primary and secondary hydroxyl 

(-OH) groups and rest of the water molecules that open a face for incoming the guest 

molecule. Three, a reduction of the repulsive interactions between the hydrophobic 

guest and the aqueous surroundings. And finally, there is an increased hydrophobic 

interaction as the guest inserts itself into the apolar cyclodextrin cavity. Also, the 

bindings of IL molecule with the CDs are not fixed or permanent but a dynamic 

equilibrium and the binding strength depend on the specific local interactions 

between surface atoms. The key factor that stabilises the inclusion complexes is the 

steric effect and it depends on the relative size of the CD to the size of the guest 

molecule or certain key functional groups within the guest molecule. Since, the IL 

molecule is the mark on size; it gets fitted properly into the CD cavity and form 

selectively stable1:1 inclusion complex (scheme 5).Thus, in a word the inclusion of 

α-CD is comparatively less effective (scheme 6) than that of the β-CD. 
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Tables 
Table 1. Values of surface tension at the break point (γ) with corresponding 

concentration of IL in different mass fraction of aq. α-CD and aq. β-CD at 

298.15Ka.        

mass fraction 

(w) 

IL in α-CD IL in β-CD 

conc 

(m) 

γ 

/mNm-1 

conc 

(m) 
γ /mNm-1 

w1=0.001 0.05 54.95 0.05 55.14 

w1=0.003 0.05 57.46 0.05 57.35 

w1=0.005 0.05 59.98 0.05 59.13 

aStandard uncertainties u are: u(T) =0.01K,  bw1 and w2 are mass fractions of α- and 

β-cyclodextrin in aqueous mixture respective 

 

Table 2. Values of Specific conductance at the break point (κ) with 

corresponding concentration of IL in different mass fraction of aq. α-CD and 

aq. β-CD at 298.15Ka . 

mass fraction (w) conc (m) κ /S.m-1 conc (m) κ /S.m-1 

 IL inα-CD IL inβ-CD 

w1=0.001 0.05 2.79 0.05 2.78 

w1=0.003 0.05 2.36 0.05 2.31 

w1=0.005 0.05 2.10 0.05 2.04 
aStandard uncertainties u are: u(T) =0.01K 

 

Table 3. Values of  0
1 , 0

V (aqueous) , 0# , T∆S#, ∆H#, for IL in different mass 

fraction of  aq. α-CD and aq. β-CD at 293.15 to 313.15K respectively. 

 

Thermodynamic 

Parameters 

0 6
1 10

/m3·mol-1 

0#
1 / 

kJ·mol-1 

0#
2 / 

kJ·mol-1 

0# / 

kJ·mol-1 

T∆S#/ 

kJ·mol-1 

∆H#/ 

kJ·mol-1 

w1= 0.001 

293.15K IL+α-CD 17.026 58.86 58.87 58.86 -12.36 46.50 
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IL+ β-CD 18.038 60.43 60.44 60.43 -13.66 46.77 

303.15K 
IL+α-CD 17.045 58.48 58.49 58.48 -14.19 44.29 

IL+ β-CD 18.061 60.21 60.22 60.21 -15.16 45.05 

308.15K 
IL+α-CD 17.074 58.26 28.27 58.26 -14.89 43.37 

IL+ β-CD 18.085 60.11 60.10 60.10 -15.95 44.15 

w1= 0.003 

293.15K 
IL+α-CD 17.026 58.86 58.87 58.86 -13.78 45.08 

IL+ β-CD 18.038 60.43 60.44 60.43 -14.81 45.62 

303.15K 
IL+α-CD 17.045 58.49 58.50 58.49 -14.65 43.84 

IL+ β-CD 18.061 60.22 60.23 60.22 -15.67 44.55 

313.15K 
IL+α-CD 17.074 58.86 58.87 58.86 -15.38 42.48 

IL+ β-CD 18.085 60.11 60.12 60.11 -16.16 43.95 

w1= 0.005 

293.15K 
IL+α-CD 17.026 58.27 58.28 58.27 -15.11 43.16 

IL+ β-CD 18.038 60.44 62.45 60.44 -16.09 44.35 

303.15K 
IL+α-CD 17.045 58.49 58.50 58.49 -15.97 43.52 

IL+ β-CD 18.061 60.24 60.23 60.23 -16.93 43.30 

313.15K 
IL+α-CD 17.074 58.87 58.88 58.87 -16.25 42.62 

IL+ β-CD 18.085 60.12 60.13 60.12 -17.30 42.82 
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Figures 

 

 

 
 

Fig.1 (a) Curve of γ/mN.m-1 vs. Concentration (m) of IL and α-CD solution.   (b) 

Curve of  γ/mN.m-1 vs. Concentration(m) of IL and β-CD soln. (c)The Curve of  

Conductivity vs. Concentration of IL and α-CD Solution.(d) Curve of 

Conductivity vs. Concentration of IL and β-CD solution. (e) Absorbance vs. 

Wavelength of IL and α-CD solution. (f)Absorbance vs. Wavelength of IL and β -

CD solution 
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Schemes 
 

 
  

Top view                                                     Side view 

Scheme 1. Molecular structure and approximate geometric dimension of α-CD 

and β-CD. 

 

  

 CH3

6.06Å

I

 
Scheme 2. The molecular structure of 1-butyl-4-methylpyridinium iodide 

 

 

 
Scheme 3. The plausible stoichiometries inclusion ratio of host:guest 

molecules. 
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cyclodextrin

guest molecule

restricted inclusion

feasible inclusion

guest molecule

narrow rim wider rim

Scheme 4. The feasible and restricted inclusion. 

Scheme 5. Schematic representation of convincing mechanism of 1 : 1 

inclusion complexes' insight into β-cyclodextrin with the titled ionic liquid. 

Scheme 6. The efficiency of inclusion with increase in mass fraction of CD. 
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CHAPTER V 

 

STUDY OF DIVERSE INTERACTIONS OF IONIC LIQUID IN DIFFERENT 

CELLOSOLVES WITH THE MANIFESTATION OF SOLVATION 

CONSEQUENCE 

 

5.1. Introduction 

            Ionic Liquids (ILs) having combination of organic-organic and organic-inorganic 

cations/anions are of great interest in the current chemical field. Their intrinsic 

physicochemical properties make them “designer solvents” or “green solvent”[1], such 

as the favourable solubility of organic and inorganic compounds, negligible vapour 

pressures, low melting points, high thermal stability, solvated many organic, inorganic 

and polymeric materials, adjustable polarity, selective catalytic effects, chemical 

stability[2]. In addition, along with these exceptional properties, ILs are used as heat 

transfer materials for processing biomass and electrically transport liquids as 

electrochemical tool in electrochemistry [3,4]. Imidazolium cation based ILs are highly 

thermally stable, lager commercial available prominent bio-applications [5]. ILs having 

large anions are also susceptible to additional interactions with polar solvents. 

      Alkoxy-alkanols (or cellosolves) are very interesting solvents having the ability to 

form intra- and intermolecular hydrogen bonds with various electrolytes (viz., ILs) [6-

7]. They are the most well-known solvents with protic and self-associated properties 

[8-13]. Upon interaction of ILs with these cellosolve generate interesting properties due 

to specific interactions, hydrogen bond effects, ion-dipole interaction [14], etc. A 

detailed understanding of the nature of interaction of simultaneous presence of the 

ether (-O-) and hydroxyl (-OH) groups in the same solvent and the corresponding 

alkoxy alcohols with ILs are of immense important from both the practical and 

fundamental view points. Alkoxy alcohols are used as solvents for enormous purposes 

such as varnishes, dyes, and resin industries. 

        In the present work, herein we report conductivity, density, viscosity and FT-IR 

spectroscopy to ascertain the molecular interaction and ion association of the IL in the 
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congener series of cellosolves (methoxy, ethoxy and propoxy alcohol) at 293.15K, 

303.15K and 313.15K respectively. 

 

5.2. Experimental Section 

 

5.2.1. Source and purity of Materials 

            The room temperature 1, 3-dimethylimidazolium methyl sulfate ionic liquid 

selected for this work was of puriss grade and procured from Sigma-Aldrich, Germany 

and it was used as purchased. The mass purity of the IL was ≥0.99. 

All the spectroscopic grade solvents were obtained from Sigma-Aldrich, Germany, and 

used as purchased. The mass fraction purities of 2-methoxy ethanol (ME) is 0.97, 2-

ethoxy ethanol (EE) is 0.99 and 2-popoxy ethanol (PE) is 0.99 (Table 1). 

The purities of the alkoxy alcohols have been checked by measuring their densities and 

viscosities, which were in good accordance with the supplemented literature values [7-

13] and are shown in Table 2. 

 

5.2.2. Apparatus and Procedure 

          Experimental Stock solutions of the IL in the different solvents were prepared by 

mass using Mettler Toledo AG-285 weighing machine having a precision of ±0.0003 g. 

The uncertainty of molality of different solutions was estimated to ±0.0001 mol kg-1. 

Conductivity of the stock solution carried out in dilution method, i.e., addition of the 

pure solvent in a fixed concentration of IL solution of the same solvent. 

         Density (ρ, in g cm−3) of the studied solution measured by Anton Paar digital 

density meter (DMA 4500M) with an accuracy of ±0.00005 g cm−3 at 293.15, 303.15 

and313.15K and maintaining ±0.01 K of the temperature deviation in each studied 

temperature. Calibration of the instrument was completed by triply distilled water and 

by passing dry air. 

         Viscosities of the experimental solution (η, mPas) were measured by Brookfield 

DV-III Ultra Programmable Rheometer having a spindle size-42 with an accuracy of 

±1%. The particulars about the viscometer have previously been depicted earlier [15]. 

        Specific conductivity of the IL in solutions was performed in Systronics-308 
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conductivity meter of working frequency 1 kHz and an accuracy of ±1%. All the 

experimental solutions were positioned in a dip-type immersion conductivity (CD-10) 

cell, having a cell constant of approximately (0.1 ± 0.001) cm−1 .The Cell was connected 

with a temperature controlled water bath to maintain the experimental temperature. 

The cell constant was determined using the method suggested by Lind et al. [16]. 

         Infrared Spectra of the pure solvents and IL in presence of pure solvents were 

recorded by 8300 FTIR spectrometer (Shimadzu, Japan).The details about this 

instrument discussed earlier [17]. 

 

5.3. Results and discussion 

 

5.3.1. Conductivity 

          The concentrations and molar conductance (∧, S m2 mol−1) of the IL in 2-methoxy 

ethanol (ME), 2-ethoxy ethanol (EE) and 2-propoxy ethanol (PE) at different 

temperatures are given in Table 3. The molar conductance (∧) has been obtained from 

the specific conductance (k) value using the following equation: 

(1000 ) /k C           (1) 

Linear conductivity curves (∧ vs. C) were obtained for the electrolyte in ME, EE and PE 

and extrapolation of   0c   was used to evaluate the starting limiting molar 

conductance for the IL. 

 

5.3.2. Ion Pair formation 

         Ion-Pair formation of an IL in the studied solvent can be achieved from the 

conducto metric investigation. All the selected solvents have higher and moderate 

relative permittivity ( 10r  ), thus the conductance data obtained for the IL in various 

studied solvents systems have been analyzed using the Fuoss conductance 

equation[18,19] for the formation of ion-pair [20 ]and it was introduced by Bjerrum in 

1926. For a given set of conductivity data ( ; 1....j j nc  ) the three adjustable parameters are 

obtained from Fuoss equation. In which, 0 , KA and R are the limiting molar 

conductance, association constant and distance of closest approach of ions, i.e., the 
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maximum centre-to-centre distance between the ions in the solvent separated ion- 

pairs respectively. The value of R is assumed to be R = a + d , here, a is the sum of the 

crystallographic radii of the ions and d is the average distance corresponding to the side 

of a cell occupied by a solvent molecule. The value of d obtained from the given 

equation (2), where M is the molecular mass and   is the density of the solvents [21]. 
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  All the symbols used in the above equations signify the usual meanings [22]. The initial 

o values for the iteration procedure are obtained from Shedlovsky extrapolation of the 

data [23]. Input for the program to perform computation is the number of data, n, 

followed by   , o  , T,   , mole fraction of the first component, molar masses, M1  and 

M2  along with Cj , j  values where j =1.....n and an instruction followed to maintain the 

range of R values. The minimum standard deviation δ was calculated by the given 

equation (9); 

   2 2

1

/[ ( ) ]
n

j j
j

cal obs n m


                    (9) 

       Where, n is the number of experimental points and m is the number of fitting 

parameters. Thus by fixing of R value with two parameter fit (m = 2), the conductance 

data were analyzed. For the studied IL in every studied solvent (from ethoxy ethanol to 

propoxy ethanol), no significant minima in the curves of δ vs R were obtained, whereas 

the R values were arbitrarily preset at the centre to centre distance of solvent-

separated ion pair. 

     The values of Λo (S m2 mol−1), KA (dm3 mol-1), and R (Å) obtained by this procedure 

are represented in Table 4. Perusal of Table 4 reveals that the limiting molar 

conductance (Λo, S m2 mol−1) for the electrolyte (IL) gradually decreases from 2-
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methoxy ethanol to 2-propoxy ethanol of the studied solvents. 

The Table 4 also reveals that the association constant of the IL is opposite of the limiting 

molar conductance, which is in order; 

2-propoxyethanol> 2-ethoxyethanol > 2-methoxyethanol 

   Hence the ion-solvent interaction or ion-association increases from lower alkoxy-

alcohol to higher alkoxy-alcohols among the chosen solvents, leading to a lower 

conductivity of IL. 

If we consider the effect of solvent properties (such as viscosity and relative 

permittivity), the discrepancy of conductance data depends upon not only depends 

upon the relative permittivity of the solvents but also vary with the solvent viscosity. 

From the Table 3 and 4, we can support the above facts from the viscosity values, as 

following; the limiting molar conductivity for the IL in are linearly vary with reciprocal 

of the solvent viscosity (1/η) (or fluidity, η-1, (mPa s)-1), i.e.; the electrolyte (IL) in the 

lower viscous solvent, the ∧o (S m2 mol−1) value should increase[24,25] which suggested 

that the solvents viscosity (η, mPa s) is predominant over the relative permittivity (ε), 

in effecting the electrolytic conductance of the electrolyte (IL) under the studied solvent 

conditions. 

     The ion-association of the electrolyte (IL) in pure solvent can also be explained 

through the important characteristics function termed as Walden product. The product, 

Λoη, is the Walden product (Λoη, S m2 mol−1 mPa) and it is a constant at a particular 

condition, are tabulated in Table 5. Walden product decreases arbitrarily from ME to PE 

and then slightly increases in PE at higher temperatures. The decreasing tendency is for 

the increase of η and decrease of Λo values of the IL in the solvents, but the slight 

increase in case of PE at higher temperatures is obviously due to effect of the high 

viscosity. This is realistic because of the effective solvated radius, reff, (Å) of the ions of 

IL is inversely proportional to the Walden product of the ions of IL in the various 

solvent systems [26, 27], 

0
1

6 effr T



                 (10) 

The solvation of molecule (IL) as well as ions in the chosen solvents can be explain by 

(i) Solvation efficiency of IL among the three alcohols: 
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By consideration of the conductivity and ion-pair formation constant value of IL in 

different solvents, we can conclude that the IL mostly prefers the 2-propoxy ethanol 

solvent than other two lower member alkoxy ethanol. 

(ii) Structural influence aspect of the IL and solvents: 

       All the alkoxy alcohols have terminal –OH group and ethereal (-O-) moiety. IL has 

imidazolium cation and methyl sulphate anion. The terminal –OH functional group of 

alcohols interact on the N+ centre of imidazolium ring through ion –dipole interaction 

(Scheme 1). Another contributing factor in the alkoxy alcohols is the ethereal (-O-) 

atom. The lone pair donating tendency of ethereal oxygen increases with the increase in 

alkoxy group (i.e. methoxy, ethoxy and propoxy) of the studied solvents. It may be due 

to the +I effect of alkyl group present in the alcohols and thus +I effect in 2-propoxy 

ethanol is maximum than the other two alcohols. Hence, the interaction is more 

prominent in 2-propoxy ethanol (PE) due to the presence of more lone pair availability 

of oxygen atom, making it stronger interaction with IL (Scheme 2). 

         The preliminary point for evaluations of ionic conductance is Stokes’ law which 

states that the limiting ionic Walden product (λo±η, S m2 mol−1 mPa s) (the product of 

the limiting ionic conductance and solvent viscosity) for any singly charged, sphere-

shaped ion is a function simply of the ionic radius and thus under normal conditions, is 

a constant. The ionic conductances λo± (S m2 mol−1) in different solvents, were 

calculated using tetrabutylammonium tetraphenylborate (Bu4NBPh4) as a ‘reference 

electrolyte’ following the scheme as suggested by B. Das et al. [28]. We have calculated 

the limiting ionic conductivities λo± (S m2 mol−1) in our solvent compositions by 

interpolation of conductance data from the literature [29] using cubic spline fitting. 

Ionic conductivity values given in Table 6 shows that the greater share of the 

conductivity come for the cation than the anion. The Table 6 shows that the 

contribution of ionic conductance values also decrease from ME to PE for the ionic 

liquid (IL). The λo± (S m2 mol−1) values were used for the calculation of Stokes’ radii (rs, 

Å) according to the classical expression [30].  

2

06 A c

F
s

N r
r

                           (11) 
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Ionic Walden products λo±η (S m2 mol−1 mP s), Stokes’ radii rs (Å), and crystallographic 

radii rc (Å) are presented in Table 6. The trends in Walden products Λoη and ionic 

Walden products λo±η for the electrolyte in the solvents are depicted in Table 6. It 

shows that both the ionic Walden products λo±η and Walden products Λoη for the 

electrolyte randomly decreases from ME to PE .The Stokes’ radii rs (Å) are higher or 

comparable to their crystallographic radii rc (Å), this suggests that the ion are solvated 

in the studied solvent medium and this may be due to the low surface charge density. 

The distance parameter R (Å) is the minimum distance that two free ions can approach 

before they combine to form an ion-pair. 

The nature of the curve for the Gibb’s energy changes for ion-pair formation; Go (kJ 

mol1) clearly depicts the tendency for ion-pair formation. The Gibb’s energy change is 

given by the following relationship [31] and is given in Table 5. 

Go = - RT ln KA                 (12) 

The negative values of Go (kJ mol-1) can be ascribed by considering the participation of 

specific interaction in the ion-association process. It is observed from the Table 5 that 

the values of the Gibb’s free energy are all negative, entire all over the solutions and the 

negativity suggests the ion-solvent interaction increases from ME to PE. 

 

5.3.3. Apparent Molar volume 

           The densities of the IL in different solvents increase linearly with the 

concentration at the studied temperatures. For this purpose, the apparent molar 

volumes ( v ) were measured from the solution densities by using given equation 

0 0  / /( ) v M m         (13) 

Where M is the molar mass of the solute, m is the molality of the solution, and   and 0

are the densities of the solution and solvent, respectively. The apparent molar volumes, 

v , were found to decrease with increasing molality (m) of the IL in different solvents 

and increase with rising temperature for the system under investigation. The limiting 

apparent molar volumes were achieved by the following Masson equation [32]. 
0 *

v v vS c                              (14) 

Where, all the symbols have usual meanings. The values of 0
v  and SV* are reported in 
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Table 7. From Table 7 it is clear that 0
v values are normally positive for all the solvents 

and is highest in case of IL in PE. This suggests the existence of strong ion–solvent 

interactions and the degree of interactions increases from ME to PE. On the contrary, SV* 

indicates the extent of ion–ion interactions. The values of SV* show that the extent of 

ion-ion interaction is highest in the case of PE and is lowest in the case of ME. 

Quantitatively the magnitudes of 0
v are much greater than SV*, for all solutions. 

This observation suggests that ion–solvent interactions dominate over ion–ion 

interactions in all the solutions. The values of 0
v also signifies the fact that a higher 

ion– solvent interaction in PE leads to lower conductance of IL in it than in EE and ME. 

 

5.3.4. Temperature-dependent limiting apparent molar volume 

        The variation of 0
v with the temperature of the IL in different solvents can be 

expressed by the general polynomial equation as follows: 
0 2

0 1 2v a a T a T           (15) 

where a0 , a1 , a2  are empirical coefficients depending on the solute and mass fraction of 

the co solute IL, and T is the Kelvin Temperature and their values in ME, EE and PE 

reported in Table 8. 

The limiting molar expansibilities can also be estimated from the following equations: 
0 0

1 2( / ) 2PE v T a a T       (16) 

The limiting apparent molar expansibility, 0
E , is the change in magnitude with a change 

of temperature at fixed pressure. The values of 0
E  for different solutions of the studied 

IL at 293.15, 303.15, and 313.15 K are reported in Table 8. The table shrugs that 0
E is 

positive for IL in all the studied alcohols and studied Kelvin temperatures. This fact can 

attributed to the absence of caging or packing effect for the IL in solutions. Recently it 

has been proved by different scientists that, SV* is not the sole criterion for determining 

the structure-making or breaking nature of any solute. For that purpose, Hepler [33] 

developed a technique for the solute in terms of long-range structure-making and -

breaking capacity of the solute in mixed solvent systems using the following equation: 
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0 2 0 2
2( / ) ( / 2  )P PE vT T a            (17) 

The sign of 0( / )PE T   , is positive or a small negative value, then the molecule is a 

structure maker; otherwise, it is a structure breaker [34]. As is evident from Table 9 the 

values for IL in all the solvents under investigation are positive so are mostly structure 

maker in all the solvent systems. 

 

5.3.5. Viscosity calculation 

      Viscosity is an important transport property for the electrolyte to determine the ion 

– solvent interaction in various investigated solvents. The viscosity data have been 

estimated by Jones-Done equation: 

0( /   1) / c A B c       (18) 

Where,  and 0 are the viscosities of the solution and solvent respectively. The values 

of A-coefficient and B-coefficient are obtained from the plots of 0( /   1)    Vs c  which 

are reported in Table 10. From Table 10 it is evident that the values of the B-coefficient 

are positive, thereby suggesting the presence of strong ion-solvent interactions, and 

strengthened with an increase the solvent viscosity value, in accordance with the 

results obtained from 0
v values explained earlier. The values of the A-coefficient are 

found to very small as compared to B-coefficients. These results point out the presence 

of extremely weak solute–solute interactions. These results are in wonderful agreement 

with those obtained from SV* values. The extent of solute–solvent interaction obtained 

from the B-coefficient and occurs into the local vicinity of the solute molecules in the 

solutions. Values of the B-coefficient are positive and much higher than those of the A-

coefficient, thereby suggesting the solute–solvent interactions are leading over the 

solute-solute interactions. The higher B-coefficient values for higher viscosity values is 

owing to the solvated solute molecules jointly by the solvent molecules all round to the 

formation of associated molecule by solute-solvent interactions. Further, these types of 

interactions are strengthened with rise in temperatures. Therefore, the trend of ion–

solvent interaction is PE > EE >ME. 
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5.3.6. FT-IR spectroscopy 

From the help of FT-IR spectroscopic investigation the molecular interaction existing 

between the IL and the solvent can be interpreted. The IR spectra of the pure solvents 

and IL in presence of solvents were studied. The stretching frequencies of the key 

groups are given in Table 11. 

In the case of ME, a sharp peak is observed at 3414.27 cm-1 for O–H which shifts to 

3409.05 cm-1 on addition of 0.05M of the ionic liquid, [MMIm] MSO4, due to the 

interaction of [MMIm]+ or [MSO4]- with the O–H dipole showing ion–dipole interaction 

which is formed due to the disruption of intra-molecular H-bonding interaction in ME 

molecules. 

    Similar types of interactions are observed in the case of EE and PE where the sharp 

peak for O-H group shifts on addition of [MMIm]MSO4 due to the formation of ion–

dipole interaction between [bmmim]+ or [MSO4]- with O-H group of solvents. 

Consequently, the disruption of weak H-bonding interaction occurs in the pure solvent 

systems [22, 36]. Therefore, the molecular interaction existing in these solvent systems 

can successfully ascribe from the shifting of stretching frequency (Table 11). 

 

5.4. Conclusion 

      Extensive study reveals that the investigated IL in these industrial solvents mainly 

exists as Ion pair. ∧ values suggest molecular interaction increases from ME to PE ( 

Scheme 3). The results of KA indicate IL is more associated in the PE than the other two 

solvents. Go values imply the overall process for ion-dipole interaction and ion-

association of the IL in the studied solvents are feasible. Density and viscosity 

measurements provide the information about ion-dipole interaction, and show the 

solute-solvent interaction for this system is higher than the solute-solute interaction. 

FT-IR studies definitely recommend the ion-dipole interaction in each binary system 

(IL+alkoxy alcohols). Formation of ion pair was confirmed and well established from 

the transport, volumetric and spectroscopic studies. 
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Tables 
Table1. Sample descriptions. 

Chemical name Source CAS No. 
Purification 
method 

Final mass 
Purity* 

1,3-dimethylimidazolium 
methylsulfate 

Sigma-Aldrich, 
Germany 

97345-90-9 
Used as 
procured 

≥0.99 

2-methoxy ethanol (ME) 
Sigma-Aldrich, 
Germany 

109-86-4 
Used as 
procured 

≥0.97 

2-ethoxy ethanol ( EE) 
Sigma-Aldrich, 
Germany 

110-80-5 
Used as 
procured 

≥0.99 

2-propoxy ethanol ( PE) 
Sigma-Aldrich, 
Germany 

2807-30-9 
Used as 
procured 

≥0.99 

Described by the supplier* 

 

Table 2. Experimental and literature values of density (ρ), viscosity ( 0   ) and 

relative permittivity (ε) of the solvents at 293 15 K, 303 15K and 313 15K 

temperatures and 0 .101 MPa pressure. 

Solvents ρx10-3 /kg.m-3 0    0 x103 /mPa      ε 

 Lit. Exp. Lit. Exp.  
  293.15K    
ME 0.96465[7] 0.96461   1.99[11]   1.99   17.38[13] 
EE 0.92954[7]   0.92955   2.07[11]   2.08   14.25[13] 
PE 0.91151[7]   0.91152   2.57[12]   2.58   11.76[13] 
  303.15K    
ME 0.95554[7]     0.95553   0.37[11]   1.38   16.56[13] 
EE 0.92045[7]  0.92046   1.61[11]   1.62   13.76[13] 
PE 0.90273[7] 0.90274 2.12[12]   2.13 11.19[13] 
  313.15K    
ME 0.94629[8] 0.94628 0.94[11]  0.95 15.77[13] 
EE 0.91370[9] 0.91371 1.24[11] 1.25 13.07[13] 
PE - 0.89642 - 1.78 10.62[13] 

Uncertinity of the density u (ρ) = 0.0005 g cm-3; viscosity u (η) = 0.01 mPa; 

temperature u (T) = 0.01 K. 

 

 



144 Study of Diverse Interactions…..Consequence                                              

Communicated 

 

Table 3. The concentration (c) and molar conductivity () of IL in 2-methoxy 

ethanol (ME), 2-ethoxy ethanol (EE) and 2-propoxy ethanol (PE) at 293.15, 303.15 

and 313.15K respectively and 0.101 MPa Pressure.  

m x104 

/mol.kg-3 

∧x104 

/Sm2mol-1 
m x104 

/mol.kg-3 

∧x104 

/Sm2mol-1 
m x104 

/mol.kg-3 

∧x104 

/Sm2mol-1 

ME EE PE 

  293.15K    

1.56 26.3 1.33 16.78 1.11 11.57 

2.96 25.55 2.01 16.42 1.53 11.35 

4.14 25.01 2.46 16.13 1.76 11.21 

5.15 24.53 3.34 15.76 2.57 10.87 

6.8 23.66 4.27 15.36 3.48 10.48 

7.48 23.31 5.13 15.03 3.87 10.35 

8.08 23.09 6.44 14.66 4.23 10.13 

8.62 22.81 7.36 14.36 5.11 9.81 

9.54 22.39 8.17 14.01 6.05 9.46 

10.3 22.01 8.74 13.78 7.85 8.89 

10.94 21.76 9.56 13.48 8.84 8.47 

11.49 21.54 10.89 13.06 9.19 8.37 

12.73 21.01 11.68 12.66 10.58 7.88 

14.03 20.38 12.35 12.45 11.35 7.56 

14.67 20.04 13.82 11.97 12.57 7.11 

  303.15K    

1.56 29.15 1.33 18.58 1.11 13.67 

2.96 28.36 2.01 18.23 1.53 13.41 

4.14 27.75 2.46 18.01 1.76 13.31 

5.15 27.21 3.34 17.68 2.57 12.94 

6.8 26.34 4.27 17.45 3.48 12.54 

7.48 26.04 5.13 17.02 3.87 12.41 

8.08 25.77 6.44 16.46 4.23 12.14 

8.62 25.44 7.36 16.12 5.11 11.92 
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m x104 

/mol.kg-3 

∧x104 

/Sm2mol-1 
m x104 

/mol.kg-3 

∧x104 

/Sm2mol-1 
m x104 

/mol.kg-3 

∧x104 

/Sm2mol-1 

9.54 25.01 8.17 15.91 6.05 11.53 
10.3 24.61 8.74 15.58 7.85 10.85 

10.94 24.29 9.56 15.25 8.84 10.57 
11.49 24.14 10.89 14.82 9.19 10.34 

12.73 23.53 11.68 14.58 10.58 9.84 

14.03 22.85 12.35 14.18 11.35 9.58 
14.67 22.48 13.82 13.54 12.57 9.12 

  313.15K    
1.56 32.04 1.33 20.88 1.11 15.68 

2.96 31.38 2.01 20.61 1.53 15.45 

4.14 30.82 2.46 20.34 1.76 15.28 
5.15 30.37 3.34 19.86 2.57 14.94 

6.8 29.58 4.27 19.34 3.48 14.51 

7.48 29.27 5.13 19.05 3.87 14.31 
1.56 32.04 1.33 20.88 1.11 15.68 

2.96 31.38 2.01 20.61 1.53 15.45 
4.14 30.82 2.46 20.34 1.76 15.28 

5.15 30.37 3.34 19.86 2.57 14.94 

6.8 29.58 4.27 19.34 3.48 14.51 
7.48 29.27 5.13 19.05 3.87 14.31 

8.08 28.94 6.44 18.54 4.23 14.18 
8.62 28.74 7.36 18.16 5.11 13.81 

9.54 28.31 8.17 17.88 6.05 13.51 

10.3 27.98 8.74 17.58 7.85 12.79 
10.94 27.73 9.56 17.15 8.84 12.46 

11.49 27.41 10.89 16.75 9.19 12.32 

Standard uncertainties u are: u (m) = 2x10-6 mol kg-1,u (∧) = 1x10-6 S m2 mol-1, u (T) = 

0.01K . 
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 Table 4. Limiting molar conductance (Λo), association constant (KA), co-sphere 

diameter(R) and standard deviations of experimental (δ) obtained from Fuoss 

conductance equation for IL in ME, EE and PE at 293.15, 303.15, and 313.15 K 

respectively and 0.101MPa  pressure. 

 

 Solvents Λo x104/Sm2mol-1 KA /dm-3 mol-1 R/Å ∧(δ) 

  293.15 K   

 ME 29.47 481.54 4.66 0.35 

 EE 19.14 707.27 4.69 0.28 

 PE 14.20 1661.21 4.71 0.33 

  303.15 K   

 ME 32.93 415.10 4.56 0.40 

 EE 21.06 580.51 4.67 0.34 

 PE 16.13 1075.87 4.69 0.31 

  313.15K   

 ME 35.24 299.19 4.48 0.40 

 EE 23.56 528.74 4.58 0.29 

 PE 18.07 712.56 4.68 0.29 
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Table 5. Walden product (Λoη) and Gibbs energy change (Go) of IL in ME.EE 

and PE at 293.15 K to 313.15 K temperatures and 0.101MPa pressure. 

 

 

Solvents 

Λoηx104 Go  

 / S m2 mol−1 mPa.s /kJ mol-1  

  293.15K   

 ME 58.67 -15.05  

 EE 39.75 -15.99  

 PE 36.56 -18.07  

  303.15K   

 ME 45.67 -15.19  

 EE 33.94 -16.03  

 PE 34.26 -17.59  

  313.15K   

 ME 33.19 -14.84  

 EE 29.21 -16.32  

 PE 32.16 -17.10  
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Table 6. Ionic limiting molar conductance (λo± /S m2 mol−1), ionic Walden 

product (λo±η/ S m2 mol−1 mPa s), crystallographic radii (rc/Å) and Stoke’s 

radii (rs/Å) of IL (having [MMIm]+ cation and [MSO4]- anion) in ME,EE and PE at 

various Kelvin and 0.101 MPa pressure 

 

 

Solvents 

λo± x104 λo± ηx104  

rc/Å 

 

rs/Å 

 

 

/S m2 mol−1 /S m2 mol−1 mPas 

   

       

  [MMIm]+ [MSO4]-  [MMIm]+  [MSO4]-  [MMIm]+  [MSO4]-  [MMIm]+  [MSO4]-  

 293.15K          

 ME 19.28 10.19 38.37 20.30 1.32 2.83 1.61 3.05  

 EE 12.52 6.62 26.00 13.75 1.32 2.83 1.62 3.07  

 PE 9.22 4.98 23.74 12.82 1.32 2.83 1.65 3.06  

 303.15K          

 ME 21.34 11.59 27.61 18.06 1.33 2.84 1.45 3.11 

 EE 13.54 7.52 22.59 11.35 1.33 2.84 1.55 3.12 

 PE 10.41 5.72 20.38 13.88 1.33 2.84 1.56 3.13 

 313.15K         

 ME 22.68 12.56 24.33 8.86 1.34 2.85 1.33 3.15 

 EE 14.35 9.21 21.52 7.69 1.34 2.85 1.39 3.19 

 PE 11.97 6.10 18.24 13.92 1.34 2.85 1.47 3.21 
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Table 7. Concentration, m, density, ρ, apparent molar volume, v , limiting 

apparent molar volume 0
v

 ,and exponential slope ( *
vS ) for IL in ME, EE and PE at 

293.15K, 303.15K and 313.15K respectively and 0.101 MPa pressure. 
Solvents m 

/mol.kg-1 
ρx10-3 

/kg.m-3 
v X106 

/m3mol-1 

0
v

 X106 

/ m3mol-1 
SV* X106 

/m3mol3/2kg3/2 
   293.15K   
 0.010 0.96489 180.64   
ME 0.025 0.96545 178.57   
 0.040 0.96606 176.75   
 0.055 0.96675 174.42 186.30 -49.88 
 0.070 0.96745 172.94   
 0.085 0.96825 170.76   
 0.010 0.92977 200.35   
 0.025 0.93015 198.20   
EE  0.040 0.93058 196.32   
 0.055 0.93108 194.09 205.70 -47.55 
 0.070 0.93158 192.82   
 0.085 0.93218 190.73   
PE 0.010 0.91161 211.99   
 0.025 0.91181 209.14   
 0.040 0.91204 207.60   
 0.055 0.91231 206.11 216.60 -43.60 
 0.070 0.91263 204.47   
 0.085 0.91299 202.89   
  303.15K    
ME 0.010 0.95587 182.34   
 0.025 0.95642 180.67   
 0.040 0.95702 178.94   
 0.055 0.95771 176.45 188.60 -52.14 
 0.070 0.95845 174.27   
 0.085 0.95925 172.12   
EE 0.010 0.92068 202.33   
 0.025 0.92109 198.85   
 0.040 0.92155 196.62   
 0.055 0.92208 194.23 208.30 -57.11 
 0.070 0.92265 192.24   
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Solvents m 
/mol.kg-1 

ρx10-3 

/kg.m-3 
v X106 

/m3mol-1 

0
v

 X106 

/ m3mol-1 
SV* X106 

/m3mol3/2kg3/2 
 0.085 0.92322 190.95   
PE 0.010 0.90284 212.95   
 0.025 0.90307 209.40   
 0.040 0.90333 207.68   
 0.055 0.90362 206.30 218.10 -47.98 
 0.070 0.90399 204.24   
 0.085 0.90436 202.91   
  313.15K    
ME 0.010 0.94662 184.13   
 0.025 0.94721 180.74   
 0.040 0.94785 178.58   
 0.055 0.94855 176.44 189.20 -51.44 
 0.070 0.94925 175.22   
 0.085 0.94999 173.93   
EE  0.010 0.91393 203.82   
 0.025 0.91435 199.88   
 0.040 0.91485 196.71   
 0.055 0.91544 193.48 210.8 -67.30 
 0.070 0.91599 192.25   
 0.085 0.91662 190.43   
PE 0.010 0.89654 213.33   
 0.025 0.89677 210.43   
 0.040 0.89709 207.19   
 0.055 0.89744 205.12 219.30 -56.01 
 0.070 0.89788 202.49   
 0.085 0.89816 202.90   
Uncertinity of the density u (ρ) = 0.0005 g cm-3; temperature u (T) = 0.01 K; u (m) = 

0.0002 mol kg-1. 
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Table 8. Values of empirical coefficients (a0 , a1 , and a2 ) of temperature 
dependent apparent molar volume for IL in different solvents (ME,EE, PE) at 
293.15 K to 313.15 K and 0.101MPa pressure. 

 Solvent mixtures 
a0  
/ m3 mol−1 

a1  
/ m3 mol−1K-1 

a2  
/ m3 mol−1K-2  

  293.15K    

 ME+IL -636.5 5.298 -0.008  

 EE+IL 85.04 0.558 -0.0005  

 PE+IL 39.32 1.044 -0.001  

  303.15K    

 ME+IL -636.5 5.298 -0.008  

 EE+IL 85.04 0.558 -0.0005  

 PE+IL 39.32 1.044 -0.001  

  313.15K    
 ME+IL -636.5 5.298 -0.008 

 EE+IL 85.04 0.558 -0.0005 

 PE+IL 39.32 1.044 -0.001 
 
Table 9. Limiting apparent molal expansibilities for IL in different solvents (ME, 
EE, PE) at 293.15 K to 313.15 K and 0.101MPa pressure. 

Solvent mixtures 

0
E x106 

/ m3 mol−1K-1 

0( / )PE T   x106 

/m3 mol−1K-2  
 293.15K   

ME+IL 0.6076 -0.016  

EE+IL 0.2648 -0.001  

PE+IL 0.4577 -0.002  

 303.15K   

ME+IL 0.4476 -0.016  

EE+IL 0.2548 -0.001  

PE+IL 0.4377 -0.002  

 313.15K   

ME+IL 0.2876 -0.016  

EE+IL 0.2448 -0.001  

PE+IL 0.4177 -0.002  
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Table 10. Concentration, , viscosity, η, 0( /   1) / c   , viscosity A- and B-coefficients 

for IL in ME, EE and PE at 293.15 K, 303.15 K and 313.15 K respectively and 

0.101MPa pressure. 

Solvents m 
/mol.kg-1 

ηx10-3 

/mPa.s 
0( /   1) / c  

/m3mol-1 
B 

/ kg3mol-1 
A 

/ kg3/2 mol-1/2 
   293.15K   
 0.010 2.01 0.100   
ME 0.025 2.03 0.127   
 0.040 2.05 0.150   
 0.055 2.07 0.171 0.555 0.041 
 0.070 2.09 0.189   
 0.085 2.11 0.206   
EE 0.010 2.10 0.096   
 0.025 2.12 0.121   
 0.040 2.14 0.144   
 0.055 2.16 0.163 0.581 0.031 
 0.070 2.18 0.181   
 0.085 2.21 0.213   
PE 0.010 2.60 0.077   
 0.025 2.63 0.122   
 0.040 2.65 0.135   
 0.055 2.67 0.148 0.588 0.020 
 0.070 2.70 0.175   
 0.085 2.73 0.199   
  303.15K    
ME 0.010 1.40 0.145   
 0.025 1.42 0.183   
 0.040 1.44 0.217   
 0.055 1.46 0.246 0.798 0.060 
 0.070 1.48 0.273   
 0.085 1.50 0.297   
EE 0.010 1.64 0.123   
 0.025 1.66 0.156   
 0.040 1.68 0.185   
 0.055 1.71 0.236 0.826 0.033 
 0.070 1.73 0.255   
 0.085 1.75 0.274   
PE 0.010 2.15 0.094   
 0.025 2.18 0.148   
 0.040 2.21 0.187   
 0.055 2.24 0.220 0.877 0.009 
 0.070 2.27 0.248   
 0.085 2.29 0.257   
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  313.15K    
ME 0.010 0.97 0.210   
 0.025 0.99 0.266   
 0.040 1.01 0.315   
 0.055 1.03 0.358 1.154 0.088 
 0.070 1.05 0.396   
 0.085 1.07 0.431   
EE  0.010 1.27 0.160   
 0.025 1.29 0.202   
 0.040 1.32 0.279   
 0.055 1.34 0.306 1.214 0.027 
 0.070 1.37 0.361   
 0.085 1.39 0.382   
PE 0.010 1.81 0.168   
 0.025 1.84 0.213   
 0.040 1.88 0.280   
 0.055 1.91 0.310 1.225 0.033 
 0.070 1.95 0.360   
 0.085 1.99 0.403   
Uncertinity of the viscosity u (η) = 0.01 mPa s; temperature u (T) = 0.01 K; u (m) = 

0.0002 mol kg-1, and u (p) = 0.01 mPas. 

 

Table 11. Stretching frequencies of the functional groups present in the pure 

solvent and change of frequency of IL in ME, EE and PE. 

 

 Solvents Stretching frequencies(cm-1)  

  Functional groups Range Pure solvents IL+ Solvent 

      

 ME O-H 3200-3600 3414.27 3409.05 

 EE O-H 3200-3600 3421.17 3416.39 

 PE O-H 3200-3600 3423.53 3417.05 
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Schemes 
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1,3dimethylimidazolium methylsulfate (IL)

[MMIm]+ [MSO4]-

O
HO

2-methoxy ethanol

O
HO

2-ethoxy ethanol

O
HO

2-propoxy ethanol  
    Scheme 1. Molecular structures of IL and studied solvents. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Schematic representation of ion-dipole interaction for the IL in studied 

solvents (+I denote; Inductive effect on operates ethereal oxygen on ME, EE, and PE). 

 
Scheme 3. Extent of solvation consequence. 
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CHAPTER VI 
 

STUDY ON HOST-GUEST INCLUSION COMPLEXATION OF A DRUG IN 

CUCURBIT [6] URIL 

 

6.1.   Introduction 

Encapsulation of drug and its controlled delivery is very important in 

pharmaceutical associated investigations, [1, 2] thus here we have studied the host 

guest inclusion complexation of pyridine-2-aldoxime drug inside into CB [6] in 

aqueous saline medium by various physicochemical contrivance. Supramolecular 

materials are proficient to perform several functions; particularly the targeted drug- 

delivery vehicle is of great interest now a day [3, 4]. Molecular recognition guided by 

supramolecular interactions is an outstanding well-built construction principle of 

molecular assemblies between host and guest with extraordinary physicochemical 

properties [5,6]. The macrocyclic molecule CB [6] is a barrel shaped cavity 

(scheme1) with six methylene-bridged glycoluril units, possesses a hydrophobic 

core (5.5 Å width and 6.0 Å height) and polar carbonyl groups surrounding the 

portals [7]. The uredio-carbonyl groups on both rims are suitable for complexing 

with cationic organic guests through ion–dipole and hydrogen bonding interactions 

[8, 9]. The association constant shown by Shih et al. for 1:1 complexes of n-alkyl 

diammonium ion with CB[6] was in the order of 108 M-1[10]. Therefore, CB [6] has 

excellent complexation properties towards cationic guest molecules [11]. The CB[6] 

macromolecule is sparingly soluble in pure water and in common organic solvents, 

but it is soluble in the range of 10-2 M in strongly acidic aqueous solutions (e.g., 1:1 

formic acid and water) and also in neutral saline water solutions[12-14]. Due to 

these exceptional properties CB[6] behaves as a promising host constituent for drug 

molecules in controlled delivery and nanoscale materials for nanoassemblies 

[15,16]. Besides this application, CB[6] is often utilized for the construction of 

supramolecular architectures, such as (pseudo) rotaxanes, polyrotaxanes and 

molecular necklaces[17-20]. 

Parlidoxime or 2-pyridine aldoxime methochloride (2-PAM) is an oxime base 

drug molecule. In drug industry it has immense importance for nerve stimuli 
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because of its prompt functionality. It is an important drug and acts as a nerve agent 

for the treatment of organophosphorus poisoning in the nervous system [21, 22]. It 

has a suitable charged pyridine moiety and an oxime part resides at C-2 position of 

pyridine ring (Scheme 1). The cationic pyridine moiety helps the 2-PAM for the 

formation of inclusion with CB [6] through non covalent interactions.  

The aim of this work is to develop a reliable approach for the formation of 1:1 

inclusion complex (IC) between the drug (2-PAM) molecule and CB[6] in aqueous 

saline environment. For this purpose, 1H NMR and 2D ROESY NMR, UV-Vis 

spectroscopy, IR spectroscopy, surface tension and conductivity experiments have 

been performed in saline water medium at 298.15K. Due to poor aqueous solubility 

of CB[6] the present work has been carried out in 0.45% (w/v) of saline solution i.e., 

77mM saline[13,14] solution, which is compatible with physiological systems. 

 

6.2. Experimental Section 

6.2.1. Materials 

Pyridine-2-aldoxime methochloride and cucurbit [6]uril of puriss grade were 

procured from Sigma-Aldrich Company, Germany and used as purchased. Purity of 

Pyridine-2-aldoxime methochloride and cucurbit [6]uril  were 0.99 and 0.98 

respectively. The required sodium chloride salt was procured from Merck, having 

0.99 purity.  

 

6.2.2 Preperation of solid inclusion complex 

CB[6] (10 mg, 0.01mmol) and NaCl (59 mg, 1.0  mmol) were dissolved in 

distilled water (2 ml) upon gentle heating. The solution of 2-PAM (3.4mg, 0.02mmol) 

was carefully added to the solution of CB[6] and stirred overnight at 400C.  The 

resulting solution was filtered off and the filtrate was kept for few days until the 

formation of crystalline solid inclusion complex was observed. The sample was dried 

over oven at 1200C temperatures. Then the powdered inclusion complex was used 

for experimental analysis. 
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6.2.3. Apparatus and procedure 

Prior to the start of the experimental work solubility of all the studied 

materials have been precisely checked in triply distilled and degassed water 

(specific conductivity is1.0µS∙cm-1). The 77mM of saline water solution has been 

prepared for the all experimental measurement. All the stock solutions were 

prepared by mass (weighed by Mettler Toledo AG-285 with uncertainty 0.0003 g), 

and then the working solutions were obtained by mass dilution at 298.15K. 

1H NMR and 2D ROESY NMR spectra were recorded on Bruker Avance 300 

MHz spectrometer using saline D2O 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. 

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. 

Fourier-transform infrared (FT-IR) was carried out on a Perkin Elmer FT-IR 

spectrometer (Spectra RXI) with sample prepared as KBr pellets. The spectra were 

acquired in the frequency range 4000−400 cm−1 at a resolution of 4 cm−1 with a 

total of 16 scans. 

The surface tension and conductivity study of this work has been performed 

as described earlier [1, 2]. 

 

6.2.4    1HNMR data 

 δ (300MHz) values for 2-PAM: 4.35 (3H,s), 7.62-7.67 (1H,m), 8.01-8.09 (1H,m), 

8.43-8.19 (1H,m), 8.30 (1H,s), 8.35-8.38 (1H,m). 

δ (300MHz)  values for CB[6]: 4.43 (1H,d,J=15.6Hz), 5.74 (1H,s), 5.77 

(1H,d,J=15.6Hz). 

δ (300MHz) values for IC: 4.45 (1H,d,J=15.6), 4.50 (3H,s),5.75 (1H,s), 5.81 

(1H,d,J=15.6), 7.61-7.65 (1H,m), 8.00-8.06 (1H,m), 8.10-8.16 (1H,m), 8.29 (1H,s), 

8.31-8.36 (1H,m). 
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6.2. Result and Discussion 

6.3.1. NMR study 

The binding interaction between 2-PAM and CB[6] complex can be deduced 

via the chemical shift of proton of the CB[6] molecule[16]. The hydrophobic cavity 

provides a potential inclusion site for the cationic guest molecules, and the polar 

carbonyl groups at the portals allow the CB [6] to bind charged molecules by 

charge–dipole and hydrogen bonding interactions [23-25]. In the structure of CB [6], 

there are twelve methylene (CH2) groups and twelve tertiary C-H groups. The two H 

atoms of CH2 are diastereotropic and show signals at 5.77 ppm (H1) and 4.43 ppm 

(H2) respectively. The tertiary C-H shows signal at 5.74 ppm (H3). Here the H1 

hydrogen is projected toward inside of the cavity, while H2 and H3 are projected 

outward (Scheme 1). In figure 1 chemical shift of the H1 and that of the CH3 group of 

2-PAM is observed, which indicate interaction between them. Therefore, entering of 

the guest molecule in the CB[6] cavity may be confirmed by 1H NMR study. The 

chemical shift (Δδ) of H1 of CB [6] and CH3 of 2-PAM are tabulated in table1 [26, 27]. 

 

6.3.2.   2D ROESY NMR 

1H-1H ROESY is useful for determining which signals arise from protons that 

are close to each other in space, even if they are not bonded. A ROESY spectrum 

yields through-space correlations via spin-spin relaxation. So, 1H-1H ROESY spectra 

can further confirm the structure of IC. Thus it provides information about the 

proximity of the non bonded protons, which are close within 4 Å in space. In this 

study CB[6] and 2-PAM were allowed to interact in saline D2O environment and the 

spectrum has been shown in figure 2, where the 2D ROESY spectra of IC shows no 

correlations observed between the protons of pyridine ring. The result is the same 

with that of the 1H NMR, showing that no interaction existed between the ring 

proton of pyridine and CB[6]. Two cross peaks are found (marked in red circles), 

which clearly indicate the special correlation between the CH3 protons of 2-PAM and 

the H1 proton of CB [6].  This is an inevitable phenomenon since CH3 protons of 2-

PAM locate an adjacent position in the CB [6]. They resonates at 4.50 and 5.81 ppm 

and thus it clearly suggests the methyl group of the 2-PAM was inside in the 
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CB[6]cavity and the pyridinium ring protrudes outside. This study confirms the 

inclusion phenomenon (Scheme 2) of the above host and guest in the studied 

medium [28]. 

 

6.3.3. UV-Vis Study 

The 1:1 binding stoichiometry has been confirmed by the continuous 

variation method (Job’s method) for the studied systems. For this UV-visible 

method, the mole fractions of the guest and the host were varied in aqueous saline 

solution, while the total concentrations of both the guest and the host were kept 

constant (Table S1). If the Job plot exhibits a maximum at 0.5 (the concentration 

ratio of CB[6] to the sum of the concentrations of CB[6] and the 2-PAM), it is 

indicative of a 1:1 binding stoichiometry between the host and the guest molecules 

[29,30]. The Job plot for this complex system were obtained by the ΔA x R Vs R 

plotting (where, ΔA is the difference in absorbance of the 2-PAM with and without 

CB [6] and R=[2PAM]/([CB6] + [2-PAM])), as monitored using UV-visible 

spectroscopy (Figure 3) at 292 nm, reached a maximum at a ratio of 0.5 for [2-

PAM]/([CB6]+[2-PAM]). This behaviour thus denoted that the 1:1 complexes 

between CB[6] and 2-PAM represented the principal species (Scheme 2)  in this 

concentration range. 

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) has been calculated for the IC by 

UV visible spectroscopy as a result of changes in molar extinction coefficient (Δε) of 

the 2-PAM when complexed with CB[6] molecule, which is due to the encapsulation-

induced [29] environment change from the bulk surroundings to macrocyclic 

microenvironments (Table S2).The double reciprocal Benesi–Hildebrand method 

was employed for calculating the binding constant (Ka) for 1:1 host-guest IC. The  

experimental fitting curve of the absorbance reciprocal at 292 nm against the 

concentration reciprocal is once again in good concurrence [29-31] with a 1 : 1 

binding stoichiometry model and provides a binding constant, Ka of 2.21x 105 M-1 ( 

Table 2 and Figure 4).  
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6.3.4. FT-IR Study 

FT-IR spectroscopy is an important tool to investigate the inclusion 

mechanism of the host-guest complexes.  The FT-IR spectra of CB[6], [2-PAM] and IC 

are presented in figure 5. The stretching vibration of interacting groups of pure 

compound and IC are compared, and are reported in table 3 within the range of 

wave number 400-4000 cm-1.   

Inspection of the IR spectrum of the CB[6], the peak around 1742 cm-1 is 

attributed to the carbonyl stretching vibration and the band at 1627 cm−1 arises 

from the O−H bending vibration of water. The bending vibration of methylene group 

of CB[6] appears at 1476 cm−1 and the out-of plane wagging vibration appears at 

1294 cm−1. The asymmetric and symmetric C−N stretching vibrations of the 

glycoluril ring show peak at 1414cm−1 and 1376 cm−1 respectively. The combination 

vibration of C−N stretching, C−C stretching, and C−H bending of the glycoluril ring 

appears at 1327 cm−1; the combination vibration of C−N stretching and N−C−N 

bending of the glycoluril ring appears at 1235 cm−1; and the combination vibration 

of C−N stretching and C−H bending of the glycoluril ring appears at 1190 cm−1 

respectively. The C−C stretching vibration of the glycoluril ring appears at 967 cm−1. 

In-plane and out-of-plane deformation vibrations of the glycoluril ring appear at 

805, 758, and 673 cm−1 respectively. The combination vibration of C−C stretching 

and C−H bending of the glycoluril ring appears at 1149 cm−1 and the N−C−N bending 

vibration appears at 452 cm−1 [32, 33].  

After examination of the data presented in Figure 5 in the region of 4000-

2000 cm-1 that the weak peak positioned at 3694 cm–1 can be assigned O-H 

stretching vibration specific for OH attached to -N═CH group, substituted in pyridine 

ring. In 2-PAM spectrum the most intense bands in the region of 3100cm-1–2700 cm-

1 correspond to C-H asymmetric stretching vibrations in CH3, H-C═ in the aromatic 

ring. The bands positioned at 2369, 2345 cm-1 are specific for N-O bond in 2-PAM. 

The shifting of characteristic vibration band of CB [6] is an indication of 

inclusion of a guest (2-PAM) into the CB [6] cavity. In the analysis of IR spectra of IC, 

the noticeable change of C=O stretching vibration arise at 1730 cm-1 from 1742 cm-1, 

reveals that the 2-PAM resides inside in the cavity of CB[6]. The other characteristics 

stretching vibrations for the IC are also shifted and are tabulated in table3.  Thus, the 
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IR spectrum scrutiny is also in a good agreement of the inclusion phenomena 

(Scheme 2) and supported the above NMR and UV-Vis spectroscopic studies.  

 

6.3.5. Surface Tension study 

2-PAM has a cationic pyridine part and a side chain oxime residue makes it 

considerable surface active material in saline water medium while CB[6] does not 

show any remarkable change in surface tension (γ) compared to pure saline water. 

Here, γ values of 10.0mM solution of 2-PAM has been measured with the increasing 

concentration of CB[6] at 298.15K in the saline solution (Table S3 & S4). The 

observed increasing trend (Figure 6a) of γ with increasing concentration of CB[6] 

may be because of deduction of the drug molecules (surface active) from the surface 

of the solution and inclusion into the hydrophobic cavity of CB [6] to form host-guest 

complexes[34]. From the plot it also indicates that there is a break point at certain 

concentrations after which the line becomes linear. Identification of a single break 

point in surface tension curve not only indicates formation of IC but also gives 

information about its 1:1stoichiometry [35, 36] (Scheme2) of host and guest in the 

IC. The γ value and the corresponding concentrations of CB [6] at break point have 

been listed in Table 4.    

 

6.3.6 Conductivity Study 

The conductivity measurement, in addition, provides analogous indications 

of the 1:1 IC. The specific conductivity (κ) of 2-PAM in the saline water solution of 

CB[6] have been measured to get the information about inclusion complex as well as 

the stoichiometry of the complexes as it contains charged structures [37].  

Conductivity of the 10.0mM solution of the studied drug have been carried out with 

the increment addition of in 10.0mM CB [6] stock solution at 298.15K.  The decrease 

in conductivity (Figure 6b) is due to the inclusion of 2-PAM molecules one by one 

into the cavity of CB[6]. The noticeable change in solution conductivity with the rise 

in concentration (table S4) of CB [6] corresponds to the formation of ICs between 2-

PAM and CB[6]  molecules. At a definite concentration of CB[6], a remarkable 

change, i.e., a discernible break point is observed in conductivity curve [38] 
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suggesting the formation of 1:1 IC. The break in the conductivity curve occurred at a 

concentration (Table 5) of near about 5 mM concentration for CB[6] in the studied 

solvent systems; signify that the stoichiometry of the inclusion complex is almost 1:1 

molar ratio[37, 39]. Although dynamic equilibrium exists between the host and 

guest molecules at that break point, however, the maximum inclusion occurs in this 

molar ratio. Therefore, the shifting of equilibrium favors for the formation of IC. The 

single break point obtained in this experiment is a good correlation for the IC as 

seen from all the above studies. 

 

6.4 Conclusion 

In summary, the studies on the binding interactions of 2-PAM with CB[6] 

provides evidence for the 1:1 stoichiometric inclusion mechanism between the drug 

and CB[6]. The structural viability of the guest in accordance with CB[6], and the 

position of the positive charge on the guest encourage inclusion route. The 

supramolecular assembly of the drug, envisioned in this work, is very potent and 

promising for pharmacological applications and as well as for designing tunable 

artificial molecular devices or nano-materials. The low cytotoxicity and bio-

adaptability of CB[6]-decorated stimuli responsive drug systems investigated here 

may have potential applications in bio-systems for therapeutics. 

  



Study on Host-Guest Inclusion........Cucurbit[6]uril  163   

Communicated 
 

Tables 
Table 1. Change in chemical shifts of interacting potons of 2-PAM and CB[6] 

with  IC. 

Groups 

Free 

molecule(δ) 

/ppm 

Inclusion complex(δ) 

/ppm 

Chemical shift 

change(Δδ) 

/ppm 

-CH3 (2-PAM) 4.35 4.50 0.15 

-H1 (CB[6]) 5.77 5.81 0.04 

 

Table 2. Assoctian constant of IC at 298.15K 

 

Inclusion complex Association costant (Ka) /M-1 

2-PAM@CB[6] 2.2×105 

 

Table 3.  Comparision of  FT-IR stretching vibration of CB[6], 2-PAM with IC. 

 

Groups 

(cm-1) 

Free 

molecule 

(cm-1 ) 

2-

PAM@CB[6] 

(cm-1 ) 

Difference in IR 

band 

(cm-1 ) 

CB[6] 

ν (C=O) 1742 1730 12 

δ (CH2) 1476 1473 3 

ν asym (C-N) 1414 1413 1 

ν sym(C-N) 1376 1374 2 

ν (C-N)+ ν (C-C)+ δ (C-H) 1327 1325 2 

ω (CH2) 1294 1288 4 

ν (C-N)+  δ (N-C-N) 1235 1231 4 

ν (C-N)+  δ (C-H) 1190 1181 9 

ν (C-C)+  δ (C-H) 1149 1152 3 

ν (C-C) 967 965 2 

In plane def of glycoluril ring 800 805 5 

Out of plane def of glycoluril 758 765 7 
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ring 

Out of plane def of glycoluril 

ring 
673 657 16 

δ (N-C-N) 452 438 14 

2-PAM 

ν (OH attached to -N═ CH) 3694 3691 3 

ν sym (═ C-H) 3080 3071 9 

ν asym (═ C-H) 3023 3020 3 

ν sym    (N-O) 3369 2374 5 

ν asym (N-O) 2345 2349 4 

ν, Stretching; δ, Scissoring; ω, wagging; asym, asymmetric ;sym, symmetric; def, 

deformation . 

 

Table 4. Value of surface tension at break point with corresponding 

concentration of CB[6] and 2-PAM at 298.15K 

 

Conc. of CB[6] 

/mM 

Conc. of 2-PAM 

/mM 

Surface Tension 

/mN.m-1 

4.95 5.05 66.36 

 

 

Table 5. Value of conductivity at break point with corresponding 

concentration of CB[6] and 2-PAM at 298.15K 

 

Conc. of CB[6] 

/mM 

Conc. of 2-PAM 

/mM 

Coductivity 

/mS.cm-1 

4.78 5.22 8.24 
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Figures 

 
 

Figure 1. 1H NMR spectra of CB[6], 2-PAM, and IC in saline D2O at 298.15K 

 

 
Figure 2. 2D NMR (ROESY) spectra of IC in saline D2O at 298.15K 
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Figure 3.  Job’s plot of CB[6] and  2-PAM in saline D2O at 298.15K 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Benesi-Hildebrand double reciprocal plot of CB[6] and  2-PAM in 

saline D2O at 298.15K 
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 Figure 5. FT-IR spectra of 2-PAM, CB[6]  and IC. 

 

 

 
 

Figure 6: (a) Variation of surface tension of 2-PAM with increasing 

concentration of CB[6] and (b) Variation of conductivity of 2-PAM with 

increasing concentration of CB[6] at 298.15K. 
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Schemes 
          

 

 

        

 

Scheme 1.  Molecular structure of (a) CB[6] and (b) 2-PAM 
 

 

 

 
 

 

Scheme 2. Plausible schematic representation of 1:1 molecular inclusion of 

CB[6] and 2-PAM 
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CHAPTER VII 
 

STUDY TO EXPLORE INCLUSION COMPLEXES OF IONIC LIQUID 

WITH CYCLIC ETHERS IN LIQUID SYSTEMS 
 

7.1. Introduction 

         Crown ethers show a remarkable range of selectivity for binding with various 

cations, depending on the cavity size of the crown ethers, type of the guest donor 

atoms, and the polarity of the solvent molecules [1-3]. The numerous studies of 18-

crown-6 (18C6) and its derivatives  dibenzo18-crown-6(DBz-18C6) which have the 

highest affinity for ammonium cations, invariably showed a 1:1 stoichiometry with 

both NH4+ and RNH3+ guest cations in solution [4]. Due to these special properties of 

crowns along with Lewis basic character of oxygen atoms, they can build up stable 

complexes (Scheme1) with suitable positive centre (e.g. N+ centre containing IL) of 

guest molecules (Scheme2). Because of these characteristics, there is a wide range of 

applications of crown complexes. They have been proposed as separation agents for 

removing metal ions (i.e., Cs+ and Sr2+) from mixed nuclear and chemical waste [5-

7].  There is also growing interest in the use of crown ethers for radioimmuno 

therapy treatment of carcinomas[8] and for the development of sensors [2] ion 

transport of membrane interfaces [9], as solvent extraction agents [10], in the 

construction of ion-selective electrodes [11, 12], and in liquid chromatography [13]. 

      Ionic liquids having non-volatility with a melting temperature below 1000C, also 

known as liquid organic, molten or fused salts, they have attracted demanding 

scientific importance and even become a “star” material in material research. Due to 

their excellent capability to dissolve an huge range of organic and inorganic 

materials[14], high chemical and thermal stability[15], ILs have emerged as an 

attractive “green” alternative to traditional organic solvents in various fields of 

chemistry viz. synthesis[16], catalysis[15,17],lubrication[18], and separation 

processes[19], etc. Most importantly, some unique and favorable properties 

including wide electrochemical window, high ionic conductivity and inflammability 

[20], ILs are playing an irreplaceable material in utilizing as highly efficient and 
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stable electrolytes for electrochemical and renewable energy applications [21], such 

as lithium batteries [22], fuel cells [23] and dye-sensitized solar cells [24]. 

      In vision of the above, we have tried to ascertain the nature of complex formation 

of 1-butyl pyridinium bromide (IL) with 18-crown-6 and dibenzo18-crown-6 in 

acetonitrile media. Literature survey reveals that no work has been carried out in 

the present ternary systems. 

 

7.2. Experimental Section 

7.2.1. Materials 

          The 1-butyl pyridinium bromide (IL), 18-crown-6(18C6) and dibenzo18-

crown-6 (DBz-18C6) of puriss grade were bought from Sigma-Aldrich, Germany and 

used as purchased. The mass fraction purity of IL, 18C6 and DBz-18C6 were 0.99, 

0.99 and 0.98 respectively. 

 

7.2.2. Apparatus and procedure 

          Solubility of the chosen IL and crown ethers in acetonitrile solution have been 

checked and observed that the IL molecule freely soluble in 0.0012(m)-0.0052(m) 

concentration of 18C6+acetonitrile and DBz-18C6 + acetonitrile binary mixtures. All 

the stock solutions of the investigated molecule were prepared by mass (weighed by 

Mettler Toledo AG-285 with uncertainty 0.0003g), and then the working solutions 

were obtained by mass dilution at 298.15 K.  

           The conductance measurements were carried out in a Systronics-308 

conductivity bridge of accuracy ±1%, using a dip-type immersion conductivity cell, 

CD-10 having a cell constant of approximately (0.1±0.001) cm-1[25]. Conductivity 

experiment was performed in an alternating current having 1 kHz working 

frequency. Measurements were completed in a water bath maintained temperatures 

at 293.15± 0.01K, 298.15 ± 0.01K and 303.15±0.01K.    

      The surface tension experiments were done by platinum ring detachment 

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

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

water through a double-wall glass vessel containing the solution at 298.15 ±0.1 K. 

          The densities (  ) of the solvents and solution were measured by means of 

vibrating U-tube Anton Paar digital density meter (DMA 4500M) with a precision of 

±0.01g cm-3 maintained at ±0.01K of the desired temperature. It was calibrated by 

passing triply distilled, degassed water and dry air. 

           The viscosities (η) of experimental mixture were measured using a Brookfield 

DV-III Ultra Programmable Rheometer with spindle size-42 fitted to a Brookfield 

digital bath TC-500. 

          Refractive indexes of the solution were measured with the help of a Digital 

Refractometer Mettler Toledo. The light source was LED, λ=589.3 nm. The 

refractometer was calibrated twice using distilled water and calibration was 

checked after every few measurements. The uncertainty of refractive index 

measurement was ±0.0002 units.    

 

7.3. Results and discussion 

7.3.1. Conductance 

          The molar conductivity (Λ) of the studied ionic liquid (IL) in acetonitrile 

medium is reported in our earlier investigation [26-28]. The molar conductivity of IL 

in acetonitrile solution was monitored as a function of crown ethers at different 

temperatures. The ensuing molar conductance vs. mole ratio (crown/IL) plots at 

293.15, 298.15, and 303.15 K are shown in Figure 1. In this method stoichiometry of 

the complexes can be easily achieved from the breaks of the conductivity curves [29, 

30]. The notable  decreasing molar conductivity with increasing crown 

concentrations indicates the complex formation between crown and the N+ centre  

of the IL one by one through ionic interaction and hence movement of the IL is 

restricted and the free ions per unit volume is decreased; as a result the conductivity 

decreases. At a particular concentration of crown, this linear decrease of molar 

conductivity with IL concentration arrested rather abruptly to show no or slight 

further decrease with increment addition of crown and which characterizes the 

saturation point of complex formation. A distinct break in the conductivity curve 

happened at a mole ratio (crown/IL) of 1:1, suggesting that the stoichiometry 
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(Scheme 3) of the complex is equimolar and the IL is almost entirely in complexed 

form. From the Fig. 1, it is clear that the corresponding molar conductivity values 

increases rapidly with temperature due to the decrease in solute-solvent interaction 

and accordingly mobility of the charged complexed species are enhanced. This 

categorically illustrates that both the crowns forms exclusively 1:1 stoichiometric 

complexes (Scheme 4) with the investigated IL.  

   

 7.3.2. Thermodynamic parameter derived from association constant: 

            The conductometric method has been extensively used to obtain the 

formation constants of host guest complexes in solution systems [31]. 

Therefore, 1:1 complexation of IL with crown can be expressed by the following 

equilibrium 

                                                                fKM C M C                                                  (1) 

The corresponding equilibrium constant, fK   is given by 

                                     [ ] ( )
[ ][ ] ( ) ( )f

M C f M CK
M C f M f C

 

 

     
                                                             (2) 

where [ M C      ], [M+], [C] and f represent the equilibrium molar concentrations of 

the complex, free IL, free crown and the activity coefficients of the species 

designated, respectively. Under this dilute condition, the activity coefficient of 

uncharged macrocycle, f (C), can be reasonably assumed as unity [32]. By using the 

Debye-Hückel limiting law [33] in Eq. (2) leads to the conclusion that f (M+) ∼

( )f M C      , thus the activity coefficients are cancel out. Therefore the modified 

equation for complex formation in terms of the molar conductance (Λ), can be 

expressed as,  

                                                  
( )[ ]
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          Here, M    is the molar conductivity of the IL before addition of ligand, M C


the molar conductivity of the complexed ion, obs  the molar conductivity of the 

experimental solution during experiment, CC  the analytical concentration of the 

crown added and M
C   the analytical concentration of the IL. The complex formation 

constant, fK , and the molar conductivity of the complex, M C
 , were estimated by 

using the above equations and the values of the  formation constant at different 

temperatures are reported in Table 1. 

           The ∆H◦ and ∆S◦ values were calculated from the corresponding fLnK  and 

inverse temperature plot shown in Fig. 3 and are tabulated in Table 1 with the help 

of van’t Hoff equation (5): 

                                                 f
H SLnK

RT R
 

  
 

                                                   (5) 

      The negative values of enthalpy indicates that the overall energy of the system is 

reduced, i.e., some stabilization interaction occurs  in this system, whereas negative 

values of entropy factor signify that there is an ordered arrangement between IL and 

the crown molecule for the complex formation. Further, the higher negative value of 

enthalpy (∆H0) overcomes the entropic contribution for the overall process and thus 

the complexation process is thermodynamically feasible (∆G0) with enthalpy driven. 

The data shown in Table 1 point out that formation constant fLnK for IL with 18C6 

and DBz-18C6 are higher at lower Kelvin. Also, the fLnK values for 18C6 are 

comparatively higher than DBz-18C6 indicates IL form more stable complex with 

18C6 with lower temperature than other one. It is obvious that the total number of 

donor atoms is the same for both the macrocycles. However, the macrocycles differ 

in: (i) the basicity of the donor atom; (ii) the type of substituents in the macrocycle 

ring; and (iii) the flexibility of the macrocycle ring. Factors (i) and (iii) explain the 

stability order 18C6 > DBz-18C6, since the replacement of two CH2—CH2 units by 

two benzo units reduces the flexibility (unfavourable orientation of donor atoms) 

and reduces the electron density on the oxygen atoms of the macrocycle. 
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7.3.3. Surface Tension 

             Surface tension (γ) measurement is an important tool to provide significant 

information about formation of exceptional complexes as well as stoichiometry of 

the host-guest molecules [34, 35]. IL is a surface active compound due to the unique 

structural features. Interaction of IL with some molecules (here, crown) affects the 

surface property of IL. In this study, hydrophobic alkyl group and an N+ group of IL 

interact with crown (Scheme 1) due to which γ of the IL solution shows decreasing 

trend. With the addition of crown in IL solution the pyridine–N+ group of IL binds to 

the oxygen atom of the crown ether through ionic interaction and the formation of 

complexes occurs rapidly. As a result charged portion of the IL form complex with 

crown and the hydrophobic portion increases i.e., surface tension of the solution 

again decrease slowly [36]. At a certain conc. of IL and crown ether, a single break 

was found in the surface tension curve (Fig. 2) which obviously implies the 

formation of 1:1 stoichiometric complex between IL and crown. By examining the 

facts of γ-values (Table 2) it is understood that 18C6 is more efficient for the 

formation of complexes than DBz-18C6. This is evidently due to the fact that 18C6 

provides more viable features (Scheme1) for the formation of feasible complexes 

than DBz-18C6. 

 

7.3.4. Apparent molar volume  

         The extent of interaction for complexation of solute in solvent (here crown co 

solute treated as a solvent) [37] has also been obtained from apparent molar volume 

measurements. The apparent molar volume is the measure of the sum of the 

geometric volume of the central solute molecule and changes in the solvent volume 

due to its interaction with the solute around the complex co-sphere.  ϕv values have 

been determined from the measured density of the solutions at various 

temperatures (Table 3) and by using the suitable equation. ϕv varies linearly with 

the square root of molal concentration (Table 4) and is fitted to the Masson 

equation, from where the limiting apparent molar volume (ϕvo) has been obtained 

[38]. The limiting molar volume (ϕvo) signifies (Table 5) the solute-solvent 

interactions in the IL + Crown ternary solution systems. The magnitude of (ϕvo) is 

found to be positive for all the systems under study, indicating strong solute–solvent 

interactions [39, 40]. The parameter V
*S  is the volumetric virial coefficient, and it 
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characterizes the pair wise interaction of solute (here IL) species in solution. V
*S  

values (Table 5) are found to be small positive or negative under investigations, 

which suggest that the pair wise interaction is restricted by the interaction of the 

charged functional group of IL with crowns. Also with increase in mass fraction ϕvo 

values increases for a particular temperature. The increasing trends of  ϕvo with the 

raise of mass fractions of crown  indicates  that the ionic interaction between N+ 

centre of IL and O-centre of crown are  stronger than the ionic interaction between 

solute (IL) molecules. These facts also support the data and the results observed 

from surface tension and conductivity study discussed earlier.  

 

7.3.5. Temperature dependent limiting apparent molar volume 

          The variation of 0
V  with the temperature of the IL in aqueous crown 

mixture can be expressed by the general polynomial equation as given below,  

V a a T a T   0 2
0 1 2      (6) 

Where, 0a , 1a , 2a  are the empirical coefficients depending on the solute, mass 

fraction (w1) of the co-solute crown, and T is the Kelvin temperature.  

The limiting apparent molar expansibilities, 0
E , can be obtained by the following 

equation, 

              E V P
δ δT a a T   0 0

1 22      (7) 

The limiting apparent molar expansibilities, 0
E , change in magnitude of  with the 

change of temperature. The values of 0
E  for different solutions of the studied IL at 

293.15K, 298.15K and 303.15K are reported in table 5. The table reveals that 0
E  is 

small positive in all studied temperature. This fact can attributed to the presence of 

small caging or packing effect [41] for IL in solutions. 

 

7.3.6. Viscosity 

           Molecular interaction operating in a viscous material (IL) along with the co-

solutes (crown) can be explained by the viscosity B- and and A- coefficients 

developed by Jones-Dole [42]. In the studied ternary systems the viscosity is found 

to be increasing with increasing mass fraction of crowns (Table 4). The viscosity B-
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coefficients (Table 5) which are an indication of solute–solvent interactions, are 

found to be all positive, and increase with the increasing concentration of 18C6 and 

DBz-18C6, which is considered to arise because of increasing IL and crown 

interaction as well as increase in the solvation [43-45].These types of interactions 

are weakened with rise in temperature and thus the values of B-coefficient 

decreases with increase in temperature. These trends also supported the 

conductance, surface tension and density scrutiny. 

 

7.3.7. Refractive Index and Limiting Molar Refraction   

             Compactness of the complexes can be deduced also from the refractive index 

measurements. The refractive index (nD) and molar refraction (RM) are considered 

as valuable tools for investigating the molecular interactions taking place in solution 

systems (Tables 3 and 5). As the interaction between the solute and the solvent 

(here formation of the complex between IL and crown) increases the medium 

becomes more compact, resulting in a higher value of the limiting molar refraction 

(RM0) [46, 47].Therefore, it is distinct from Figure 4 that the crown complexes are 

more dense or closely packed, which may be explained as due to greater ion solvent 

interactions between IL and crown. With increase in temperature the compactness 

of the solution is to some extent reduced due to the thermal motion of liquids. Thus, 

the molar refraction value decreases with increase in temperature. These findings 

are in good agreement with the results found from all the above measurements. 

 

7.4. Conclusion 

         This study concludes that the selected ionic liquid forms 1:1 stoichiometric 

complexes with both the crown ethers through ionic-interaction. Physicochemical 

investigation for complex formation in ternary system by surface tension, 

conductometric volumetric and refractrometric method is already proved the 

details. Thermodynamic contribution confirms the feasible mechanism of 

complexation. Further, this outcome reveals that complex formation between IL and 

18C6 is more efficient than IL and DBz-18C6. All the findings support the 

complexation process and thus the current work describes its appropriateness 

towards assorted applications in the field of modern biomedical as well as industrial 

areas.  
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Tables 
Table 1. Values of formation constant (LnKf), enthalpy (ΔHo), entropy (ΔSo) and 

free energy change (ΔGo) of   IL and crown complexes in acetonitrile solution at 

three different temperatures and at 101.325 kPa pressure a  

 

 

Guest 

 

Host 

Formation constant 

(LnKf ) 

/M-1 

Enthalpy 

(ΔHo) 

/kJ mol-1 

Entropy 

(ΔSo) 

/J mol-1K-1 

Free 

energy 

/kJ mol-1 

  293.15K 298.15K 303.15K    

IL 18C6 3.73 3.66 3.58 -11.26 -6.76 -9.24 

IL DBz-18C6 3.71 3.63 3.56 -11.27 -6.97 -9.19 
a Standard uncertainties u  are u(T) =0.01K , u(Λ) = ±0.01 S.m2.mol-1, u(m)= ±0.0002 

mol.kg-1  and  u(p)= ±10kPa (0.95 level of confidence) 

 

Table 2: Values of surface tension (γ) at the break point of IL (10×103 mol.kg-1) 

with corresponding concentration of 18C6 and DBz-18C6 in acetonitrile 

solution at 298.15K and 101.325 kPa pressure a 

 

Conc.of 

IL(m× 103) 

/mol.kg-1 

Conc.of18C6 

(m× 103) 

/ mol.kg-1 

Surface 

tension(γ) 

/mN.m-1 

Conc.of 

IL(m× 103) 

/mol.kg-1 

Conc. of DBz-

18C6(m×103) 

/ mol.kg-1 

Surface 

tension(γ) 

/mN.m-1 

5.0 5.0 22.5 5.0 5.0 22.7 
 a Standard uncertainties u  are  u(m)= ±0.0002 mol.kg-1  , u(Λ) = ±0.01 S.m2.mol-1, 

u(γ) =±0.1mN.m-1 and u(T) =±0.01K, and  u(p)= ±10kPa  
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Table 3.  Experimental values of density (ρ), viscosity (η) and refractive index 
(nD) in different concentration  of 18C6 and DBz-18C6 in acetonitrile solution 
at three temperatures and 101.325 kPa pressure a 
Solvent 
conc.(m) 
/mol.kg-1 

Temp 
/K 

ρ∙10-3 
/kg∙m-3 

η 
/mPa∙s 
 

nD 

  18C6 DBz18C6 18C6 DBz18C6 18C6 DBz18C6 

0.0012 
 

293.15 0.78902 0.78914 0.39 0.40   
298.15 0.78669 0.78712 0.38 0.39 1.3420 1.3417 
303.15 0.78501 0.78515 0.37 0.38   

0.0032 
 

293.15 0.79453 0.79461 0.42 0.43   
298.15 0.79264 0.79275 0.41 0.42 1.3426 1.3422 
303.15 0.79096 0.79108 0.40 0.41   

0.0052 
 

293.15 0.79911 0.79925 0.45 0.46   
298.15 0.79717 0.79727 0.44 0.45 1.3429 1.3427 
303.15 0.79516 0.79527 0.43 0.44   

a Standard uncertainties u  are u(T) =±0.01K, u(ρ) = ±10×10-1 g∙cm-3, u(η) =± 0.002 

mPa∙s, u(nD) =±0.0003 and u(T) =±0.01K, u(p)=10kPa, u(m)= ±0.0002 mol.kg-1 

 

Table 4. Experimental values of density (ρ), viscosity (η), refractive index (nD) 
of IL in different concentration of 18C6 and DBz-18C6 at different 
temperatures and at 101.325 kPa pressure a 

Molality 
/mol kg-1 

ρ×10-3 
/kg∙m-3 

η 
/mPa∙s 

nD 

IL + 18C6 

T/ Ka 293.15 298.15 303.15 293.15 298.15 303.15 298.15 

m1=0.0012 
0.0100 0.78919 0.78715 0.78518 0.40 0.39 0.38 1.3422 
0.0251 0.78981 0.78776 0.78579 0.41 0.40 0.39 1.3427 
0.0401 0.79091 0.78882 0.78681 0.42 0.41 0.40 1.343 
0.0552 0.79215 0.79001 0.78801 0.43 0.42 0.41 1.3436 
0.0703 0.79325 0.79095 0.78890 0.44 0.43 0.42 1.344 
0.0855 0.79455 0.79195 0.78986 0.45 0.44 0.43 1.3446 
m1=0.0032 
0.0100 0.79463 0.79273 0.79105 0.42 0.41 0.40 1.3429 
0.0251 0.79499 0.79315 0.79147 0.43 0.43 0.41 1.3434 
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0.0401 0.79585 0.79396 0.79212 0.44 0.43 0.42 1.3439 
0.0552 0.79689 0.79496 0.79318 0.45 0.44 0.43 1.3444 
0.0703 0.79792 0.79579 0.79381 0.46 0.45 0.44 1.3449 
0.0855 0.79881 0.79671 0.79475 0.47 0.46 0.45 1.3454 
m1=0.0052 
0.0100 0.79915 0.79717 0.79520 0.45 0.44 0.43 1.3434 
0.0251 0.79941 0.79743 0.79547 0.46 0.45 0.44 1.3439 
0.0401 0.80011 0.79803 0.79609 0.47 0.46 0.45 1.3444 
0.0552 0.80105 0.79905 0.79695 0.49 0.47 0.46 1.3449 
0.0703 0.80179 0.79981 0.79781 0.50 0.49 0.47 1.3455 
0.0855 0.80271 0.80051 0.79851 0.51 0.50 0.49 1.3461 

IL + DBz-18C6 

m2=0.0012 
0.0100 0.78932 0.78729 0.78532 0.41 0.40 0.39 1.3422 
0.0251 0.78994 0.78791 0.78594 0.42 0.41 0.40 1.3425 
0.0401 0.79116 0.78896 0.78691 0.43 0.42 0.41 1.3429 
0.0552 0.79228 0.79015 0.78805 0.44 0.43 0.42 1.3433 
0.0703 0.79347 0.79106 0.78901 0.45 0.44 0.43 1.3438 
0.0855 0.79475 0.79192 0.78998 0.46 0.45 0.43 1.3443 
m2=0.0032 
0.0100 0.79471 0.79285 0.79118 0.44 0.43 0.42 1.3425 
0.0251 0.79515 0.79327 0.79161 0.45 0.44 0.43 1.3429 
0.0401 0.79606 0.79415 0.79226 0.47 0.45 0.44 1.3432 
0.0552 0.79731 0.79515 0.79316 0.48 0.46 0.45 1.3437 
0.0703 0.79822 0.79605 0.79418 0.49 0.48 0.46 1.3442 
0.0855 0.79912 0.79695 0.79495 0.50 0.49 0.48 1.3446 
m2=0.0052 
0.0100 0.79930 0.79728 0.79532 0.47 0.46 0.45 1.3432 
0.0251 0.79961 0.79756 0.79562 0.48 0.47 0.46 1.3435 
0.0401 0.80038 0.79818 0.79625 0.50 0.48 0.47 1.3439 
0.0552 0.80139 0.79918 0.79752 0.51 0.50 0.49 1.3444 
0.0703 0.80202 0.79994 0.79796 0.53 0.51 0.50 1.3449 
0.0855 0.80297 0.80061 0.79862 0.54 0.53 0.51 1.3454 

a Standard uncertainties u are: u(ρ) = ±0.00005 g∙cm-3, u(η) =± 0.002 mPa∙s, u(nD) = 

±0.0003 and u(T) =±0.01K, u(p)= ±10kPa, u(m)= ±0.0002mol.kg-1 
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Table 5. Limiting apparent molar volume ( 0
V ), experimental slope ( *

vS ), 

viscosity B- and A- coefficient of  IL in acetonitrile mixture of 18C6 and DBz-

18C6 at 293.15 K, 298.15 K and 303.15 K temperatures respectively (101.325 

kPa pressure) a    

 

Molality of crowns 

in acetonitrile(m) b 

/mol.kg-1 

   
0
V ·106 

/ m3·mol-1 

*
VS ·106/ 

m3 · mol- 3/2 ·Kg1/2 

B 

1/kg mol  

A 

1/2 1/2/kg mol  

IL+18C6 in acetonitrile 

293.15 K 

m1=0.0012 283.41 -289.73 1.416 0.106 

m1=0.0032 289.51 -255.79 2.084 -0.192 

m1=0.0052 293.2 -236.9 2.496 -0.251 

298.15 K 

m1=0.0012 280.44 -260.17 1.337 0.137 

m1=0.0032 287.07 -237.83 1.830 -0.108 

m1=0.0052 292.98 -228.21 2.447 -0.250 

303.15 K 

m1=0.0012 278.46 -247.32 1.306 0.151 

m1=0.0032 284.96 -214.49 1.761 -0.096 

m1=0.0052 292.69 -222.25 2.300 -0.229 

IL+DBz-18C6 in acetonitrile 

293.15 K 

m2=0.0012 281.93 -290.13 1.372 0.104 

m2=0.0032 289.51 -272.54 1.808 0.051 

m2=0.0052 290.81 -238.33 2.112 -0.014 
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298.15 K 

m2=0.0012 277.03 -245.97 1.321 0.119 

m2=0.0032 286.73 -244.14 1.777 0.030 

m2=0.0052 290.58 -222.02 2.008 -0.016 

303.15 K 

m2=0.0012 276.98 -242.71 1.157 0.156 

m2=0.0032 284.62 -217.21 1.615 0.058 

m2=0.0052 290.48 -221.51 1.797 0.024 

a Standard uncertainties u  are u(T) =±0.01K, u(m)= ±0.0002 mol.kg-1, u(p)= ±10kPa;  

Where,  b m1 and b m2 are molality of 18C6 and DBz-18C6 in acetonitrile mixture 

respectively  

 

Table 6. Limiting apparent molal expansibilities ( 0
E  ) of IL in different 

concentration (m) of 18C6 and DBz-18C6 solution (w1) at 293.15K to 303.15K 

respectively and 101.325 kPa pressure a  

 

Solvent mixture(m)b 0
E ·106 /m3·mol-1·K-1

 

Acetonitrile +crowns IL+18C6 IL+DBz-18C6 

 293.15K 298.15K 303.15K 293.15K 298.15K 303.15K 

m1  or m2 = 0.0012 1.11 1.21 1.23 5.25 5.34 5.43 

m1  or m2 = 0.0032 0.66 0.67 0.68 0.38 0.39 0.4 

m1  or m2 = 0.0052 1.11 1.21 1.23 0.98 0.99 1.01 

a Standard uncertainties u  are  u(T) =±0.01K, u(m)= ±0.0002 mol.kg-1, u(p)= ±10kPa   

; bm1 and b m2 are mass fractions of 18C6 and DBz-18C6 in acetonitrile mixture 

respectively. 
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Figures 

        
       

Figure 1. Plots of molar conductivity Vs mole ratio of IL-crown complex at 

293.15K, 298.15K and 303.15K respectively. 

 

 

      
 

Figure 2. Plots of surface tension Vs crown Concentration of the IL at 298.15K. 
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Figure 3. Variation of LnKf  Vs  1/T of IL with 18C6(blue line) and DBz-

18C6(brown line) at three differents Kelvin. 

 

 
 

Figure 4. Plot of limiting molar refraction (RM0) of IL against concentration (m) 

of 18C6 (brown) and DBz-18C6 at 298.15 K. 
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Schemes 

                  
Scheme 1. Molecular structures of 18-crown-6 and dibenzo-18-crown-6. 

        

N+
Br-

        
 
Scheme2.  Molecular  structure of 1-butyl pyridinium bromide. 
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Scheme3. Plausible stoichiometric complexation of macrocyclic crowns with 
suitable positive centre. 
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Scheme 4. Plausible mechanism of 1:1 stoichiometric complex of a guest IL 
with 18C6 and DBz-18C6 molecules. 
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CHAPTER VIII 

 
STUDY OF SOLVATION CONSEQUENCES OF 1-BUTYL-1- 

METHYLPYRROLIDINIUM BROMIDE AND CHLORIDE 

PREVAILING IN PROTIC SOLVENT SYSTEM 
 

8.1. Introduction 

            In many academic and industrial research areas, ionic liquids (ILs) have been 

considered as attractive compounds for extensive studies due to their unique 

properties, such as ability to dissolve variety of chemicals, wide liquids range, 

negligible vapour pressure, high thermal stability, large electrochemical window and 

their potential as “designer solvents” and “green” replacements of volatile organic 

solvents used in reaction involving inorganic, organic  and bio-catalysis, etc[1-

3].They are also used in solar cells and battery industries as a heat transfer fluids 

and current  conducting liquids respectively[4-6].These types of  application are 

better  understood by the solvation phenomena and ionic association behavior of 

salts in diverse solvent systems. 

            On the other hand, to examine the nature, mode and magnitude of ion-ion, ion-

solvent interactions in non-aqueous solution systems are of great importance to 

industrialists, technologists and theoreticians as many chemical reactions occurs in 

these solvent systems [7]. 

           The physical properties such as melting point, density, viscosity and 

hydrophobicity or hydrophilicity can be customized by replacing the cations and 

anions [8] of the studied ionic liquids. Polar anionic functional groups (here, Br- and 

Cl-) are able to interact with polar solvents .Owing to their diversity of structural and 

chemical properties they are capable to participate in most types of interactions i.e., 

H-bonding, ion-dipole, dipole-dipole, van der Waals forces[9,10]. 

           Our present work is mainly focused on the comparative study of solvation 

consequences of ionic liquids 1-butyl-1-methylpyrrolidiniumbromide 

([BMPyrr][Br]) and 1-butyl-1-methylpyrrolidiniumchloride ([BMPyrr][Cl]) in 
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Methanol at different temperatures. To ascertain this interaction phenomena FT-IR 

spectroscopic technique is also used in this study. 

  

8.2.   Experimental Section 

 

8.2.1. Source and purity of samples 

         The ILs selected for this work puriss grade were procured from Sigma-Aldrich, 

Germany and used as purchased. The mass fraction purity of the ILs were ≥ 0.99. 

Spectroscopic grade methanol was procured from Sigma-Aldrich, Germany and used 

as purchased. The mass fraction of purity of the methanol was 0.995. The purity of 

the solvent was checked by measuring the density, viscosity and conductivity values, 

which was in good agreement with the literature values as shown in Table 1. 

 

8.2.2. Apparatus and Procedure 

           All the stock solutions of the electrolytes (ILs) in studied solvent were 

prepared by mass (weighed by Mettler Toledo AG-285 with uncertainty 

0.0003g).The working solutions were obtained by mass dilution of the stock 

solutions. 

           The specific conductance of ILs were measured by a Systronics-308 

conductivity bridge of accuracy ±0.01%, using a dip-type immersion conductivity 

cell, CD-10, with a cell constant of approximately (0.1±0.001) cm-1. Measurements 

were carried out in a thermostat water bath maintaining a deviation of ±0.01K from 

the experimental temperatures. The cell was calibrated by the method proposed by 

Lind et al. [11] and cell constant was measured based on 0.01 M aqueous KCl 

solution. During all the measurements, cell constant was maintained within the 

range of 1.10–1.12 cm−1. The conductance data were reported at a frequency of 1 

kHz and the accuracy was ±0.3%.  

           The solvent density and experimental solutions densities (  ) were measured 

by means of vibrating u-tube Anton Paar digital density meter (DMA 4500M) with a 

precision of ±0.00005gcm-3 maintained at ±0.01K of the desired temperature. It was 

calibrated by triply-distilled water and passing dry air. 
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            The viscosities 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 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. It was calibrated against the 

standard viscosity samples supplied with the instrument, water and aqueous CaCl2 

solutions [12]. Temperature of the experimental solution was maintained ± 0.01°C 

using Brookfield Digital TC-500 thermostat bath. Viscosities were measured with an 

accuracy of ±1 %. Each measurement reported herein is an average of triplicate 

reading with a precision of 0.3%. 

               Infrared spectra of ILs in methanol were recorded in 8300 FT-IR 

spectrometer (Shimadzu, Japan). The details of the instrument have already been 

described [5]. 

 

8.3. Results and Discussion 

             The solvent properties are given in Table 1. The concentrations and molar 

conductance (Λ) of ILs in Methanol at different temperatures are given in Table 2. 

Conversions of specific conductance (κ) to molar conductance (Λ) have been done 

by using the following equation. 

Λ = (103 κ) / c                                                                    (1) 

Linear curve (Λ Vs √c) was obtained and extrapolation of √c = 0 evaluated the initial 

limiting molar conductance for the electrolyte at infinite dilution shows in Fig. 1. 

 

8.3.1 Ion-pair Formation 

The ion-pair formation in case of conductometric study of [BMPyrr][Br] and 

([BMPyrr][Cl]) in Methanol are analyzed  using the Fuoss conductance [6] equation. 

The equation was used for analyzing the linear variation conductance data in higher 

or moderate relative permittivity solvents. For a given set of conductivity values (cj 

,j; j = 1…….n), three variable parameters, i.e., 0, KA and R have been derived from 

the said equation. Here, 0 is the limiting molar conductance, KA is the observed 

association constant and R is the association distance, i.e., the maximum centre to 

centre distance between the ions in the solvent separated ion-pairs. There is no 
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precise method[8 ] for determining the R value but in order to  treat the data in our 

system, R value is assumed to be, R = a + d, where a is the sum of  the 

crystallographic radii of the ions and d is the average distance corresponding to the  

side of a cell occupied by a solvent molecule. The distance, d is given by [9] 

 1 /  3d  1.183 M /                                                     (2) 

Where, M is the molecular mass and ρ is the density of the solvent. 

 

Thus, the Fuoss conductance equation may be represented as follows: 
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where, 0  is the limiting molar conductance,  KA is the observed association constant, 

R is the association distance, RX is the relaxation field effect, EL is the electrophoretic 

counter current, k is the radius of the ion atmosphere, ε 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,  is the fraction of solute present 

as unpaired ion,  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 executed using the program proposed by Fuoss. The 

initial 0 values for the iteration procedure are obtained from Shedlovsky 

extrapolation of the data [13]. By putting the no. of data, n, followed by ε, η (viscosity 

of the solvent), initial 0 value, T, ρ (density of the solvent), mole fraction of the first 

component, molar masses, M1 and M2 along with cj, j values where j = 1, 2…….n and 

an instruction to cover preselected range of R values. 

The best value of a parameter is the one when equations are best fitted to the 

experimental data corresponding to minimum standard deviation, δ, for a sequence 

of predetermined R values. The standard deviation, δ, was calculated by the 

following equation, 
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2 2[ ( ) ( )] / ( ) (9)j jcal obs n m      

Where n is the no of experimental points and m is the no of fitting parameters. The 

conductance data were evaluated by fixing the distance of closest approach R with 

two fitting parameters (i.e, m =2). No significant minima were observed in the curve 

of δ Vs R for   studied ILs in methanol and R values were arbitrarily preset at the 

centre to centre distance of the solvent separated ion pair. Thus, R values is assumed 

to be R = a + d, with terms having usual significance. The limiting ionic conductances 

have been calculated from the appropriate division of the limiting molar 

conductivity value of tetrabutylammonium tetraphenylborate as the “reference 

electrolyte” method along with a numerical evaluation of ion-pair formation 

constants (KP≈KA). 

     Finally, the corresponding limiting molar conductance (Λo), association constant 

(KA), co-sphere diameter (R) and standard deviations of experimental Λ (δ) obtained 

from Fuoss conductance equation for  both ILs at 293.15 K, 303.15 K and 313.15 K 

respectively are given in table 3. Table 3 shows that KA values increases with the 

increasing temperature for both ILs. With increasing temperature the number of 

free ions per unit volume decreases and hence the tendency of ion pair formation 

increases. The data in Table 3 reveals that the anion species dependence of the 

association constant of the ionic liquids follows the order: Br- > Cl- . Considering the 

fact that Cl- anion has a much smaller size, higher surface charge density and thus 

stronger electroststic interaction with the cation relative to the Br-.This suggests 

that the high solvation of the Cl- anion significantly reduces its association with the 

cation [BMPyrr+] in methanol, which shapes the order observed experimentally. The 

plausible solvation consequences of the ILs in methanol are depicted in scheme 1 

and 2. 

       The standard Gibbs free energy change of solvation, ΔGo, for ILs in methanol is 

given by the following equation [14]. 
o

AG  RTlnK                                                 (10) 

 The negative values of standard Gibbs free energy obtained from Table 4 reflect the 

consideration of participation of specific covalent interaction in the ion-association 

process. 
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            Table 5 shows the value of ionic conductance (λ0±) and ionic Walden product 

(λ0±) (product of ionic conductance and viscosity of the solvent) along with Stokes’ 

radii (rs) and Crystallographic Radii (rc) of ILs in methanol at different temperatures. 

 

8.3.2. Apparent molar volume 

         The measured values of densities of [PMB][Br]and[PMB][Cl]in Methanol at 

293.15, 303.15 and 313.15 K are reported in Table1. The densities of the electrolytes 

in Methanol increase linearly with the concentration at the studied temperatures. 

For this purpose, the apparent molar volumes V were determined from the 

solution densities using the following equation and the values are given in Table 6. 

      / /V M    m                                                    (11) 

Where M is the molar mass of the solute, m is the molality of the solution,  and 0  

are the densities of the solution and solvent, respectively. The apparent molar 

volumes V were found to decrease with increasing molality (m) of ILs in solvents 

and increase with increasing temperature for the system under study. Which are 

shown in Fig. 2a and b. 

         The limiting apparent molar volumes 0   V were calculated using a least-squares 

treatment to the plots of  V versus √c using the following Masson equation [12]. 

0 *       V V VS c                                   (12) 

Where, 0   V is the limiting apparent molar volume at infinite dilution and *
VS is the 

experimental slope.  

      The values of 0   V and *
VS are reported in Table 7. From Table 7 it is observed that

0   V values are positive for both the ILs in solvent and is highest in case of 

([BMPyrr][Br]) compared to([BMPyrr][Cl])]. This indicates the presence of strong 

ion–solvent interactions and the extent of interactions increases from 

([BMPyrr][Cl]) to ([BMPyrr][Br]). 

On the contrary, the SV* indicates the extent of ion-ion interaction. The values of SV* 

shows that the extent of ion-ion interaction is higher in case of ([BMPyrr][Br]) than 

([BMPyrr][Cl]). Owing to a quantitative comparison, the magnitude of 0   V  are much 

greater than SV*, in every solutions. This suggests that ion-solvent interactions 
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dominate over ion-ion interactions in all the solutions. The values of 0   V also 

support the fact that higher ion-solvent interaction in methanol leads to lower 

conductance of ([BMPyrr][Br]) than ([BMPyrr][Cl]) , discussed earlier. 

 

8.3.3. Temperature dependent limiting apparent molar volume 

   The temperature dependent general polynomial equation for 0
V   are as follows, 

V a a T a T   0 2
0 1 2      (13) 

Where, 0a , 1a , 2a are the empirical coefficients depending on the solute, mass 

fraction (w1) of the co-solute ILs, and T is the Kelvin temperature. The values of 

these coefficients are presented in Table 8. 
The limiting apparent molar expansibilities, 0

E , can be obtained by the following 

equation, 

 E V P
δ δT a a T   0 0

1 22       (14) 

   Where, 
0
E  is the change in magnitude with the change of temperature at constant 

pressure. The values of 0
E  for different solutions of the studied ILs at different 

Kelvin are reported in Table 9. The Table 9 reveals that 0
E  is positive for all the ILs 

in the studied solvent and studied temperatures. This fact can be ascribed to the 

absence of caging or packing effect for the ILs in solutions. 

Hepler [15]developed a technique of examining the sign of  PE Tδδ 0 for the solute 

in terms of long-range structure-making and breaking capacity of the solute in the 

mixed solvent systems using the general thermodynamic expression, 

   2
E VP P

δ δT δ δ T a  0 0 2
22                  (14a) 

If the sign of  PE Tδδ 0 is positive or a small negative, the molecule is a structure 

maker; otherwise, it is a structure breaker [16]. From Table 9 the  PE Tδδ 0 values 

for ILs in methanol are small negative implies predominantly that the molecules are 

structure makers in all of the experimental solutions. 

 

8.3.4.    Viscosity calculation 

         The viscosity data have been analyzed using Jones-Dole equation [17]. 
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 0/ 1 /    (1 5 )c A B c        

Where, η and 0  are the viscosities of the solution and solvent respectively. The 

values of A-coefficient and B-coefficient are obtained from the straight line by 

plotting  0/ 1 /    c against c  which are reported in Table 6 and Fig. 3. The 

positive value of B-coefficients indicates the ion-solvent interaction and small 

positive value of A- coefficients indicates the ion-ion interaction in solution. 

          From Table 6, it is clear that the values of the B-coefficient are positive and 

much higher than A-coefficient, thereby suggesting the solute-solvent interactions 

are dominant over the solute-solute interactions. The B-coefficient [18] value 

obtained from the viscosity measurements gives the important information 

regarding the extent of solvation of the solute molecules and the effects on the 

structure of the solvents in the local vicinity of the solute molecule in solution. The 

higher B-coefficient values for higher viscosity values are due to the solvated solutes 

molecule associated by the solvent molecules by solute-solvent interactions. These 

types of interactions are strengthened with rise in temperature and thus the values 

of B-coefficient increases with increase in temperature. These results are in good 

agreement with those obtained from 0
V   and  *

VS  values, discussed earlier. Thus, the 

trend of ion-solvent interaction is ([BMPyrr][Br]) > ([BMPyrr][Cl]). 

 

8.3.5 FT-IR Spectroscopy 

           With the help of FT-IR spectroscopy, the molecular interactions existing 

between the ILs and the methanol can be studied. At first the IR spectra of pure 

methanol was studied. The stretching frequencies of the key groups are given in 

Table 10 and Fig. 4. 

   In case of pure methanol a broad peak is observed at 3384.7, attributed to the H-

bonded O-H vibrational stretching. However, the broad peak is shifted towards the 

narrower peak with low intensity at 3429.8 and 3418.3 in the IR spectra of 

([BMPyrr][Br]+CH3OH) and ([BMPyrr][Cl]+CH3OH) respectively. The shifting of 

frequency indicates that H-bonding between the molecules of the methanol is 

disrupted [18] by the addition of the ILs. This is due to the interaction of the ions of 

ionic liquids (BMPyrr+, Br-, Cl-) with the -OH group of methanol. The plausible H-

bonding interactions between methanol and ILs are shown in Scheme 3. 
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8.4  Conclusion 

         From the thorough study it is evident that the ion-solvent interaction increases 

for both the investigated ionic liquids with increasing temperature. It is also 

pronounced that the ion-solvent interactions is greater for ([BMPyrr][Br]) 

compared to  ([BMPyrr][Cl]) and it can be modulated by changing the anion for a 

particular cation in the same solvent. 
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Tables 
Table 1. Density (ρ), viscosity () and relative permittivity (ε) of the solvents 

at different temperatures. 

solvent Temp (K) ρ · 10-3/kg m-3 /mPas ε 

 

Methanol 

293.15 0.79159 0.594 32.70 

303.15 

313.15 

0.78180 

0.77232 

0.507 

0.449 

- 

- 

 

 

Table 2. The concentration (c) and molar conductance (Λ) of ([BMPyrr][Br]) 

and ([BMPyrr][Cl]) in methanol at 293.15, 303.15, 313.15 K respectively. 

 

c·104/ 

mol·dm−3 

Λ·104/ 

S·m2·mol−1 
 

c·104/ 

mol·dm−3 

Λ·104/ 

S·m2·mol−1 

293.13K 

([BMPyrr][Br])  ([BMPyrr][Cl])] 

6.99 94.09  6.99 95.59 

17.75 90.00  17.75 91.42 

25.64 87.58  25.64 89.22 

31.68 86.00  31.68 87.85 

36.44 85.06  36.44 86.77 

41.96 84.00  41.96 85.75 

47.34 83.00  47.34 84.83 

51.28 82.25  51.28 84.18 

54.30 81.85  54.30 83.74 

56.68 81.25  56.68 83.40 

58.61 80.95  58.61 83.09 

60.20 80.45  60.20 82.86 

61.54 80.12  61.54 82.61 

303.15K 

([BMPyrr][Br])  ([BMPyrr][Cl]) 

6.99 102.26  6.99 104.83 
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17.75 98.25  17.75 100.35 

25.64 96.25  25.64 98.28 

31.68 94.78  31.68 96.87 

36.44 93.69  36.44 95.77 

41.96 92.56  41.96 94.72 

47.34 91.46  47.34 93.77 

51.28 90.78  51.28 93.16 

54.30 90.12  54.30 92.64 

56.68 89.56  56.68 92.44 

58.61 89.12  58.61 92.13 

60.20 88.68  60.20 91.89 

61.54 88.25  61.54 91.61 

313.15K 

([BMPyrr][Br])  ([BMPyrr][Cl])] 

6.99 117.5  6.99 120.15 

17.75 111.52  17.75 113.52 

25.64 108.21  25.64 110.32 

31.68 106.56  31.68 108.25 

36.44 105.12  36.44 106.80 

41.96 103.56  41.96 105.25 

47.34 102.01  47.34 103.72 

51.28 101.12  51.28 102.74 

54.30 100.35  54.30 102.08 

56.68 100.12  56.68 101.57 

58.61 99.45  58.61 101.18 

60.20 99.15  60.20 100.83 

61.54 98.65  61.54 100.58 

 

 

 

 

 



196  Study of Solvation consequence……..Systems 

Published in IJACS 3(4) (2015) 304-314 
 

Table 3. Limiting molar conductance (Λo), association constant (KA), co-sphere 

diameter (R) and standard deviations of experimental Λ (δ) obtained from 

Fuoss conductance equation for ([BMPyrr][Br]) and ([BMPyrr][Cl])] in 

methanol  at 293.15K, 303.15K, 313.15K respectively. 

 

 

 

 

 

 

  

 

 

 

 

 

Table 4. Walden product (Λo·) and Standard Gibb’s free energy change (ΔG◦) 

of [BMPyrr][Br] and [BMPyrr][Cl] in methanol at 293.15 K, 303.15 K and 

313.15 K respectively are given below. 

 

ILs Λo··104/ 

S·m2·mol−1mPa 

ΔG◦/ 

kJ·mol−1 

293.15 K 

[BMPyrr][Br] 78.43 -33.24 

[BMPyrr][Cl] 79.21 -33.14 

303.15 K 

[BMPyrr][Br] 83.98 -33.50 

[BMPyrr][Cl] 84.51 -33.39 

313.15 K 

[BMPyrr][Br] 95.49 -34.08 

[BMPyrr][Cl] 97.74 -33.84 

 

ILs Λo·104/S·m2·mol−1 KA/ dm3mol-1 R/Å Δ 

293.15K 

[BMPyrr][Br] 99.08 54.52 9.94 0.15 

[BMPyrr][Cl] 100.07 53.86 9.80 0.12 

303.15K 

[BMPyrr][Br] 107.42 56.23 9.92 0.11 

[BMPyrr][Cl] 108.09 55.48 9.83 0.15 

313.15K 

[BMPyrr][Br] 123.64 60.35 9.99 0.13 

[BMPyrr][Cl] 126.56 58.55 9.84 0.17 
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Table 5. Limiting Ionic Conductance (λ0±), Ionic Walden Product (λ0±), Stokes’ 

Radii (rs), and Crystallographic Radii (rc) of [BMPyrr][Br] and [BMPyrr][Cl] in 

methanol at 293.15 K, 303.15 K and 313.15 K respectively . 

 

ILs ion λ0± 

(S·m2·mol−1) 

λ0± 

(S·m2·mol−1mPa) 

rs (Å) rc (Å) 

293.15K 

[BMPyrr][Br] BMPyrr+ 56.89 33.79 3.54 3.42 

 Br- 42.19 25.05 1.92 1.95 

[BMPyrr][Cl] BMPyrr+ 57.31 34.04 3.44 3.42 

 Cl- 42.76 25.39 1.83 1.81 

303.15K 

[BMPyrr][Br] BMPyrr+ 58.17 29.49 3.54 3.42 

 Br- 49.23 24.95 1.86 1.95 

[BMPyrr][Cl] BMPyrr+ 58.27 29.54 3.44 3.42 

 Cl- 49.82 25.25 1.85 1.81 

313.15K 

[BMPyrr][Br] BMPyrr+ 68.39 30.68 3.34 3.42 

 Br- 55.25 24.80 1.75 1.95 

[BMPyrr][Cl] BMPyrr+ 70.80 31.78 3.27 3.42 

 Cl- 55.75 25.03 1.90 1.81 
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Table 6. Concentration, c, viscosity, η, ( 1) r

c
, viscosity A and B coefficients for 

[BMPyrr][Br] and [BMPyrr][Cl] in Methanol at 293.15 K, 303.15 K and 313.15 

K respectively. 

Salts 
c  

/mol·dm-3 

η 

/mP·s 
( 1) r

c
 

B 
3 1/dm mol  

A 
3/2 1/2/dm mol  

293.15 K 

[BMPyrr][Br] 0.010 0.61 0.306 

2.473 0.057 
 

0.025 0.63 0.448 

0.040 0.66 0.552 

0.055 0.68 0.639 

0.070 0.70 0.715 

0.085 0.72 0.780 

[BMPyrr][Cl] 0.010 0.61 0.258 

2.312 0.025 
 0.025 0.63 0.391 

 0.040 0.65 0.486 

 0.055 0.67 0.571 

 0.070 0.69 0.639   

 0.085 0.71 0.704   

303.15 K 

[BMPyrr][Br] 0.010 0.52 0.394 

2.509 0.152 
 

0.025 0.56 0.565 

0.040 0.58 0.654 

0.055 0.60 0.745 

0.070 0.62 0.815 

0.085 0.64 0.885 

[BMPyrr][Cl] 0.010 0.52 0.354 

2.337 0.118 

 0.025 0.54 0.489 

 0.040 0.56 0.584 

 0.055 0.58 0.669 

 0.070 0.60 0.741 

 0.085 0.62 0.804 
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Table 7. Concentration, c, density, ρ, apparent molar volume, V, limiting 

apparent molar volume 0
V  and experimental slope for [BMPyrr][Br]and 

[BMPyrr][Cl]at Methanol 293.15 K, 303.15 K and 313 .15 K respectively. 

ILs 
c/ 

mol·dm-3 

ρ·10-3/ 

kgm-3 

V ·106 

/ m3·mol-1 

0
V ·106 

/ m3·mol-1 

*
VS ·106 

/m3·mol-3/2·dm3/2 

293.15 K 

[BMPyrr][Br] 0.010 0.79162 276.87 

293.60 -144.91 
 

0.025 0.79180 268.25 

0.040 0.79209 261.25 

0.055 0.79247 255.36 

0.070 0.79295 250.06 

0.085 0.79348 245.35 

[BMPyrr][Cl] 0.010 0.79161 221.97 

238.02 -141.93 
 

0.025 0.79180 213.05 

0.040 0.79216 205.89 

0.055 0.79265 200.15 

0.070 0.79320 195.44 

313.15 K 

[BMPyrr][Br] 0.010 0.47 0.577 

2.551 0.320 
 

0.025 0.51 0.724 

0.040 0.53 0.828 

0.055 0.55 0.921 

0.070 0.57 0.998 

0.085 0.59 1.069 

[BMPyrr][Cl] 0.010 0.47 0.511 

2.416 0.268 

 0.025 0.50 0.652 

 0.040 0.52 0.752 

 0.055 0.54 0.835 

 0.070 0.56 0.911 

 0.085 0.58 0.978 
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0.085 0.79382 191.35 

303.15 K 

[BMPyrr][Br] 0.010 0.78229 280.17 

297.93 -151.62 
 

0.025 0.78251 271.22 

0.040 0.78288 264.19 

0.055 0.78341 257.28 

0.070 0.78401 252.05 

0.085 0.78471 247.16 

[BMPyrr][Cl] 0.010 0.78227 225.89 

242.5.5 -149.6 
 

0.025 0.78249 215.41 

0.040 0.78285 208.31 

0.055 0.78332 202.53 

0.070 0.78389 197.40 

0.085 0.78453 193.03 

313.15 K 

[BMPyrr][Br] 0.010 0.77237 283.77   

 

0.025 0.77261 273.67 

301.2 -157.3 

0.040 0.77301 265.97 

0.055 0.77355 259.17 

0.070 0.77421 253.95 

0.085 0.77501 249.26 

[BMPyrr][Cl] 0.010 0.77235 228.09 

244.6 -150.1 
 

0.025 0.77259 217.26 

0.040 0.77299 209.86 

0.055 0.77352 204.10 

0.070 0.77419 199.10 

0.085 0.77497 195.01 
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Table 8. Values of empirical coefficients (a0, a1, and a2) of Equation 4 for ILs in 

Methanol at 293.15K to 313.15K respectively. 

 

Table 9. Limiting apparent molal expansibilities ( 0
E ) for ILs in Methanol at 

293.15K to 313.15K respectively. 

 

 

Table 10. Stretching frequencies of the functional groups present in the pure 

Methanol and change of frequency after addition of [BMPyrr][Br] and 

[BMPyrr][Cl] in Methanol  

 

Stretching frequencies(cm-1) 

Solvents Pure Methanol MeOH+ [BMPyrr][Br] MeOH + [BMPyrr][Cl] 

CH3OH O-H (3384.7) O-H (3429.8) O-H (3418.3) 

 

 

solvent mixture a0·106/m3·mol-1 a1·106/m3·mol-1·K-1 a2·106/m3·mol-1·K-2 

MeOH +[BMPyrr][Br] 

293.15K -10.19 1.622 -0.002 

303.15K -10.19 1.622 -0.002 

313.15K -10.19 1.622 -0.002 

MeOH +[BMPyrr][Cl] 

293.15K -960.3 7.605 -0.012 

303.15K -960.3 7.605 -0.012 

313.15K -960.3 7.605 -0.012 

Solvent mixture 0
E ·106/m3·mol-1·K-1  0 6

E P
T 10  /m3·mol-1·K-2

 
MeOH +[BMPyrr][Br] 

T/K 293.15 303.15 313.15  
-0.004 

 0.4494 0.4094 0.3694  

MeOH+[BMPyrr][Cl] 

T/K 293.15 303.15 313.15  
-0.024 

 0.5694 0.3994 0.0894  
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Figures 

 

Figure 1:  Plot of molar conductance () Vs √C of [BMPyrr][Br] in methanol at                 

293.15K ( ▲), 303.15K ( ♦), 313.15K (+ ) and [BMPyrr][Cl] in methanol at 

293.15K (●),  303.15K(■), 313.15K (×). 

 

Figure 2(a): Plot of apparent molar volume V  vs √C of [BMPyrr][Br] at 

293.15K (●),303.15K (▲) and 313.15K(♦). 
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Figure 2(b):  Plot of apparent molar volume ( V ) Vs √C  at  [BMPyrr][Cl] at 

293.15K (●), 303.15K (▲) and 313.15K(♦). 

 

 
 

Figure 3(a):  Plot of (ɳ / ɳ0 -1)/√c Vs √C of [BMPyrr][Br]    at 293.15K (●), 

303.15K (▲) and 313.15K (♦). 
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Figure 3(b): Plot of (ɳ / ɳ0 -1)/√c Vs √C  of [BMPyrr][Cl] at 293.15K (●), 

303.15K (▲) and 313.15K (♦). 

 

 

 
 

Figure 4: IR-Spectra of (a) Pure methanol, (b) CH3OH + [BMPyrr][Cl] and (c) 

CH3OH + [BMPyrr][Br] .  
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SCHEMES 
 

                      
Scheme 1. “Ball and stick” representation of methanol and ions of ILs. 
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Scheme 2. Solvation consequences of ILs at different temperatures. 
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Scheme 3. Plausible polymeric association of methanol through H-bonding in 

path (a) and ion-dipole interaction of ILs and methanol in path (b). 
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CHAPTER IX 
 

INCLUSION OF TYROSINE DERIVATIVES WITH α-CYCLODEXTRIN IN 

AQUEOUS MEDIUM OF VARIOUS pH CONDITIONS BY SURFACE 

TENSION, CONDUCTANCE, UV-VIS AND NMR STUDIES 
 

9.1. Introduction   

       pH-sensitive drug delivery in aqueous systems are gaining importance as these 

systems deliver the drug on specific site as per the physiological need of the 

diseases, resulting in improved patient therapeutic efficiency and compliance[1]. 

Although, significant progress has been made in the cyclodextrins based controlled 

drug delivery systems [2-5], more advancement are required for treating many 

clinical disorders, such as diabetes, rhythmic heart disorders and neuropsychiatric 

disorders, etc. However, dopamine hydrochloride (DH), tyramine hydrochloride 

(TH) and epinephrine hydrochlorides (EH) are important biogenic amine group of 

naturally occurring molecules and acts as neurotransmitters that allow the 

transmission of signals from a neuron to target cells across synapse. Dopamine is 

one of the most physiologically important biogenic amines and, its regulation in the 

central nervous system is prerequisite for homeostasis [6, 7]. Tyramine is also a 

neurotransmitter and act as a catecholamine releasing agent [8]. Epinephrine is a 

hormone and a neurotransmitter, which function as chemical mediators for turning 

over the nerve impulses to effective organs [9]. Epinephrine is also used as a drug to 

treat cardiac arrest and other cardiac disorders [10]. 

          Generally, Cyclodextrins (CDs) (Scheme1) are known to complex a wide variety 

of molecules in their hydrophobic interior [11-15]. The most likely mode of binding 

consists of inclusion of the less polar portion of the guest within the cavity while the 

polar or hydrophilic part of the guest remains in the bulk [16, 17]. It has been 

recognized that the binding forces involved in the inclusion are hydrophobic 

interactions, hydrogen bonding, van der Waals forces, the relief of high energy water 

from the CDs cavity and the relief of conformational strain upon guest incorporation 

[13-16]. It is important to study these weak interactions by physicochemical method 

in various aqueous conditions, for our further understanding the nature of the 
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Inclusion complexes (ICs) to predict new approaches in controlled drug delivery and 

release  [16, 17], analytical [18], material [19, 20],  pesticides, foodstuffs, textile 

processing and other industries, etc. For a variety of reasons, including toxicological 

considerations, formulation, bulk, drug bioavibility and production cost. It is more 

important to use as small amount of CDs as possible in pharmaceutical formulations. 

In this respect, aqueous solubility of α-CD is higher than β-CD, taking more 

advantages for this study (solubility in water (w/v) at 250C: for α-CD is 14.5 mg/mL 

and β-CD is 1.85mg/mL). Moreover, α-CD favors to form stable ICs with the 

neurotransmitters. This is obviously due to the fact that α-CD provides more viable 

features (cavity diameter and cavity volume) for formation of feasible ICs with the 

neurotransmitters so as to make close contact with α-CD than β-CD [21, 22]. The 

determinations of a variety of guest compounds have been developed by exploiting 

the β-CDs [23-25], whereas only a few biological and analytical applications of α-CD 

[7, 8, and 26] have been developed. 

           The aim of this work is to investigate the formation of inclusion complexes 

(ICs) of tyrosine derivatives (DH, TH and EH) with α-CD in aqueous media at pH=7.4 

and at pH=9.0 and compare their efficiency of inclusion with respect to the pure 

water medium. Triply distilled degassed water was used for a reference solution 

(specific conductivity: 1×10-6 S∙cm-1). It is mentioned that, hydrophobicity and the 

ability of neurotransmitters to form hydrogen bonds vary with the change in pH 

medium [27]. Therefore, efficiency of inclusion of the neurotransmitters directly 

depends on the medium of the solution. All these guest molecules have a common 

aromatic ring containing two adjacent -OH groups for DH and EH, and one –OH 

group for TH which may attribute towards the formation of intermolecular and 

intramolecular hydrogen bonds (Scheme 2). They are suitable for the study of the 

effects of polarity, hydrogen bonding and position of the substituent on the host–

guest system.  

 

9.2. Experimental Section 

9. 2.1. Materials 

            Dopamine hydrochloride, tyramine hydrochloride, (±)-epinephrine 

hydrochloride and α-cyclodextrin of puriss grade were procured from Sigma-Aldrich 

Company, Germany and used as received. Purity of dopamine hydrochloride, 
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tyramine hydrochloride, (±)-epinephrine hydrochloride and α-cyclodextrin were 

99%, 98%, 99% and 0.98% respectively. The selected phosphate buffers were 

procured from Merck, India.  

 

9. 2.2. Apparatus and procedure 

       Prior to the start of the experimental work solubility of α-CD and chosen 

neurotransmitters have been precisely checked in triply distilled and degassed 

water (specific conductance  is 1×10-6 S∙cm-1). Stock solution of pH=7.4 and pH=9.0 

were prepared by adding the appropriate amount of buffer into the aqueous 

solution. The pH of the solutions were re-checked and adjusted. All the stock 

solutions were prepared by mass (weighed by Mettler Toledo AG-285 with 

uncertainty 0.0003 g), and then the working solutions were obtained by mass 

dilution at 298.15K. Adequate precautions (viz., maintaining room temperature at 

298.15K through the preparation of the solution, sample kept in a P2O5 Containing 

vacuum desiccator, instant preparation of the solution mixture etc.) for the 

preparation of solutions were made to reduce evaporation losses during mixing. 

          The surface tension experiments were done by platinum ring detachment 

method using a Tensiometer (K9, KRŰSS; Germany) at 298.15K. The accuracy of the 

measurement was within ±0.1 mN∙m−1. Temperature was maintained by circulating 

auto-thermostat water through a double-wall glass vessel containing the 5 mM stock 

solution of neurotransmitters with increment addition of α-CD. Break points are 

calculated by considering the intersection points of each curve. 

        The specific conductance measurements were carried out in a Systronic-308 

conductivity meter (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 completed in a water bath maintained within T = (298.15 ± 0.01)K.    

       UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer, 

with an uncertainty of wavelength resolution of ±2 nm. The measuring temperature 

was monitored by an automated digital thermostat. 

      1H-NMR spectra were recorded at 500 MHz and 400 MHz using Bruker ADVANCE 

500 MHz & 400MHz instruments respectively using D2O at 298.15K. All the signals 

are assigned with respect to the residual protonated solvent signals (D2O: δ 4.79 

ppm).   
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9. 3. Result and Discussion 

9.3.1. Surface Tension 

          Surface tension (γ) measurement provides significant idea about the formation 

of ICs as well as stoichiometry of the host-guest complexes [28]. In aqueous medium 

α-CD does not show any change in surface tension in significant range of 

concentration [29, 30]. Therefore, surface activity of α-CD is negligible in the studied 

medium. On the other hand, neurotransmitters (Scheme 2) have a common 

characteristics in their structures, i.e., they have a hydrophobic –CH2–CH2–Ph [CH2–

CH (OH)–Ph for EH] part and a terminal “-NH3+ [-NH2+ for EH]” part, which makes 

them surface active materials. Hence, γ of aqueous solution as well as pH solutions of 

each of the neurotransmitters are found to be lower than that of pure water and are 

shown in Fig. 1.  The increasing trend of γ with increasing concentration of α-CD is 

due to the inclusion of neurotransmitters into the hydrophobic cavity of α-CD. Each 

curve also shows that there is a single break point at certain concentration after 

which the curve becomes linear. Sighting of break point in surface tension curve not 

only indicates formation of IC but also provides information about its 

stoichiometry,i.e., appearance of single, double and so on break point in the plot 

indicates 1:1, 1:2 and so on stoichiometry of host : guest ICs (Scheme 3)[31]. The γ 

values are reported in Table1 as a function of corresponding concentrations of α-CD 

at each break point. Hence this study proves formation of 1:1 ICs between 

neurotransmitters and α-CD. From the details of γ-values (Table 1) it is understood 

that neurotransmitters are more efficient for the formation of ICs with α-CD in 

aqueous medium than the other two pH medium. This is obviously due to the fact 

that phenyl part of neurotransmitters provides maximum hydrophobic nature in 

aqueous environment for the formation of feasible ICs with α-CD.  The insertion of 

neurotransmitters occurs via the wider rim (inclusion via narrower rim is sterically 

hindered) through hydrophobic and hydrophilic interaction, while the charged polar 

head part remains either in the wider rim of α-CD or in the bulk solution through H-

bonding interaction (Scheme3)[32]. 

 9.3.2. Conductivity  

           The specific conductivity (κ) of neurotransmitters in the experimental solution 

has been measured to get the information about transport property of ICs as well as 

the stoichiometry of the complexes [33]. The considered guest molecules are 
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charged structures (Scheme2) in all the solvent media and have considerable 

conductivity. Conductivity of the experimental solution arises from the ionic 

mobility of ions of the neurotransmitters in presence of α-CD (Fig. 2). The decrease 

in conductivity is due to the inclusion of hydrophobic part of neurotransmitter 

molecules one by one into the apolar cavity of α-CD. The markedly change in 

solution conductivity with the increment addition of α-CD corresponds to the 

formation of ICs between neurotransmitters and α-CD molecules. After a certain 

concentration of α-CD, a marked changed, i.e., a break point, was observed in 

conductivity curve indicating the formation of 1:1 ICs. An unusual break in the 

conductivity curve occurred at a concentration of about 2.5mmol L−1 for α-CD in 

each solvent systems, suggesting that the stoichiometry of the inclusion complex is 

almost equimolar [31, 34]. Conductivity values of each IC are tabulated in Table 2. 

Therefore, the main inclusion complexes of α-CD with neurotransmitters in this 

concentration range are of 1:1 molar ratio which point out that the 

neurotransmitters are almost totally in complexed situation.  

 

9.3.3.  1H-NMR Study 

       Insertion of a guest molecule into the hydrophobic cavity of a cyclodextrin 

results in the modification of the NMR frequencies of the signals of both the host. 1H-

NMR study was used to confirm the host-guest interaction of ICs in the cyclodextrin 

based systems [35]. In the α-CD, the H3 and H5 protons are located inside the cavity, 

mainly; H3 is placed near the wider rim while H5 is placed near the narrower rim. 

The other H1, H2 and H4 hydrogens are situated at the exterior of the α-CD molecule 

(Scheme 1) [36]. Thus when a guest enters into the cavity of α-CD molecule it 

interacts with the H3 and H5 protons, resulting in the upfield chemical shift of these 

protons. The shift is higher for H3 proton as it is located near the wider rim of α-CD, 

through which usually the guest enters, than that of H5 proton which is situated 

near the narrower rim at the interior of α-CD molecule. The other protons e.g., H1, 

H2 and H4 also shows upfield chemical shifts, but the shift is lower compared to H3 

and H5 protons [37]. In our work, neurotransmitters are inserted into the α-CD 

cavity. Hence, chemical shift of the α-CD protons and protons of the 

neurotransmitters are well established for the formation of 1:1 ICs (Figs. 3-5). Thus, 

it holds the conductometric and surface tension investigation. 
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9.3.4. UV-Vis Study 

9.3.4.1. Job’s method (to determine stoichiometry between host and guests) 

         Job’s method of continuous variation was useful to distinguish the 

stoichiometry of the host–guest systems by studying   UV–visible spectroscopic 

investigation [38]. Job plots were obtained by plotting ΔA vs R, where ΔA is the 

difference in absorbance of neurotransmitters with and without α-CD and R= 

[Guests]/([Guests] + [CD]), by varying the mole fraction of the guests 

(neurotransmitters) in the range of  0–1 (Tables S1–S3, supporting 

information)[39,40]. Absorbance values were considered at corresponding λmax for 

each series of solutions at 298.15 K. Maximum deviation of ‘R’  gives the information 

about the stoichiometry of the inclusion complex (IC) (e.g., R= 0.5 for 1:1 complexes; 

R= 0.33 for 1:2 complexes; R= 0.66 for 2:1 complexes, etc.). Thus, from Fig. 6, 

maxima of each plots were attained at R=0.5, which definitely point out 1:1 

stoichiometric inclusion between host and neurotransmitters. 

 

9.3.4.2. Stability studies 

          UV-Vis spectroscopy is an important method to measure not only the 

absorbance of ICs but also we obtain the comparative binding stability of the 

neurotransmitters with α-CD [22, 34, 41]. Since, α-CD has almost no absorption 

throughout the wavelength; hence the absorption of the α-CD can be neglected [34]. 

Therefore, absorption of the guest molecules are taken into consideration [42].  

Absorption spectra for each neurotransmitter in every solvent medium found 

similar at most of the points along the wavelengths recorded which shows that the 

absorbance arises from neurotransmitters only. Whereas, ICs show increased 

intensity at a fixed wavelength due to the inclusion phenomena between α-CD and 

neurotransmitters (Fig. 7)[43]. The spectra show that the absorbance values 

increase at a particular wavelength with increasing α-CD concentrations while the 

concentration of neurotransmitters remains the same. It signifies that the molecular 

interaction occurs between the neurotransmitters and α-CD molecules, and their 

solubility increases upon forming the inclusion complexes [44]. Gablica et. al 

demonstrated that α-CD forms both inclusion and non-inclusion complexes. Non-

inclusion complexes are those in which the guest molecules are linked at the 

external part of the CDs [45]. The prominent increases in molar absorption of 
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neurotransmitters at a particular wavelength with in concentration of α-CD are the 

direct evidence of inclusion complex formation. Other type of non-inclusion complex 

(viz., 1:2 or 2:1) can only form when a neurotransmitters or α-CD can interact 

externally with the 1:1 inclusion complexes. Thus, appearance of 1:1 complexes 

from Job’s method successfully signifies the formation of ICs chiefly [46]. Since, the 

guest molecules have aromatic ring having phenolic –OH group therefore it is 

possible to make them as different ionic structures by changing the pH of the 

medium [27,47]. As a result, their hydrophobicity is to some extent modified and it 

directly influences the binding stability of the inclusion complexes. From the 

Hildebrand–Benesi equation [48], a very good linear relationship was obtained for 

1/A vs. 1/T [α-CD] and the reciprocal plot obviously indicates the stoichiometry 

ratio for the formation of ICs between neurotransmitters and α-CD is 1:1 M ratio [49, 

50]. 

          From the reciprocal plot (Table S4 & Fig. S1) the apparent formation constant 

(K) for each ICs were obtained and are reported in Table 3. Thermodynamic 

parameters for the formation of ICs have  also been evaluated from the plot of   LnK  

Vs 1/T at 298.15, 303.15 and 308.15 K  with the help of Van’t Hoff eq. [51] (Table 3). 

The large negative value of standard free energy change (ΔG0) comprises the 

inclusion process is thermodynamically favorable, where as the negative standard 

enthalpy change (ΔH0 ) and standard entropy change (ΔS0 ) values respectively 

suggested that the formation of IC is enthalpy driven and entropic  forbidden. The 

higher negative value of standard enthalpy change (ΔH0) overcome the unfavorable 

spontaneity (ΔS0) of the system and favors the overall process for the formation of 

ICs. 

          The results shown in Table 3 indicate that order of K for ICs with α-CD and the 

order of –ΔGO is EH>DH> TH. This can be elucidated on relation of the difference in 

the structures of three neurotransmitters, which have almost similar hydrophobic 

moiety, but EH can form extra H-bonds with α-CD because of having one extra 

alcoholic –OH groups along with two phenolic –OH group; thus, it forms strongest 

complex among the three. Likewise, the consequences for DH and TH can be 

explained because of having two and one –OH groups in their structures 

respectively. All the favorable inclusions in different medium are being explained as 

follows: 
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In aqueous solution 

      All the studied neurotransmitters in aqueous solution are in acidic form, i.e, 

amine part is protonated [27] in this state. The apparent formation constant for the 

inclusion complex follows the trends, EH> DH>TH. The standard free energy, ΔG0 

values also support the same sequence (Table3). Thus, from the overall 

experimental results the following contribution can be made, (i) removal of water 

molecules from the hydrophobic cavity of α-CD (ii) extended H-bonding for primary 

and secondary –OH group of the α-CD which unlock the rims for incoming 

hydrophobic moiety (iii) reduction of repulsive force from the solvent and guest 

molecules in the bulk of the solution (iv) hydrophobic-hydrophobic interaction 

increases in the cavity of the α-CD after getting inclusion. 

 

At pH=7.4 solution 

       At pH=7.4, the neurotransmitters are in almost similar state as described in 

above aqueous medium (Scheme 2).  In this pH=7.4 medium, –OH group of the 

phenyl ring may partially ionize and thus hydrophobicity may decrease compared to 

that in aqueous medium. As such, some polarity may develop in the hydrophobic 

moiety of neurotransmitters [27]. Therefore, the binding stability for this system is 

reduced and values of formation constant are lower than the aqueous medium. 

Standard free energy (ΔG0) values for the neurotransmitters supported the facts 

obtained from the results (Table 3). The smaller negative value of ΔG0 is responsible 

for the loss of hydrophobic nature of neurotransmitters. 

 

 At pH=9.0 solution 

      In this pH ranges one of the -OH group of the phenyl ring of neurotransmitters 

gets ionize to -O-  ion [26]. Ionic nature of phenyl ring also reduces the binding 

stability of the neurotransmitters with α-CD than aqueous medium. However, the 

extra stability of inclusion complexes in this medium than pH=7.4 medium is due the 

following additional contribution: (i) strong H-bonding between  the O- ion and the –

OH of the narrower rim (Scheme 3) of the α-CD (ii) remove of repulsion from the 

anionic neurotransmitters and hydroxide ion containing bulk solution.  
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9.4. Conclusion 

Structural features and aqueous solubility of α-CD promote to obtain the efficiency 

of inclusion complexes with tyrosine derivatives. Various characterization 

techniques have been executed to determine the exclusive formation and stability of 

the 1:1 ICs. The results showed that with increase in pH of the medium stabilities of 

ICs decreases however an extra stability was found at pH 9.0.  Therefore, the pH 

responsive inclusion of drug molecules   will be an active area of research that will 

result in the development of novel systems with possible commercial and biological 

applications. As an extra stability obtained at pH 9.0, the drugs are more effective if 

administered by parental route. 
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Tables 
Table 1. Values of break points for the surface tension of neurotransmitters 

with the corresponding concentration of α-CD in aqueous medium of various 

pH conditions at 298.15Ka. (Initial concentration of each neurotransmitter is 5 

mM) 

 

 
Conc. 

/mM 

Surface Tension 

/mNm-1 

  In aqueous  At pH=7.4 At pH=9.0 

EH 2.5 70.7±0.1 71.1±0.2 71.2±0.1 

DH 2.5 70.8±0.2 71.2±0.1 71.3±0.1 

TH 2.5 71.1±0.1 71.5±0.1 71.7±0.2 
a Average standard uncertainties (u): temperature: u(T) = ±0.01 K 

 

Table 2. Values of break points for the conductance of neurotransmitters with 

the corresponding concentration of α-CD in aqueous medium of various pH 

conditions at 298.15K. (Initial concentration of each neurotransmitter is 5 

mM) 

 

 
Conc. 

/mM 

Conductance 

/mScm-1 

  In aqueous  At pH=7.4 At pH=9.0 

EH 2.5 0.165±0.004 0.121±0.002 0.162±0.005 

DH 2.5 0.178±0.005 0.123±0.003 0.169±0.003 

TH 2.5 0.181±0.004 0.127±0.002 0.174±0.002 
a Average standard uncertainties (u): temperature: u(T) = ±0.01 K 
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Table 3. Values of apparent formation constant (K) and thermodynamic 

parameters for the formation of ICs of neurotransmitters with α-CD. 

Host-Guest complex T/Ka K/M-1 ΔHO/KJmol-1 ΔS0/Jmol-1 ΔG0/KJmol-1 

 298.15 2978.29±0.15 -22.87±0.12 -11.47±0.04 -19.41±0.06 

EH+α-CD in aqueous 303.15 2419.02±0.11    

 308.15 1806.15±0.12    

 298.15 1916.51±0.15 -19.10±0.11 -2.09±0.17 -18.48±0.13 

DH+α-CD in aqueous 303.15 1598.01±0.11    

 308.15 1282.41±0.13    

 298.15 1067.01±0.11 -19.10±0.19 -7.91±0.09 -16.74±0.14 

TH+α-CD in aqueous 303.15 754.02±0.17    

 308.15 566.42±0.13    

 298.15 616.58±0.11 -19.00±0.01 -11.48±0.07 -15.58±0.05 

EH+α-CD at pH=7.4 303.15 494.82±0.10    

 308.15 396.73±0.09    

 298.15 509.29±0.06 -17.85±0.12 -9.03±0.17 -15.16±0.08 

DH+α-CD at pH=7.4 303.15 408.71±0.11    

 308.15 318.66±0.13    

 298.15 189.89±0.16 -15.24±0.09 -8.75±0.13 -12.63±0.07 

TH+α-CD at pH=7.4 303.15 157.92±0.01    

 308.15 117.62±0.03    

 298.15 1312.98±0.07 -19.10±0.08 -5.4±0.18 -17.48±0.10 

EH+α-CD at pH=9.0 303.15 1100.54±0.10    

 308.15 814.01±0.05    

 298.15 1161.45±0.11 -18.80±0.05 -5.4±0.05 -17.19±0.06 

DH+α-CD at pH=9.0 303.15 921.24±0.06    

 308.15 7.893±0.14    

 298.15 958.29±0.05 -17.55±0.03 -2.92±0.02 -16.68±0.05 

TH+α-CD at pH=9.0 303.15 719.44±0.12    

 308.15 579.27±0.08    
aAverage standard uncertainties in temperature u are: u(T) = ±0.01 K. 
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Figures 
 

 
 

Figure 1. Surface tension of (a) epinephrine,(b) dopamine and (c) tyramine 

hydrochloride with α-CD at 298.15K [ red line (■) for aqueous solution, blue(♦) 

for pH=7.4 and green line (▲) for pH=9.0 solutions)]. 
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Figure 2. Conductance of neurotransmitters with the corresponding 

concentration of α-CD at 298.15K. 

 

 

 
 

Figure 3.  1H-NMR spectra of (A) α-CD, (B) epinephrine hydrochloride and (C) 

α-CD + epinephrine hydrochloride in D2O. 
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Figure 4.  1H-NMR spectra of (A) α-CD, (B) dopamine hydrochloride and (C) α-

CD + dopamine hydrochloride in D2O. 

 

 

 
 Figure 5.  1H-NMR spectra of (A) α-CD, (B) tyramine hydrochloride and (C) α-

CD + tyramine hydrochloride in D2O. 
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Figure 6. Job plot of different neurotransmitter-α-CD systems at 298.15 K. 

Where, R= [Guest]/([Guest] + [α-CD]), ΔA= absorbance difference of the Guests 

without and with α-CD. 

 

0

0.05

0.1

0 0.5 1 1.5

ΔA
xR

R

EH in aqueous

0

0.05

0.1

0 0.5 1 1.5

ΔA
xR

R

EH at pH=7.4

0

0.04

0.08

0 0.5 1 1.5

ΔA
XR

R

EH at pH=9.0

0

0.04

0.08

0 0.5 1 1.5

ΔA
xR

R

DH in aqueous

0

0.04

0.08

0 0.5 1 1.5

ΔA
xR

R

DH at pH=7.4

0

0.1

0.2

0 0.5 1 1.5

ΔA
xR

R

DH at pH=9.0

0

0.02

0.04

0 0.5 1 1.5

ΔA
xR

R

TH in aqueous

0

0.02

0.04

0 0.5 1 1.5

ΔA
xR

R

TH at pH=7.4

0

0.02

0.04

0 0.5 1 1.5

ΔA
xR

R

TH at pH=9.0



222                        Inclusion of Tyrosine Derivatives..........Studies 

Published in J. Mol. Liquids 230 (2017) 104-112 
 

       

     

     
 

Figure 7: UV-Vis spectra of neurotransmitters with the increasing 

concentration of α-CD at 298.15K. 
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Schemes 

Schemes 1. Molecular structure of α-CD 

Scheme 2. Molecular structures of dopamine hydrochloride (DH), tyramine 

hydrochloride (TH) and epinephrine hydrochloride (EH).  

Scheme 3. Plausible schematic mechanism of inclusion of neurotransmitters 

into the α-CD cavity (A) in aqueous (reference medium), (B) at pH=7.4 and (C) 

at pH=9.0. 



CHAPTER X 

 
CONCLUDIGNG REMARKS 

 
In this thesis, I have endeavoured to ascertain the various non-covalent 

interactions of ionic liquids and some bioactive molecules in various aqueous and 

non-aqueous liquid systems. The observed phenomena have been explained by the 

solute-solute, solute-solvent and solvent-solvent interactions. Molecular interactions 

and favourable host-guest inclusion have been scrutinizing with the help of 

thermodynamic and transport properties of solutions.  

 

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

of non-covalent interactions are of current interest in solution and supra-molecular 

chemistry. These interactions help in better understanding of salvation 

consequences of ionic liquid and bio-molecules in various liquid environments. 

Volumetric, viscometric, conductometric, refractive index and surface tension 

studies confirm the extent of molecular interactions in a particular solution system. 

Spectroscopic investigation such as, Uv-Visible, FT-IR and NMR method indicates an 

insight into the molecular interaction occurring in particular group or site of a given 

system. 

 

            In Chapter IV, from thermodynamical, structural and the experimental 

evidences it can generally be concluded that the ionic liquid 1-butyl-4-

methylpyridinium iodide form inclusion complex with both the α- and β-

Cyclodextrins through non-covalent interactions. Four energetically favorable 

interactions that shift the equilibrium towards the formation of inclusion complex: 

one, the displacement of existing polar water molecules from the apolar cavity of 

CDs. Two, the formation of extended hydrogen bonds by the primary and secondary 

hydroxyl (-OH) groups and rest of the water molecules that open a face for incoming 

the guest molecule. Three, a reduction of the repulsive interactions between the 

hydrophobic guest and the aqueous surroundings. And finally, there is an increased 

hydrophobic interaction as the guest inserts itself into the apolar cyclodextrin 
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cavity. Also, the bindings of IL molecule with the CDs are not fixed or permanent but 

a dynamic equilibrium and the binding strength depend on the specific local 

interactions between surface atoms. The key factor that stabilises the inclusion 

complexes is the steric effect and it depends on the relative size of the CD to the size 

of the guest molecule or certain key functional groups within the guest molecule. 

Since, the IL molecule is the mark on size; it gets fitted properly into the CD cavity 

and form selectively stable1:1 inclusion complex .Thus, in a word the inclusion of α-

CD is comparatively less than that of the β-CD. 

 

              In Chapter V, extensive study reveals that the ionic liquid, 1,3-dimethyl 

imidazolium methyl sulfate mainly exists as Ion pair in the studied alkoxy alcohols. 

∧-values suggested that molecular interaction increases from ME to PE. The results 

of KA indicate IL is more associated in the PE than the other two solvents. Go values 

imply the overall process for ion-dipole interaction and ion-association of the IL in 

the studied solvents are feasible. Density and viscosity measurements provide the 

information about ion-dipole interaction, and show the solute-solvent interaction 

for this system is higher than the solute-solute interaction. FT-IR studies definitely 

recommend the ion-dipole interaction in each binary system (IL+alkoxy 

alcohols).Formation of Ion pair was confirmed and well established from the 

transport, volumetric and spectroscopic studies. 

 

Chapter VI dealt with the inclusion of 2-pyridine aldoxime methochloride 

inside the Cucurbit [6]uril cavity. The molecular interactions provides evidence for 

the 1:1 stoichiometric inclusion mechanism between the drug and Cucurbit [6]uril. 

The structural viability of the guest in accordance with CB[6], and the position of the 

positive charge on the guest encourage inclusion route. The supramolecular 

assembly of the drug, envisioned in this work, is very potent and promising for 

pharmacological applications and as well as for designing tunable artificial 

molecular devices or nano-materials. The low cytotoxicity and bio-adaptability of 

CB[6]-decorated stimuli responsive drug systems investigated here may have 

potential applications in bio-systems for therapeutics. 
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           Chapter VII concludes that the selected ionic liquid, 1-butyl pyridinium 

bromide forms 1:1 stoichiometric complexes with both the 18-crown-6 and dibenzo-

18-crown-6 through ionic-interaction. Physicochemical investigation for complex

formation in ternary system by surface tension, conductometric volumetric and

refractrometric method is already proved the details. Thermodynamic contribution

confirms the feasible mechanism of complexation. Further, this outcome reveals that

complex formation between IL and 18C6 is more efficient than IL and DBz-18C6. All

the findings support the complexation process and thus the current work describes

its appropriateness towards assorted applications in the field of modern biomedical

as well as industrial areas.

Chapter VIII, from the thorough study it is evident that the ion-solvent 

interaction increases for both the investigated ILs with increasing temperature. It is 

also pronounced that the ion-solvent interactions is greater for [BMPyrr][Br] 

compared to [BMPyrr][Cl] and it can be modulated by changing the anion for a 

particular cation in the same solvent. 

Chapter IX, Structural features and aqueous solubility of α-CD promote to 

obtain the efficiency of inclusion complexes with tyrosine derivatives. Various 

characterization techniques have been executed to determine the exclusive 

formation and stability of the 1:1 ICs. The results showed that with increase in pH of 

the medium stabilities of ICs decreases however an extra stability was found at pH 

9.0.  Therefore, the pH responsive inclusion of drug molecules   will be an active area 

of research that will result in the development of novel systems with possible 

commercial and biological applications. As an extra stability obtained at pH 9.0, the 

drugs are more effective if administered by parental route. 

In conclusion it is generalised that inclusion complexations an solvation 

consequences of ionic liquids and bio active molecules will be of immense help in 

understanding the nature of various interactions existing in liquid environments. 
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This work has been focused on the characteristics of green solvent i.e. 1-butyl-4-methylpyridinium iodide and
some organic oligosaccharides, α- and β-cyclodextrins in aqueous media. In aqueous solution, hydrophobic
butyl side chain of the ionic liquid has been inserted into the hollow space of cyclodextrin. The selective forma-
tion of 1:1 inclusion complexes has been established here. Surface tension values, conductivity trends, and
thermodynamic and spectroscopic study reveal that formations of inclusion complexes are more favorable and
efficient for β-CD than α-CD.
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1. Introduction

The formation of cyclodextrin (CD) based inclusion complexes with
wide variety of guest molecules are of great interest because of their
extensive application in fields of bio-sensing and bio-imaging, drug
and gene delivery, electronics, energy production and regenerative
medicine [1–7]. Cyclodextrins (CDs) are obtained from the enzymatic
degradation of one of the most essential polysaccharides, starch. The
core of their structures contains dimensionally stable cavities that can
trap or encapsulate other molecules through non-covalent interaction.
The outer part of their cavities is hydrophilic in nature due to the large
number of hydroxyl groups while the inner part of the cavities is lined
with skeletal carbon and ethereal oxygen moieties of the glucose
residues which make it relatively apolar and create a hydrophobic
micro environment [8–10] (Scheme 1). On the other hand, Ionic liquids
(ILs) (Scheme 2) with hydrophobic long chain have unique properties,
such as “green” alternative to the conventional and environmentally
detrimental volatile solvents, negligible vapor pressure, excellent ther-
mal stability, strong ability to dissolve many chemicals, high electrical
conductivity, large electrochemical window, and ability of repetitive
utilization. All the unusual properties help IL to be broadly applied in
material syntheses, chemical reactions, separations, electrochemistry
and formation of ordered molecular assembly [11–12]. The term self-
assembly refers to quite a fascinating phenomenonwhere unassociated,
disorderly molecules come together in some fashion to form organized
structures without any external stimuli [13].

In our previous work [14] we successfully addressed inclusion
through hydrophilic–hydrophobic interaction of IL with β-CD. Herein,

we present a physicochemical and spectroscopic investigation for
inclusion of the IL with α-CD and β-CD by easily available techniques.

2. Experimental section

2.1. Materials

The investigated compounds e.g., IL, α-CD and β-CD of puriss grade
ware procured from Sigma-Aldrich, Germany and used as purchased.
The mass fraction purity of IL, α-CD and β-CD were ≥0.99, 0.99 and
0.98 respectively.

2.2. Apparatus and procedure

Solubility of the chosen compounds have been precisely checked
and observed that the selected IL, α-CD and β-CD are freely soluble in
triply distilled and degassed water (with a specific conductance of
1 × 10−6 S·cm−1). Experimental solution of IL was prepared by mass
(Mettler Toledo AG-285 with uncertainty ±0.0003 g), and then the
working solutions were obtained by mass dilution at 298.15 K.

The surface tension experiments were done by platinum ring
detachment method using a Tensiometer (K9, KRŰSS; Germany) at
the studied temperature. The precision of themeasurement was within
±0.1 mN·m−1. Temperature of the system has been maintained circu-
lating auto-thermostated water through a double-wall glass vessel
containing the solution.

The conductancemeasurements were carried out in a Systronic-308
conductivity meter (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 completed in a water bath
maintained within T = (298.15 ± 0.01) K.
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The solution and solvent densities (ρ) were measured by means of
vibrating u-tube Anton Paar digital density meter (DMA 4500M) with
accuracy of±0.00005 g cm−3maintained at±0.01 K of the experimen-
tal temperature. It 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.

3. Results and discussions

3.1. Surface tension

Surface tension (γ) measurements can be used to elucidate whether
inclusion can happen or not but also to interpret the stoichiometry of
inclusion complexes [15]. It was proved that no remarkable change
occurs for the surface tension of pure water when α- and β-CD are
added in water, indicating that α- and β-CD are almost surface inactive
compounds in pure water mixtures [16]. γ value increase with addition
of CDs are due to the fact that surface activity decreases with increasing
no. of CD molecules into the IL (Schemes 3 and 4) solution. Each curve,
Fig.1a and b, clearly shows a single break point in surface tension at a
certain concentration, i.e., the γ value increase with the increase in
concentration, reach a certain point (break point), and then become
approximately steady, which obviously indicates the formation of
selective 1:1 inclusion complex. By examining the details of γ-values
(Table 1) it is understood that β-CD is more efficient for the formation
of inclusion complexes than α-CD. This is evidently due to the fact
thatβ-CD providesmoreworkable feature (Scheme1) for the formation
of feasible inclusion complexes than α-CD. Also, we envisage the non-
polar tail group of the IL to be inserted via thewider rim through hydro-
phobic and hydrophilic interaction, so as to make maximum contact
with the CD cavity (Schemes 3 & 4), while the charged polar head side
remains either in the wider rim of CD or in the bulk solution through
H-bonding.

3.2. Conductivity study

The selected IL is freely soluble in water. The solution conductiv-
ity of IL is markedly altered by the addition of CDs. The dependence
of specific conductivity of IL, as reported earlier [17–18], with both

CD concentrations at 298.15 K are depicted in Fig.1c & d. Through
this method the stoichiometry of the inclusion complexes can be
deduced from the breaks (Table 2) in the conductivity curves [19–
20].The remarkably decreasing specific conductivity with increasing
CD concentrations indicates the inclusion complex formation between
CD and the hydrophobic part of the IL one by one and hence movement
of the IL is restricted and the free ions per unit volume is decreased; as a
result the conductivity decreases. At a certain concentration of CDs, this
linear decrease of specific conductance with IL concentration halted
rather abruptly to show no or little further decrease with further CD ad-
ditions andwhich represents the saturation point of inclusion. A distinct
break in the conductivity curve occurred at a concentration of about
5.0mmol L−1 for CDs, suggesting that the stoichiometry of the inclusion
complex is equimolar [21]. This indicates that the principal inclusion
complexes of CDs with IL in this range are of 1:1 ratio which indicates
that the IL are almost totally in complexed form. This definitely illus-
trates that both the CDs have the favorable structures for the formation
of selective inclusion complexes with the investigated IL. This is also
supported by the above mentioned surface tension experiment.

3.3. Uv–Vis spectroscopic study

Absorption spectra used to confirm the formation of inclusion com-
plex. In this study, absorption spectrum of the studied compound was
taken into consideration [21–22]. Since α-CD and β-CD have almost

Scheme 1.Molecular structure and approximate geometric dimension of α-CD and β-CD.

Scheme 2. The molecular structure of 1-butyl-4-methylpyridinium iodide.

Scheme 3. The plausible stoichiometry inclusion ratio of host:guest molecules.

Scheme 4. The feasible and restricted inclusion.
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no absorption throughout the wavelength; hence, their absorbance can
be neglected [21]. Absorption spectra for IL found similar at most of the
points along the wavelengths recorded which shows that the
absorbance arises from IL only. Whereas, inclusion complexes show in-
creased intensity at 224 nm due to the inclusion phenomena between
CDs and IL (Fig. 1e and f). The same phenomenon has been observed
by Wang et al. [23]in their interaction studies of β-CD and orange G.
The Uv–Visible spectra shows that the absorbance values increase
with increasing CD concentrationswhile the concentration of IL remains
the same. It indicates that the solubility of guest molecule (IL) increases

upon forming the inclusion complexes [24]. Since the alkyl part of IL
more likely to enter the hydrophobic cavity of the CD in each case,
stoichiometric ratio of inclusion complexes should be theoretically
1:1. A very good linear relationship was obtained for 1/A vs. 1/[CD]
from the Hildebrand–Benesi Equation [25]. This reciprocal plot clearly
indicates the stoichiometry ratio for the inclusion formation between
IL and CDs is 1:1. The same phenomenon has been observed by Wang
et al. [23]by using a derivative of sulfonated azo compound like orange
G to form inclusion complex with β-CD. From the reciprocal plot
(Fig.S1a and S1b) the apparent formation constant (K) were calculated

Fig. 1. (a) Curve of γ/mN·m−1 vs. concentration (m) of IL andα-CD soln. (b) Curve of γ/mN·m−1 vs. concentration (m) of IL andβ-CD soln. (c) The curve of conductivity vs. concentration
of IL andα-CD solution. (d) Curve of conductivity vs. concentration of IL and β-CD solution. (e) Absorbance vs. wavelength of IL andα-CD solution. (f) Absorbance vs. wavelength of IL and
β-CD solution.

Table 1
Values of surface tension at the break point (γ) with corresponding concentration of IL in
different mass fractions of aq. α-CD and aq. β-CD at 298.15 Ka.

Mass fraction (w)b
IL in α-CD IL in β-CD

Conc (m) γ/mN·m−1 Conc (m) γ/mN·m−1

w1 = 0.001 0.05 54.95 0.05 55.14
w1 = 0.003 0.05 57.46 0.05 57.35
w1 = 0.005 0.05 59.98 0.05 59.13

a Standard uncertainties u are: u(T) = 0.01 K.
b w1 andw2 aremass fractions ofα- and β-cyclodextrin in aqueousmixture respective.

Table 2
Values of specific conductance at the break point (κ) with corresponding concentration of
IL in different mass fractions of aq. α-CD and aq. β-CD at 298.15 Ka.

Mass fraction (w)
Conc (m) κ/mS·cm−1 Conc (m) κ/mS·cm−1

IL in α-CD IL in β-CD

w1 = 0.001 0.05 2.79 0.05 2.78
w1 = 0.003 0.05 2.36 0.05 2.31
w1 = 0.005 0.05 2.10 0.05 2.04

a Standard uncertainties u are: u(T) = 0.01 K.
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850 L·mol−1 for α-CD and 2553 L·mol−1 for β-CD respectively. Thus,
higher value of formation constant for β-CD suggests inclusion is more
favorable for β-CD in comparison to that of theα-CD. The spectroscopic
results also support surface tension and conductometric outcome.

4. Thermodynamical aspects

Table 3 clearly depicts that the Δμ10#(free energy of activation of
viscous flow per mole of solvent) and Δμ20#(free energy of activation of
viscous flow per mole of the solute) values are positive and almost
equal for all the solvent composition for each CD [26–27]. This may be
due to the fact that IL–co-solute (CD) interactions in the ground state
are almost the same as in the transition state. In other words, the solva-
tion of IL in the transition state is also favorable in terms of free energy.
AsΔμ20#≅Δμ10# then according to the Feakins model [25], the solutes (IL)
behave as structure-makers. This indicates that the solvation of the IL in
the ground state becomes increasingly favorable as the number of
carbon atoms (hydrophobicity) of the side chain is appropriate for
inclusion. The positive activation enthalpy (ΔH*) values of themixtures
are suggesting that the formation of activated species for viscous flow

becomes difficult as the amount of IL in the mixtures increases. The
negative values of TΔS*, which increase with increasing temperature
of the system, for all the studied mixtures, suggest that the net order
of the system decreases as the temperature of the solution increases.
That is with increasing temperature of the system the total free energy
of the systembecomes smaller. Therefore the possibility of the inclusion
is favorable with the rise in temperature as well as the mass fraction of
CDs. The ΔH⁎ and ΔS⁎quantities contain contributions from the follow-
ing processes: (i) formation of the IL–CD complex due to non-covalent
interactions (H-binding, van derWaals forces, hydrophobic and electro-
static interactions and steric effects), (ii) dehydration (release of water
molecules) of the CDs during the molecular interactions, (iii) hydration
of the inclusion complex by the surrounding water molecules, and (iv)
conformation changes during formation of complex (Liu et al. 2002).
Entries (i), (ii) and (iii) signify that during these processes the values
of entropy of interaction are always negative. Interestingly, the contri-
bution from process (iv) cannot be considered because the CDmolecule
is not flexible and does not allow the change of its conformation upon
bindingwith a guest molecule and retain the same conformation before
and after the inclusionwith IL [14,28]. Themore negative TΔS* values in

Table 3
Values of ϕ 1

0, ϕ V
0(aqueous), μ 0#, TΔS#, and ΔH#, for IL in different mass fractions of aq. α-CD and aq. β-CD at 293.15 to 313.15 K respectively.

Thermodynamic parameters ϕ 1
0 ⋅106/m3·mol−1 Δμ 1

0#/kJ·mol−1 Δμ 2
0#/kJ·mol−1 Δμ 0#/kJ·mol−1 TΔS#/

kJ·mol−1 ΔH#/kJ·mol−1

w1 = 0.001
293.15 K IL+ α-CD 17.026 58.86 58.87 58.86 −12.36 46.50

IL+ β-CD 18.038 60.43 60.44 60.43 −13.66 46.77
303.15 K IL+ α-CD 17.045 58.48 58.49 58.48 −14.19 44.29

IL+ β-CD 18.061 60.21 60.22 60.21 −15.16 45.05
308.15 K IL+ α-CD 17.074 58.26 28.27 58.26 −14.89 43.37

IL+ β-CD 18.085 60.11 60.10 60.10 −15.95 44.15

w1 = 0.003
293.15 K IL+ α-CD 17.026 58.86 58.87 58.86 −13.78 45.08

IL+ β-CD 18.038 60.43 60.44 60.43 −14.81 45.62
303.15 K IL+ α-CD 17.045 58.49 58.50 58.49 −14.65 43.84

IL+ β-CD 18.061 60.22 60.23 60.22 −15.67 44.55
313.15 K IL+ α-CD 17.074 58.86 58.87 58.86 −15.38 42.48

IL+ β-CD 18.085 60.11 60.12 60.11 −16.16 43.95

w1 = 0.005
293.15 K IL+ α-CD 17.026 58.27 58.28 58.27 −15.11 43.16

IL+ β-CD 18.038 60.44 62.45 60.44 −16.09 44.35
303.15 K IL+ α-CD 17.045 58.49 58.50 58.49 −15.97 43.52

IL+ β-CD 18.061 60.24 60.23 60.23 −16.93 43.30
313.15 K IL+ α-CD 17.074 58.87 58.88 58.87 −16.25 42.62

IL+ β-CD 18.085 60.12 60.13 60.12 −17.30 42.82

Scheme 5. Schematic representation of convincing mechanism of 1:1 inclusion complexes' insight into β-cyclodextrin with the titled ionic liquid.
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IL+ aq. β-CD than IL+ aq. α-CD comprises inclusion is more appropri-
ate in the former case than later.

5. Conclusion

Thus from thermodynamical, structural and the experimental
evidences it can generally be concluded that there are four energetically
favorable interactions that shift the equilibrium towards the formation
of inclusion complex: one, the displacement of existing polar water
molecules from the apolar cavity of CDs. Two, the formation of extended
hydrogen bonds by the primary and secondary hydroxyl (−OH) groups
and rest of the water molecules that open a face for incoming the guest
molecule. Three, a reduction of the repulsive interactions between the
hydrophobic guest and the aqueous surroundings. And finally, there is
an increased hydrophobic interaction as the guest inserts itself into
the apolar cyclodextrin cavity. Also, the bindings of IL molecule with
the CDs are not fixed or permanent but a dynamic equilibrium and the
binding strength depend on the specific local interactions between
surface atoms. The key factor that stabilizes the inclusion complexes is
the steric effect and it depends on the relative size of the CD to the
size of the guest molecule or certain key functional groups within the
guest molecule. Since, the IL molecule is the mark on size; it gets fitted
properly into the CD cavity and form selectively stable 1:1 inclusion
complex (Scheme 5).Thus, in a word the inclusion of α-CD is compara-
tively less effective (Scheme 6) than that of the β-CD.
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1:1 hosts-guest inclusion complexation behavior of 1-butyl-pyridinium bromide (IL) as a guest with 18-
crown-6 and dibenzo-18-crown-6 as hosts in acetonitrile media has been demonstrated here and are 
exceedingly suitable for diverse application in modern sciences. Conductivity and surface tension 
measurements show that 1:1 stoichiometric complexes are formed between IL and crown. The nature 
of the complexes has been established using thermodynamic parameters obtained from 
physicochemical studies. Enthalpy (ΔH0), entropy (ΔS0) and free energy change (ΔG0) of the 
complexation reaction has been evaluated from the temperature dependent formation constant data. 
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1. Introduction 

Crown ethers show a remarkable range of selectivity for binding with 
various cations, depending on the cavity size of the crown ethers, type of 
the guest donor atoms, and the polarity of the solvent molecules [1-3]. The 
numerous studies of 18-crown-6 (18C6) and its derivatives  dibenzo18-
crown-6(DBz-18C6) which have the highest affinity for ammonium 
cations, invariably showed a 1:1 stoichiometry with both NH4

+ and RNH3
+ 

guest cations in solution [4]. Due to these special properties of crowns 
along with Lewis basic character of oxygen atoms, they can build up stable 
complexes (Scheme 1) with suitable positive centre (e.g. N+ centre 
containing IL) of guest molecules (Scheme 2). Because of these 
characteristics, there is a wide range of applications of crown complexes. 
They have been proposed as separation agents for removing metal ions 
(i.e., Cs+ and Sr2+) from mixed nuclear and chemical waste [5-7]. There is 
also growing interest in the use of crown ethers for radioimmuno therapy 
treatment of carcinomas [8] and for the development of sensors [2] ion 
transport of membrane interfaces [9], as solvent extraction agents [10], in 
the construction of ion-selective electrodes [11, 12], and in liquid 
chromatography [13]. 

N+

Br-

 

Scheme 1 Molecular structures of 18-crown-6 and dibenzo-18-crown-6 

 
Ionic liquids having non-volatility with a melting temperature below 

100 °C, also known as liquid organic, molten or fused salts, they have 
attracted demanding scientific importance and even become a “star” 
material in material research. Due to their excellent capability to dissolve 
an huge range of organic and inorganic materials [14], high chemical and 
thermal stability [15], ILs have emerged as an attractive “green” 
alternative to traditional organic solvents in various fields of chemistry 
viz. synthesis [16], catalysis [15, 17], lubrication [18], and separation 
processes [19], etc. Most importantly, some unique and favorable 
properties including wide electrochemical window, high ionic 
conductivity and inflammability [20], ILs are playing an irreplaceable 
material in utilizing as highly efficient and stable electrolytes for 

electrochemical and renewable energy applications [21], such as lithium 
batteries [22], fuel cells [23] and dye-sensitized solar cells [24]. 
 

 

Scheme 2 Molecular  structure of 1-butyl pyridinium bromide 

 
In vision of the above, we have tried to ascertain the nature of complex 

formation of 1-butyl pyridinium bromide (IL) with 18-crown-6 and 
dibenzo18-crown-6 in acetonitrile media. Literature survey reveals that 
no work has been carried out in the present ternary systems. 
 

2. Experimental Methods 

2.1 Materials 

The 1-butyl pyridinium bromide (IL), 18-crown-6 (18C6) and 
dibenzo18-crown-6 (DBz-18C6) of puriss grade were bought from Sigma-
Aldrich, Germany and used as purchased. The mass fraction purity of IL, 
18C6 and DBz-18C6 were 0.99, 0.99 and 0.98 respectively. 
 
2.2 Apparatus and Procedure 

Solubility of the chosen IL and crown ethers in acetonitrile solution 
have been checked and observed that the IL molecule freely soluble in 
0.0012 (m)-0.0052 (m) concentration of 18C6+acetonitrile and DBz-
18C6+acetonitrile binary mixtures. All the stock solutions of the 
investigated molecule were prepared by mass (weighed by Mettler Toledo 
AG-285 with uncertainty 0.0003 g), and then the working solutions were 
obtained by mass dilution at 298.15 K. 

The conductance measurements were carried out in a Systronics-308 
conductivity bridge of accuracy ±1%, using a dip-type immersion 
conductivity cell, CD-10 having a cell constant of approximately 
(0.1±0.001) cm-1 [25]. Conductivity experiment was performed in an 
alternating current having 1 kHz working frequency. Measurements were 
completed in a water bath maintained temperatures at 293.15± 0.01 K, 
298.15 ± 0.01 K and 303.15±0.01 K. 
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The surface tension experiments were done by platinum ring 
detachment method using a Tensiometer (K9, KRŰSS; Germany) at the 
experimental temperature. The accuracy of the measurement was within 
±0.1 mNm−1. Temperature of the system has been maintained by 
circulating auto-thermostated water through a double-wall glass vessel 
containing the solution at 298.15 ±0.1 K. 

The densities (⍴) of the solvents and solution were measured by means 
of vibrating U-tube Anton Paar digital density meter (DMA 4500M) with a 
precision of ±0.01 gcm-3 maintained at ±0.01 K of the desired temperature. 
It was calibrated by passing triply distilled, degassed water and dry air. 

The viscosities (η) of experimental mixture were measured using a 
Brookfield DV-III Ultra Programmable Rheometer with spindle size-42 
fitted to a Brookfield digital bath TC-500. 

Refractive indexes of the solution were measured with the help of a 
Digital Refractometer Mettler Toledo. The light source was LED, λ=589.3 
nm. The refractometer was calibrated twice using distilled water and 
calibration was checked after every few measurements. The uncertainty 
of refractive index measurement was ±0.0002 units. 
 

 

Scheme 3 Plausible stoichiometric complexation of macrocyclic crowns with 
suitable positive centre 
 

 

Scheme 4 Plausible mechanism of 1:1 stoichiometric complex of a guest IL with 18C6 
and DBz-18C6 molecules 
 

 

 
 

 

Fig. 1 Plots of molar conductivity Vs mole ratio of IL-crown complex at 293.15 K, 
298.15 K and 303.15 K respectively 
 

3. Results and Discussion 

3.1 Conductance 

The molar conductivity (Λ) of the studied ionic liquid (IL) in acetonitrile 
medium is reported in our earlier investigation [26-28]. The molar 
conductivity of IL in acetonitrile solution was monitored as a function of 

crown ethers at different temperatures. The ensuing molar conductance 
vs. mole ratio (crown/IL) plots at 293.15, 298.15, and 303.15 K are shown 
in Fig. 1. In this method stoichiometry of the complexes can be easily 
achieved from the breaks of the conductivity curves [29, 30]. The notable 
decreasing molar conductivity with increasing crown concentrations 
indicates the complex formation between crown and the N+ centre of the 
IL one by one through ionic interaction and hence movement of the IL is 
restricted and the free ions per unit volume is decreased; as a result the 
conductivity decreases. At a particular concentration of crown, this linear 
decrease of molar conductivity with IL concentration arrested rather 
abruptly to show no or slight further decrease with increment addition of 
crown and which characterizes the saturation point of complex formation. 
A distinct break in the conductivity curve happened at a mole ratio 
(crown/IL) of 1:1, suggesting that the stoichiometry (Scheme 3) of the 
complex is equimolar and the IL is almost entirely in complexed form. 
From the Fig. 1, it is clear that the corresponding molar conductivity values 
increases rapidly with temperature due to the decrease in solute-solvent 
interaction and accordingly mobility of the charged complexed species are 
enhanced. This categorically illustrates that both the crowns forms 
exclusively 1:1 stoichiometric complexes (Scheme 4) with the investigated 
IL. 
 
3.2 Thermodynamic Parameter Derived from Association Constant 

The conductometric method has been extensively used to obtain the 
formation constants of host guest complexes in solution systems [31]. 
Therefore, 1:1 complexation of IL with crown can be expressed by the 
following equilibrium, 

 
M++C↔M……C+     (1) 
 

The corresponding equilibrium constant for the Eq.(1) is Kf  and given by, 
 

Kf   = [M…..C+] f {[M…..C+]} / [M+] [C] f {(M+) (C)}  (2) 
 

Where, [M…..C+], [M+], [C] and f represent the equilibrium molar 
concentrations of the complex, free IL, free crown and the activity 
coefficients of the species designated, respectively. Under this dilute 
condition, the activity coefficient of uncharged macrocycle, f(C), can be 
reasonably assumed as unity [32]. By using the Debye-Hückel limiting law 
[33] in Eq.(2) leads to the conclusion that f (M+) ≈ f(M…..C+) thus the 
activity coefficients are cancel out. Therefore the modified equation for 
complex formation in terms of the molar conductance (Λ), can be 
expressed as, 
 

Kf = [M…..C+] / [M+] [C] = (∧M
+ - ∧obs)/( ∧obs - ∧M….C

+)[C] (3) 
 
Where, [C] = CC - C M+(∧M

+ - ∧obs)/( ∧obs - ∧M….C
+)  (4) 

 
Here, 

M    is the molar conductivity of the IL before addition of ligand, 

M C
 the molar conductivity of the complexed ion, 

obs  the molar 

conductivity of the experimental solution during experiment, 
CC  the 

analytical concentration of the crown added and 
M

C 
 the analytical 

concentration of the IL. The complex formation constant,
fK , and the 

molar conductivity of the complex, 
M C

 , were estimated by using the 

above equations and the values of the formation constant at different 
temperatures are reported in Table 1. 

The ∆H◦ and ∆S◦ values were calculated from the corresponding LnKf 
and inverse temperature plot shown in Fig. 3 and are tabulated in Table 1 
with the help of van’t Hoff Eq.(5), 
 

LnKf =- ΔH0/RT + ΔS0/RT    (5) 
 

The negative values of enthalpy indicates that the overall energy of the 
system is reduced, i.e., some stabilization interaction occurs  in this 
system, whereas negative values of entropy factor signify that there is an 
ordered arrangement between IL and the crown molecule for the complex 
formation. Further, the higher negative value of enthalpy (∆H0) overcomes 
the entropic contribution for the overall process and thus the 
complexation process is thermodynamically feasible (∆G0) with enthalpy 
driven. The data shown in Table 1 point out that formation constant LnKf 
for IL with 18C6 and DBz-18C6 are higher at lower Kelvin. Also, the 

fLnK

values for 18C6 are comparatively higher than DBz-18C6 indicates IL form 
more stable complex with 18C6 with lower temperature than other one. It 
is obvious that the total number of donor atoms is the same for both the 
macrocycles. However, the macrocycles differ in: (i) the basicity of the 
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donor atom; (ii) the type of substituents in the macrocycle ring; and (iii) 
the flexibility of the macrocycle ring. Factors (i) and (iii) explain the 
stability order 18C6 > DBz-18C6, since the replacement of two CH2-CH2 
units by two benzo units reduces the flexibility (unfavourable orientation 
of donor atoms) and reduces the electron density on the oxygen atoms of 
the macrocycle. 
 
Table 1 Values of formation constant (LnKf), enthalpy (ΔHo), entropy (ΔSo) and free 
energy change (ΔGo) of IL and crown complexes in acetonitrile solution at three 
different temperatures and at 101.325 kPa pressurea 
 

Guest Host 
 LnKf  / M-1  ΔHo / 

kJmol-1 

 ΔSo/ 

Jmol-1K-1 

 ΔGo / 

kJmol-1 293.15 K 298.15 K 303.15 K 

IL 18C6 3.73 3.66 3.58 -11.26 -6.76 -9.24 

IL 
DBz-

18C6 
3.71 3.63 3.56 -11.27 -6.97 -9.19 

a Standard uncertainties u are u(T) =0.01 K , u(Λ) = ±0.01 Sm2mol-1, u(m)= ±0.0002 
molkg-1  and u(p)= ±10 kPa (0.95 level of confidence) 

 
3.3 Surface Tension 

Surface tension (γ) measurement is an important tool to provide 
significant information about formation of exceptional complexes as well 
as stoichiometry of the host-guest molecules [34, 35]. IL is a surface active 
compound due to the unique structural features. Interaction of IL with 
some molecules (here, crown) affects the surface property of IL. In this 
study, hydrophobic alkyl group and an N+ group of IL interact with crown 
(Scheme 1) due to which γ of the IL solution shows decreasing trend. With 
the addition of crown in IL solution the pyridine–N+ group of IL binds to 
the oxygen atom of the crown ether through ionic interaction and the 
formation of complexes occurs rapidly. As a result charged portion of the 
IL form complex with crown and the hydrophobic portion increases i.e., 
surface tension of the solution again decrease slowly [36]. At a certain 
conc. of IL and crown ether, a single break was found in the surface tension 
curve (Fig. 2) which obviously implies the formation of 1:1 stoichiometric 
complex between IL and crown. By examining the facts of γ-values (Table 
2) it is understood that 18C6 is more efficient for the formation of 
complexes than DBz-18C6. This is evidently due to the fact that 18C6 
provides more viable features (Scheme 1) for the formation of feasible 
complexes than DBz-18C6. 
 

 

Fig. 2 Plots of surface tension Vs crown Concentration of the IL at 298.15 K 

 

Fig. 3 Variation of LnKf  Vs 1/T of IL with 18C6(blue line) and DBz-18C6(brown line) 
at three differents Kelvin 

 

Table 2 Values of surface tension (γ) at the break point of IL (10×103 molkg-1)with 
corresponding concentration of 18C6 and DBz-18C6 in acetonitrile solution at 
298.15 K and 101.325 kPa pressurea 

 

Conc. of 

IL(m× 

103) 

/molkg-1 

Conc. Of 

18C6 (m× 

103) / 

molkg-1 

Surface 

tension(γ) 

/mN.m-1 

Conc.of 

IL(m× 

103) 

/molkg-1 

Conc. of DBz-

18C6(m×103) / 

molkg-1 

Surface 

tension(γ) 

/mNm-1 

5.0 5.0 22.5 5.0 5.0 22.7 
a Standard uncertainties u are u(m)= ±0.0002 molkg-1  , u(Λ) = ±0.01 Sm2mol-1, u(γ) 
=±0.1 mNm-1 and u(T) =±0.01 K, and u(p)= ±10 kPa (0.95 level of confidence) 

3.4 Apparent Molar Volume 

The extent of interaction for complexation of solute in solvent (here 
crown cosolute treated as a solvent) [37] has also been obtained from 
apparent molar volume measurements. The apparent molar volume is the 
measure of the sum of the geometric volume of the central solute molecule 
and changes in the solvent volume due to its interaction with the solute 
around the complex co-sphere.  ϕv values have been determined from the 
measured density of the solutions at various temperatures (Table 3) and 
by using the suitable equation. ϕv varies linearly with the square root of 
molar concentration (Table 4) and is fitted to the Masson equation, from 

where the limiting apparent molar volume ( 0

V ) has been obtained [38]. 

The limiting molar volume ( 0

V ) signifies (Table 5) the solute-solvent 

interactions in the IL + Crown ternary solution systems. The magnitude of 

( 0

V ) is found to be positive for all the systems under study, indicating 

strong solute–solvent interactions [39, 40]. The parameter 
V
*S  is the 

volumetric viral coefficient, and it characterizes the pair wise interaction 

of solute (here IL) species in solution. 
V
*S  Values (Table 5) are found to 

be small positive or negative under investigations, which suggest that the 
pair wise interaction is restricted by the interaction of the charged 
functional group of IL with crowns. For a constant temperature, it is 

observed that with increase in mass fraction 0

V  values also increases. 

The increasing trends of  0

V  with the raise of mass fractions of crown  

indicates  that the ionic interaction between N+ centre of IL and O-centre 
of crown are  stronger than the ionic interaction between solute (IL) 
molecules. These facts also support the data and the results observed from 
surface tension and conductivity study discussed earlier. 
 

Table 3 Experimental values of density (ρ), viscosity (η) and refractive index (nD)in 
different concentration of 18C6 and DBz-18C6 in acetonitrile solution at three 
temperatures and 101.325 kPa pressure a 
 

Solvent 

conc.(m) 

/molkg-1 

Temp 

/K 
ρ∙10-3 /kgm-3 η /mPas  nD 

  18C6 DBz18C6 18C6 DBz18C6 18C6 DBz18C6 

0.0012 

293.15 0.78902 0.78914 0.39 0.40   

298.15 0.78669 0.78712 0.38 0.39 1.3420 1.3417 

303.15 0.78501 0.78515 0.37 0.38   

0.0032 

293.15 0.79453 0.79461 0.42 0.43   

298.15 0.79264 0.79275 0.41 0.42 1.3426 1.3422 

303.15 0.79096 0.79108 0.40 0.41   

0.0052 

293.15 0.79911 0.79925 0.45 0.46   

298.15 0.79717 0.79727 0.44 0.45 1.3429 1.3427 

303.15 0.79516 0.79527 0.43 0.44   
a Standard uncertainties u are u(T) =±0.01 K, u(ρ) = ±10×10-1 gcm-3, u(η) =± 0.002 
mPas, u(nD) =±0.0003 and u(T) =±0.01 K, u(p)=10 kPa, u(m)= ±0.0002 molkg-1 

 

Table 4 Experimental values of density (ρ), viscosity (η), refractive index (nD) of IL 
in different concentration of 18C6 and DBz-18C6 at different temperatures and at 
101.325 k Pa pressure a 
 

Molality /molkg-1 ρ×10-3 /kgm-3 η /mPas  nD 

IL + 18C6 

T/ Ka 293.15 298.15 303.15 293.15 298.15 303.15 298.15 

m1=0.0012 

0.0100 0.78919 0.78715 0.78518 0.40 0.39 0.38 1.3422 

0.0251 0.78981 0.78776 0.78579 0.41 0.40 0.39 1.3427 

0.0401 0.79091 0.78882 0.78681 0.42 0.41 0.40 1.343 

0.0552 0.79215 0.79001 0.78801 0.43 0.42 0.41 1.3436 

0.0703 0.79325 0.79095 0.78890 0.44 0.43 0.42 1.344 

0.0855 0.79455 0.79195 0.78986 0.45 0.44 0.43 1.3446 

m1=0.0032 

0.0100 0.79463 0.79273 0.79105 0.42 0.41 0.40 1.3429 

0.0251 0.79499 0.79315 0.79147 0.43 0.43 0.41 1.3434 

0.0401 0.79585 0.79396 0.79212 0.44 0.43 0.42 1.3439 

0.0552 0.79689 0.79496 0.79318 0.45 0.44 0.43 1.3444 

0.0703 0.79792 0.79579 0.79381 0.46 0.45 0.44 1.3449 

0.0855 0.79881 0.79671 0.79475 0.47 0.46 0.45 1.3454 

m1=0.0052 

0.0100 0.79915 0.79717 0.79520 0.45 0.44 0.43 1.3434 

0.0251 0.79941 0.79743 0.79547 0.46 0.45 0.44 1.3439 

0.0401 0.80011 0.79803 0.79609 0.47 0.46 0.45 1.3444 

0.0552 0.80105 0.79905 0.79695 0.49 0.47 0.46 1.3449 

0.0703 0.80179 0.79981 0.79781 0.50 0.49 0.47 1.3455 

0.0855 0.80271 0.80051 0.79851 0.51 0.50 0.49 1.3461 
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IL + DBz-18C6 

m2=0.0012 

0.0100 0.78932 0.78729 0.78532 0.41 0.40 0.39 1.3422 

0.0251 0.78994 0.78791 0.78594 0.42 0.41 0.40 1.3425 

0.0401 0.79116 0.78896 0.78691 0.43 0.42 0.41 1.3429 

0.0552 0.79228 0.79015 0.78805 0.44 0.43 0.42 1.3433 

0.0703 0.79347 0.79106 0.78901 0.45 0.44 0.43 1.3438 

0.0855 0.79475 0.79192 0.78998 0.46 0.45 0.43 1.3443 

m2=0.0032 

0.0100 0.79471 0.79285 0.79118 0.44 0.43 0.42 1.3425 

0.0251 0.79515 0.79327 0.79161 0.45 0.44 0.43 1.3429 

0.0401 0.79606 0.79415 0.79226 0.47 0.45 0.44 1.3432 

0.0552 0.79731 0.79515 0.79316 0.48 0.46 0.45 1.3437 

0.0703 0.79822 0.79605 0.79418 0.49 0.48 0.46 1.3442 

0.0855 0.79912 0.79695 0.79495 0.50 0.49 0.48 1.3446 

m2=0.0052 

0.0100 0.79930 0.79728 0.79532 0.47 0.46 0.45 1.3432 

0.0251 0.79961 0.79756 0.79562 0.48 0.47 0.46 1.3435 

0.0401 0.80038 0.79818 0.79625 0.50 0.48 0.47 1.3439 

0.0552 0.80139 0.79918 0.79752 0.51 0.50 0.49 1.3444 

0.0703 0.80202 0.79994 0.79796 0.53 0.51 0.50 1.3449 

0.0855 0.80297 0.80061 0.79862 0.54 0.53 0.51 1.3454 
a Standard uncertainties u are: u(ρ) = ±0.00005 gcm-3, u(η) =± 0.002 mPas, u(nD) = 
±0.0003 and u(T) =±0.01 K, u(p)= ±10 kPa, u(m)= ±0.0002 molkg-1 

 
Table 5 Limiting apparent molar volume ( 0

V ), experimental slope ( *

vS ), viscosity 

B- and A- coefficient of  IL in acetonitrile mixture of 18C6 and DBz-18C6 at 293.15 K, 
298.15 K and 303.15 K temperatures respectively (101.325 kPa pressure) a 
 

Molality of crowns in 

acetonitrile(m) b/molkg-1 

0

V
·106 / 

m3mol-1 

*

VS
·106/ m3mol-

3/2 Kg1/2 
B 

1/kg mol  
A 

1/2 1/2/kg mol  

IL+18C6 in acetonitrile 

293.15 K 

m1=0.0012 283.41 -289.73 1.416 0.106 

m1=0.0032 289.51 -255.79 2.084 -0.192 

m1=0.0052 293.2 -236.9 2.496 -0.251 

298.15 K 

m1=0.0012 280.44 -260.17 1.337 0.137 

m1=0.0032 287.07 -237.83 1.830 -0.108 

m1=0.0052 292.98 -228.21 2.447 -0.250 

303.15 K 

m1=0.0012 278.46 -247.32 1.306 0.151 

m1=0.0032 284.96 -214.49 1.761 -0.096 

m1=0.0052 292.69 -222.25 2.300 -0.229 

IL+DBz-18C6 in acetonitrile 

293.15 K 

m2=0.0012 281.93 -290.13 1.372 0.104 

m2=0.0032 289.51 -272.54 1.808 0.051 

m2=0.0052 290.81 -238.33 2.112 -0.014 

298.15 K 

m2=0.0012 277.03 -245.97 1.321 0.119 

m2=0.0032 286.73 -244.14 1.777 0.030 

m2=0.0052 290.58 -222.02 2.008 -0.016 

303.15 K 

m2=0.0012 276.98 -242.71 1.157 0.156 

m2=0.0032 284.62 -217.21 1.615 0.058 

m2=0.0052 290.48 -221.51 1.797 0.024 
a Standard uncertainties u  are u(T) =±0.01 K, u(m)= ±0.0002 molkg-1, u(p)= ±10 kPa  

(0.95 level of confidence) ;  Where,  b m1 and b m2 are molality of 18C6 and DBz-18C6 
in acetonitrile mixture respectively  

 

3.5 Temperature Dependent Limiting Apparent Molar Volume 

The variation of 0

V  =a0+a1T+a2T2 with the temperature of the IL in 

aqueous crown mixture can be expressed by the general polynomial 
equation as given below, 
 

0

V
 =a0+a1T+a2T2

     
(6)

 
 

Where,
0a 1a  

2a  are the empirical coefficients depending on the solute, mass 

fraction (w1) of the co-solute crown, and T is the Kelvin temperature. The 

limiting apparent molar expansibilities, 0

E , can be obtained by the 

following equation, 
 

E
0 =  V P

δ δT0 =a1+2a2T    (7) 

The limiting apparent molar expansibilities, 0

E , change in magnitude 

of  with the change of temperature. The values of 0

E  for different 

solutions of the studied IL at 293.15 K, 298.15 K and 303.15 K are reported 

in Table 6. The table reveals that 0

E  is small positive in all studied 

temperature. This fact can attributed to the presence of small caging or 
packing effect [41] for IL in solutions. 
 

Table 6 Limiting apparent molal expansibilities (
0

E


) of IL in different concentration 

(m) of 18C6 and DBz-18C6 solution (w1) at 293.15 K to 303.15 K respectively and 
101.325 kPa pressurea  
 

Solvent mixture(m)b 
0

E x106 /m3 mol-1K-1

 
Acetonitrile +crowns IL+18C6 IL+DBz-18C6 

 293.15 K 
298.15 

K 

303.15 

K 

293.15 

K 

298.15 

K 

303.15 

K 

m1  or m2 =0.0012 1.11 1.21 1.23 5.25 5.34 5.43 

m1  or m2 =0.0032 0.66 0.67 0.68 0.38 0.39 0.4 

m1  or m2 =0.0052 1.11 1.21 1.23 0.98 0.99 1.01 
a Standard uncertainties u  are  u(T) =±0.01K, u(m)= ±0.0002 molkg-1, u(p)= ±10 kPa   
(0.95 level of confidence) ; bm1 and bm2 are mass fractions of 18C6 and DBz-18C6 in 
acetonitrile mixture respectively 

 
3.6 Viscosity 

Molecular interaction operating in a viscous material (IL) along with the 
co-solutes (crown) can be explained by the viscosity B- and and A- 
coefficients developed by Jones-Dole [42]. In the studied ternary systems 
the viscosity is found to be increasing with increasing mass fraction of 
crowns (Table 4). The viscosity B-coefficients (Table 5) which are an 
indication of solute–solvent interactions, are found to be all positive, and 
increase with the increasing concentration of 18C6 and DBz-18C6, which 
is considered to arise because of increasing IL and crown interaction as 
well as increase in the solvation [43-45]. These types of interactions are 
weakened with rise in temperature and thus the values of B-coefficient 
decreases with increase in temperature. These trends also supported the 
conductance, surface tension and density scrutiny. 
 
3.7 Refractive Index and Limiting Molar Refraction 

Compactness of the complexes can be deduced also from the refractive 
index measurements. The refractive index (nD) and molar refraction (RM) 
are considered as valuable tools for investigating the molecular 
interactions taking place in solution systems (Tables 3 and 4). As the 
interaction between the solute and the solvent (here formation of the 
complex between IL and crown) increases the medium becomes more 
compact, resulting in a higher value of the limiting molar refraction (RM

0) 
[46, 47]. Therefore, it is distinct from Fig. 4 that the crown complexes are 
denser or closely packed, which may be explained as due to greater ion 
solvent interactions between IL and crown. With increase in temperature 
the compactness of the solution is to some extent reduced due to the 
thermal motion of liquids. Thus, the molar refraction value decreases with 
increase in temperature. These findings are in good agreement with the 
results found from all the above measurements. 

 

Fig. 4 Plot of limiting molar refraction (RM0) of IL against concentration (m) of 18C6 
(brown) and DBz-18C6 at 298.15 K 

 

4. Conclusion 

This study concludes that the selected ionic liquid forms 1:1 
stoichiometric complexes with both the crown ethers through ionic-
interaction. Physicochemical investigation for complex formation in 
ternary system by surface tension, conductometric volumetric and 
refractrometric method is already proved the details. Thermodynamic 
contribution confirms the feasible mechanism of complexation. Further, 
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this outcome reveals that complex formation between IL and 18C6 is more 
efficient than IL and DBz-18C6.  All the findings support the complexation 
process and thus the current work describes its appropriateness towards 
assorted applications in the field of modern biomedical as well as 
industrial areas. 
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ABSTRACT
Electrolytic conductivities, densities, viscosities, and Fourier transform infrared (FTIR) studies of 1-buty-1-methyl 
pyrrolidiniumbromide ([BMPyrr][Br]) and 1-butyl-1-methylpyrrolidiniumchloride ([BMPyrr][Cl]) have been 
studied in methanol at different temperatures. The limiting molar conductivities, association constants, and the 
distance of closest approach of the ions have been analyzed using the Fuoss conductance equation (1978) for ion-
pair formation. Ion-solvent interactions have been interpreted in terms of apparent molar volumes and viscosity 
B-coefficients which are obtained from the results of density and viscosity measurements. The limiting apparent 
molar volumes, experimental slopes derived from the Masson equation and viscosity A and B coefficients using 
the Jones–Dole equation have been interpreted in terms of ion-ion and ion-solvent interactions respectively. The 
FTIR spectra for the methanol, as well as the ionic liquids in methanol have also been recorded. The experimental 
results have been discussed in terms of ion-dipole interactions, hydrogen bonds formation, structural aspect, and 
configurational theory.

Key words: Solvation consequence, Ion-pair formation, Viscosity, Density, Conductance, Fourier transform 
infrared spectra.

1. INTRODUCTION
In many academic and industrial research areas, 
ionic liquids (ILs) have been considered as attractive 
compounds for extensive studies due to their unique 
properties, such as ability to dissolve variety of 
chemicals, wide liquids range, negligible vapor 
pressure, high thermal stability, large electrochemical 
window and their potential as “designer solvents” 
and “green” replacements of volatile organic solvents 
used in reaction involving inorganic, organic and bio-
catalysis, etc., [1-3]. They are also used in solar cells 
and battery industries as a heat transfer fluids and 
current conducting liquids respectively [4-6]. These 
types of application are better understood by the 
solvation phenomena and ionic association behavior 
of salts in diverse solvent systems.

On the other hand, to examine the nature, mode and 
magnitude of ion-ion, ion-solvent interactions in non-
aqueous solution systems are of great importance to 
industrialists, technologists and theoreticians as many 
chemical reactions occurs in these solvent systems [7].

The physical properties such as melting point, density, 
viscosity, and hydrophobicity or hydrophilicity can be 

customized by replacing the cations and anions [8] of 
the studied ILs. Polar anionic functional groups (here, 
Br− and Cl−) are able to interact with polar solvents. 
Owing to their diversity of structural and chemical 
properties they are capable to participate in most types 
of interactions, i.e. H-bonding, ion-dipole, dipole-
dipole, van der Waals forces [9,10].

Our present work is mainly focused on the 
comparative study of solvation consequences of ILs 
1-butyl-1-methylpyrrolidiniumbromide ([BMPyrr]
[Br]) and 1-butyl-1-methylpyrrolidiniumchloride 
([BMPyrr][Cl]) in methanol at different temperatures. 
To ascertain this interaction phenomena Fourier 
transform infrared (FTIR) spectroscopic technique is 
also used in this study.

2. EXPERIMENTAL
2.1. Source and Purity of Samples
The ILs selected for this work puriss grade were procured 
from Sigma-Aldrich, Germany and used as purchased. 
The mass fraction purity of the ILs were ≥0.99.

Spectroscopic grade methanol was procured from 
Sigma-Aldrich, Germany and used as purchased. The 
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mass fraction of purity of the methanol was 0.995. The 
purity of the solvent was checked by measuring the 
density, viscosity and conductivity values, which was 
in good agreement with the literature values as shown 
in Table 1.

2.2. Apparatus and Procedure
All the stock solutions of the electrolytes (ILs) in 
studied solvent were prepared by mass (weighed by 
Mettler Toledo AG-285 with uncertainty 0.0003 g). 
The working solutions were obtained by mass dilution 
of the stock solutions.

The specific conductance of ILs were measured by a 
systronics-308 conductivity bridge of accuracy ±0.01%, 
using a dip-type immersion conductivity cell, CD-10, 
with a cell constant of approximately (0.1±0.001) cm−1. 
Measurements were carried out in a thermostat water 
bath maintaining a deviation of ±0.01 K from the 
experimental temperatures. The cell was calibrated 
by the method proposed by Lind et al. [11] and cell 
constant was measured based on 0.01 M aqueous KCl 
solution. During all the measurements, cell constant 
was maintained within the range of 1.10-1.12 cm−1. 
The conductance data were reported at a frequency of 
1 kHz and the accuracy was ±0.3%.

The solvent density and experimental solutions 
densities (ρ) were measured by means of vibrating 
u-tube Anton Paar digital density meter (DMA 4500M) 
with a precision of ±0.00005 gcm−3 maintained 
at ±0.01 K of the desired temperature. It was calibrated 
by triply-distilled water and passing dry air.

The viscosities 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 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. It was calibrated 
against the standard viscosity samples supplied 
with the instrument, water and aqueous CaCl2 
solutions [12]. Temperature of the experimental 
solution was maintained ±0.01°C using Brookfield 
Digital TC-500 thermostat bath. Viscosities were 
measured with an accuracy of ±1%. Each measurement 

reported herein is an average of triplicate reading with 
a precision of 0.3%.

Infrared spectra of ILs in methanol were recorded 
in 8300 FTIR spectrometer (Shimadzu, Japan). 
The details of the instrument have already been 
described [5].

3. RESULTS AND DISCUSSION
The solvent properties are given in Table 1. The 
concentrations and molar conductance (Λ) of ILs 
in Methanol at different temperatures are given in 
Table 2. Conversions of specific conductance (κ) to 
molar conductance (Λ) have been done by using the 
following equation.

Λ = (103 κ)/c (1)

Linear curve (Λ vs. √c) was obtained and extrapolation 
of √c=0 evaluated the initial limiting molar 
conductance for the electrolyte at infinite dilution 
shows in Figure 1.

3.1. Ion-pair Formation
The ion-pair formation in case of conductometric study 
of [BMPyrr] [Br] and [BMPyrr][Cl] in Methanol are 
analyzed using the Fuoss conductance (6) equation. 
The equation was used for analyzing the linear variation 
conductance data in higher or moderate relative 
permittivity solvents. For a given set of conductivity 
values (cj, Λj; j=1…….n), three variable parameters, 
i.e. Λ0, KA, and R have been derived from the said 
equation. Here, Λ0 is the limiting molar conductance, 
KA is the observed association constant and R is the 
association distance, i.e. the maximum center to center 
distance between the ions in the solvent separated ion-
pairs. There is no precise method [8] for determining 
the R value but in order to treat the data in our system, 

Table 1: Density (ρ), viscosity (ƞ) and relative 
permittivity (ε) of the solvents at different temperatures.

Solvent Temp (K) ρ 10−3/kg m−3 η/mPas ε
Methanol 293.15 0.79159 0.594 32.70

303.15 0.78180 0.507 -
313.15 0.77232 0.449 -

Figure 1: Plot of molar conductance (∧) versus √C of 
1-butyl-1-methylpyrrolidiniumbromide in methanol 
at 293.15K (▲), 303.15K (♦), 313.15K (+) and 
1-butyl-1-methylpyrrolidiniumchloride in methanol at 
293.15K (●), 303.15K(■), 313.15K (×).



Indian Journal of Advances in Chemical Science 3(4) (2015) 304-314

306

R value is assumed to be, R = a + d, where a is the 
sum of the crystallographic radii of the ions and d is 
the average distance corresponding to the side of a 
cell occupied by a solvent molecule. The distance, d is 
given in Equation 2 [9]

d 1.183 M
1/ 3= ( )  /ρ  (2)

Where, M is the molecular mass and ρ is the density 
of the solvent.

Thus, the Fuoss conductance equation may be 
represented as follows:

Λ Λ= + +P R E
o X L
[( ) ]1  (3)

P= − −1 1α γ( )  (4)

γ γ= −1
2 2

K c f
A

 (5)

− = +ln / ( )f Rβκ κ2 1  (6)

β ε= ( )e k T
r B

2
/  (7)

K K K K
A R R S
= − = +/ ( ) / ( )1 1α  (8)

Where, Λ0 is the limiting molar conductance, KA is 
the observed association constant, R is the association 
distance, RX is the relaxation field effect, EL is the 
electrophoretic counter current, k is the radius of 
the ion atmosphere, ε 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 executed using the program 
proposed by Fuoss. The initial Λ0 values for the 
iteration procedure are obtained from Shedlovsky 
extrapolation of the data [13]. By putting the number 
of data, n, followed by ε, η (viscosity of the solvent), 
initial Λ0 value, T, ρ (density of the solvent), mole 
fraction of the first component, molar masses, M1 and 
M2 along with cj, Λj values where j=1, 2 ……. n and 
an instruction to cover preselected range of R values.

The best value of a parameter is the one when equations 
are best fitted to the experimental data corresponding 
to minimum standard deviation, δ, for a sequence of 
predetermined R values. The standard deviation, δ, 
was calculated by the following equation:

δ2 2= − −∑[ ( ) ( )] / ( )Λ Λj jcal obs n m  (9)

Table 2: The concentration (c) and molar 
conductance (Λ) of [BMPyrr][Br] and [BMPyrr][Cl] 
in methanol at 293.15, 303.15, 313.15 K respectively.

[BMPyrr][Br] [BMPyrr][Cl]
c·104 
mol−1·dm−3

Λ·104 
S−1·m2·mol−1

c·104 
mol−1·dm−3

Λ·104 
S−1·m2·mol−1

293.13 K
6.99 94.09 6.99 95.59
17.75 90.00 17.75 91.42
25.64 87.58 25.64 89.22
31.68 86.00 31.68 87.85
36.44 85.06 36.44 86.77
41.96 84.00 41.96 85.75
47.34 83.00 47.34 84.83
51.28 82.25 51.28 84.18
54.30 81.85 54.30 83.74
56.68 81.25 56.68 83.40
58.61 80.95 58.61 83.09
60.20 80.45 60.20 82.86
61.54 80.12 61.54 82.61

303.15 K
6.99 102.26 6.99 104.83
17.75 98.25 17.75 100.35
25.64 96.25 25.64 98.28
31.68 94.78 31.68 96.87
36.44 93.69 36.44 95.77
41.96 92.56 41.96 94.72
47.34 91.46 47.34 93.77
51.28 90.78 51.28 93.16
54.30 90.12 54.30 92.64
56.68 89.56 56.68 92.44
58.61 89.12 58.61 92.13
60.20 88.68 60.20 91.89
61.54 88.25 61.54 91.61

313.15 K
6.99 117.5 6.99 120.15
17.75 111.52 17.75 113.52
25.64 108.21 25.64 110.32
31.68 106.56 31.68 108.25
36.44 105.12 36.44 106.80
41.96 103.56 41.96 105.25
47.34 102.01 47.34 103.72
51.28 101.12 51.28 102.74
54.30 100.35 54.30 102.08
56.68 100.12 56.68 101.57
58.61 99.45 58.61 101.18
60.20 99.15 60.20 100.83
61.54 98.65 61.54 100.58

[BMPyrr][Br]=1-butyl-1-methylpyrrolidiniumbromide, 
[BMPyrr][Cl]=1-butyl-1-methylpyrrolidiniumchloride
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Where, n is the number of experimental points and m 
is the number of fitting parameters. The conductance 
data were evaluated by fixing the distance of closest 
approach R with two fitting parameters (i.e. m=2). No 
significant minima were observed in the curve of δ 
versus R for studied ILs in methanol and R values were 
arbitrarily preset at the center to center distance of the 
solvent separated ion pair. Thus, R values is assumed 
to be R = a + d, with terms having usual significance. 
The limiting ionic conductances have been calculated 
from the appropriate division of the limiting 
molar conductivity value of tetrabutylammonium 
tetraphenylborate as the “reference electrolyte” 
method along with a numerical evaluation of ion-pair 
formation constants (KP≈KA).

Finally, the corresponding limiting molar conductance 
(Λo), association constant (KA), co-sphere diameter 
(R) and standard deviations of experimental Λ (δ) 
obtained from Fuoss conductance equation for both 
ILs at 293.15 K, 303.15 K, and 313.15 K, respectively 
are given in Table 3. Table 3 shows that KA values 
increases with the increasing temperature for both 
ILs. With increasing temperature the number of 
free ions per unit volume decreases and hence the 
tendency of ion pair formation increases. The data in 
Table 3 reveals that the anion species dependence of 
the association constant of the ILs follows the order: 
Br− > Cl−. Considering the fact that Cl− anion has a 
much smaller size, higher surface charge density and 
thus stronger electrostatic interaction with the cation 
relative to the Br−. This suggest that the high solvation 
of the Cl- anion significantly reduces its association 
with the cation [BMPyrr+] in methanol, which shapes 
the order observed experimentally. The plausible 
solvation consequences of the ILs in methanol are 
depicted in Schemes 1 and 2.

The standard Gibbs free energy change of solvation, 
ΔGo, for ILs in methanol is given by the following 
equation [14].

∆G RT Ko
A= − ln  (10)

The negative values of standard Gibbs free energy 
obtained from Table 4 reflect the consideration of 
participation of specific covalent interaction in the 
ion-association process.

Table 5 shows the value of ionic conductance (λ0
±) 

and ionic Walden product (λ0
±η) (product of ionic 

conductance and viscosity of the solvent) along with 
Stokes’ radii (rs) and crystallographic radii (rc) of ILs 
in methanol at different temperatures.

3.2. Apparent Molar Volume
The measured values of densities of [PMB][Br] 
and [PMB][Cl] in methanol at 293.15, 303.15, and 
313.15 K are reported in Table 1. The densities of 

the electrolytes in methanol increase linearly with 
the concentration at the studied temperatures. For 
this purpose, the apparent molar volumes ϕv were 
determined from the solution densities using the 
following equation and the values are given in Table 6.

φ ρ ρ ρ ρ ρV M m= − −( )/ /   
0 0

 (11)

Where, M is the molar mass of the solute, m is the 
molality of the solution, ρ and ρ0 are the densities of 
the solution and solvent, respectively. The apparent 
molar volumes ϕv were found to decrease with 
increasing molality (m) of ILs in solvents and increase 

Table 3: Limiting molar conductance (Λ0), 
association constant (KA), co-sphere diameter (R) and 
standard deviations of experimental Λ (δ) obtained 
from Fuoss conductance equation for [BMPyrr]
[Br] and [BMPyrr][Cl] in methanol at 293.15 K, 
303.15 K, and 313.15 K respectively.

ILs Λo·104 
S−1·m2·mol−1

KA/dm3  mol−1 R/Å Δ

293.15 K
[BMPyrr][Br] 99.08 54.52 9.94 0.15
[BMPyrr][Cl] 100.07 53.86 9.80 0.12

303.15 K
[BMPyrr][Br] 107.42 56.23 9.92 0.11
[BMPyrr][Cl] 108.09 55.48 9.83 0.15

313.15 K
[BMPyrr][Br] 123.64 60.35 9.99 0.13
[BMPyrr][Cl] 126.56 58.55 9.84 0.17

[BMPyrr][Br]=1-butyl-1-methylpyrrolidiniumbromide, 
[BMPyrr][Cl]=1-butyl-1-methylpyrrolidiniumchloride, 
ILs=Ionic liquids

Table 4: Walden product (Λo ƞ) and standard Gibb’s 
free energy change (ΔG°) of [BMPyrr][Br] and 
[BMPyrr][Cl] in methanol at 293.15 K, 303.15 K, 
and 313.15 K respectively.

ILs Λo·η·104 
S−1·m2·mol−1 mPa

ΔG° kJ−1·mol−1

293.15 K
[BMPyrr][Br] 78.43 −33.24
[BMPyrr][Cl] 79.21 −33.14

303.15 K
[BMPyrr][Br] 83.98 −33.50
[BMPyrr][Cl] 84.51 −33.39

313.15 K
[BMPyrr][Br] 95.49 −34.08
[BMPyrr][Cl] 97.74 −33.84

[BMPyrr][Br]=1-butyl-1-methylpyrrolidiniumbromide, 
[BMPyrr][Cl]=1-butyl-1-methylpyrrolidiniumchloride, 
ILs=Ionic liquids
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with increasing temperature for the system under 
study. Which are shown in Figure 2a and b.

The limiting apparent molar volumes φV

0  were 
calculated using a least-squares treatment to the plots 
of ϕv versus √c using the following Masson 
equation [12].

φ φV V VS c= + √⋅0 *  (12)

Where, φV

0  is the limiting apparent molar volume at 
infinite dilution and SV

*  is the experimental slope.

The values of φV

0  and SV

*  are reported in Table 7. 
From Table 7, it is observed that φV

0  values are 
positive for both the ILs in solvent and is highest in 
case of [BMPyrr][Br] compared to [BMPyrr][Cl]. 
This indicate the presence of strong ion–solvent 
interactions and the extent of interactions increases 
from [BMPyrr][Cl] to [BMPyrr][Br].

On the contrary, the S
V

*  indicates the extent of ion-
ion interaction. The values of S

V

*  show that the 
extent of ion-ion interaction is higher in case of 
[BMPyrr][Br] than [BMPyrr][Cl]. Owing to a 
quantitative comparison, the magnitude of φV

0  are 
much greater than S

V

* , in every solutions. This 
suggests that ion-solvent interactions dominate over 
ion-ion interactions in all the solutions. The values of 
φV

0  also support the fact that higher ion-solvent 
interaction in methanol leads to lower conductance 
of [BMPyrr][Br] than [BMPyrr][Cl], discussed 
earlier.

3.3. Temperature Dependent Limiting Apparent 
Molar Volume
The temperature dependent general polynomial 
equation for φV

0  are as follows:

φ
V

0 = + +a T
0 1

a a T
2

2

 (13)

Table 5: Limiting ionic conductance (λ0
±), ionic Walden product (λ0

±ƞ), stokes’ radii (rs), and crystallographic 
radii (rc) of [BMPyrr][Br] and [BMPyrr][Cl] in methanol at 293.15 K, 303.15 K and 313.15 K respectively.

ILs Ion ± (S·m2·mol−1) λ0
±η (S·m2·mol−1mPa) rs (Å) rc (Å)

293.15 K
[BMPyrr][Br] BMPyrr+ 56.89 33.79 3.54 3.42

Br− 42.19 25.05 1.92 1.95
[BMPyrr][Cl] BMPyrr+ 57.31 34.04 3.44 3.42

Cl− 42.76 25.39 1.83 1.81
303.15 K

[BMPyrr][Br] BMPyrr+ 58.17 29.49 3.54 3.42
Br− 49.23 24.95 1.86 1.95

[BMPyrr][Cl] BMPyrr+ 58.27 29.54 3.44 3.42
Cl− 49.82 25.25 1.85 1.81

313.15 K
[BMPyrr][Br] BMPyrr+ 68.39 30.68 3.34 3.42

Br− 55.25 24.80 1.75 1.95
[BMPyrr][Cl] BMPyrr+ 70.80 31.78 3.27 3.42

Cl− 55.75 25.03 1.90 1.81
[BMPyrr][Br]=1-butyl-1-methylpyrrolidiniumbromide, [BMPyrr][Cl]=1-butyl-1-methylpyrrolidiniumchloride, ILs=Ionic 
liquids

Scheme 1: “Ball and stick” representation of methanol 
and ions of ionic liquids.

Scheme 2: Solvation consequences of ionic liquids at 
different temperatures.
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Where, a0, a1, a2 are the empirical coefficients 
depending on the solute, mass fraction (w1) of the co-
solute ILs, and T is the Kelvin temperature. The values 
of these coefficients are presented in Table 8.

The limiting apparent molar expansibilities,ϕ
E

0 , can 
be obtained by the following equation,

φ δφ δ
E V

P

T a a T
0 0

1 2
2= ( ) = +  (14)

Where, ϕ
E

0  is the change in magnitude with the change 
of temperature at constant pressure. The values of ϕ

E

0  
for different solutions of the studied ILs at different 
Kelvin are reported in Table 9. The Table 9 reveals that 
ϕ

E

0  is positive for all the ILs in the studied solvent and 
studied temperatures. This fact can be ascribed to the 
absence of caging or packing effect for the ILs in 
solutions.

Helper [15] developed a technique of examining the 
sign of δϕ δ

E
P

T
0( ) for the solute in terms of long-

range structure-making and breaking capacity of the 
solute in the mixed solvent systems using the general 
thermodynamic expression,

δφ δ δ φ δ
E

P
V

P

T T a
0 2 0 2

2
2( ) = ( ) =  (14a)

If the sign of δϕ δ
E

P

T
0( ) is positive or a small 

negative, the molecule is a structure maker; otherwise, 
it is a structure breaker [16]. From Table 9 the 
δϕ δ

E
P

T
0( ) values for ILs in methanol are small 

negative implies predominantly that the molecules are 
structure makers in all of the experimental solutions.

3.4. Viscosity Calculation
The viscosity data have been analyzed using Jones–
Dole equation [12].

η η/ /
0

1−( ) √ = + √c A B c    (15)

Where, η and η0 are the viscosities of the solution and 
solvent respectively. The values of A-coefficient and 
B-coefficient are obtained from the straight line by 
plotting η η/ /

0
1−( ) √c  against √c which are reported 

in Table 6 and Figure 3. The positive value of 
B-coefficients indicates the ion-solvent interaction 
and small positive value of A-coefficients indicates the 
ion-ion interaction in solution.

Figure 3: (a) Plot of (η/η0−1)/√c versus √C of 1-butyl-
1-methylpyrrolidiniumbromide at 293.15 K (●), 
303.15 K (▲) and 313.15 K (♦), (b) Plot of (η/η0−1)/√c 
versus √C of 1-butyl-1-methylpyrrolidiniumchloride 
at 293.15 K (●), 303.15 K (▲) and 313.15 K (♦).

b

a

Figure 2: (a) Plot of apparent molar volume φ V  
versus √C 1-butyl-1-methylpyrrolidiniumbromide at 
293.15K (●), 303.15K (▲) and 313.15K(♦), (b) Plot 
of apparent molar volume (φ V ) versus √C at 1-butyl-
1-methylpyrrolidiniumchloride at 293.15 K (●), 
303.15 K (▲) and 313.15 K (♦).

b

a
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Table 6: Concentration, c, viscosity, η, ( )η
r

c

−1 , viscosity A and B coefficients for [BMPyrr][Br] and [BMPyrr]

[Cl] in methanol at 293.15 K, 303.15 K, and 313.15 K respectively.

Salts c mol−1·dm−3 η mP−1·s ( )ηr
c
− 1 B /dm mol 13 ⋅ − A /dm mol3/2 1/2⋅ −

293.15 K
[BMPyrr][Br] 0.010 0.61 0.306 2.473 0.057

0.025 0.63 0.448
0.040 0.66 0.552
0.055 0.68 0.639
0.070 0.70 0.715
0.085 0.72 0.780

[BMPyrr][Cl] 0.010 0.61 0.258 2.312 0.025
0.025 0.63 0.391
0.040 0.65 0.486
0.055 0.67 0.571
0.070 0.69 0.639
0.085 0.71 0.704

303.15 K
[BMPyrr][Br] 0.010 0.52 0.394 2.509 0.152

0.025 0.56 0.565
0.040 0.58 0.654
0.055 0.60 0.745
0.070 0.62 0.815
0.085 0.64 0.885

[BMPyrr][Cl] 0.010 0.52 0.354 2.337 0.118
0.025 0.54 0.489
0.040 0.56 0.584
0.055 0.58 0.669
0.070 0.60 0.741
0.085 0.62 0.804

313.15 K
[BMPyrr][Br] 0.010 0.47 0.577 2.551 0.320

0.025 0.51 0.724
0.040 0.53 0.828
0.055 0.55 0.921
0.070 0.57 0.998
0.085 0.59 1.069

[BMPyrr][Cl] 0.010 0.47 0.511 2.416 0.268
0.025 0.50 0.652
0.040 0.52 0.752
0.055 0.54 0.835
0.070 0.56 0.911
0.085 0.58 0.978

[BMPyrr][Br]=1-butyl-1-methylpyrrolidiniumbromide, [BMPyrr][Cl]=1-butyl-1-methylpyrrolidiniumchloride
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Table 7: Concentration, c, density, ρ, apparent molar volume, ϕV, limiting apparent molar volume φ
V

0  and 
experimental slope for [BMPyrr][Br]and [BMPyrr][Cl]at methanol 293.15 K, 303.15 K and 313.15 K 
respectively.

ILs c mol−1·dm−3 ρ·10−3 kg m−3 φV ·106/m3·mol−1 φ
V

0 ·106/m3·mol−1
S

V

* ·106/m3·mol−3/2·dm3/2

293.15 K
[BMPyrr][Br] 0.010 0.79162 276.87 293.60 −144.91

0.025 0.79180 268.25
0.040 0.79209 261.25
0.055 0.79247 255.36
0.070 0.79295 250.06
0.085 0.79348 245.35

[BMPyrr][Cl] 0.010 0.79161 221.97 238.02 −141.93
0.025 0.79180 213.05
0.040 0.79216 205.89
0.055 0.79265 200.15
0.070 0.79320 195.44
0.085 0.79382 191.35

303.15 K
[BMPyrr][Br] 0.010 0.78229 280.17 297.93 −151.62

0.025 0.78251 271.22
0.040 0.78288 264.19
0.055 0.78341 257.28
0.070 0.78401 252.05
0.085 0.78471 247.16

[BMPyrr][Cl] 0.010 0.78227 225.89 242.5.5 −149.6
0.025 0.78249 215.41
0.040 0.78285 208.31
0.055 0.78332 202.53
0.070 0.78389 197.40
0.085 0.78453 193.03

313.15 K
[BMPyrr][Br] 0.010 0.77237 283.77 301.2 −157.3

0.025 0.77261 273.67
0.040 0.77301 265.97
0.055 0.77355 259.17
0.070 0.77421 253.95
0.085 0.77501 249.26

[BMPyrr][Cl] 0.010 0.77235 228.09 244.6 −150.1
0.025 0.77259 217.26
0.040 0.77299 209.86
0.055 0.77352 204.10
0.070 0.77419 199.10
0.085 0.77497 195.01

[BMPyrr][Br]=1-butyl-1-methylpyrrolidiniumbromide, [BMPyrr][Cl]=1-butyl-1-methylpyrrolidiniumchloride, ILs=Ionic 
liquids
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From Table 6, it is clear that the values of the 
B-coefficient are positive and much higher than 
A-coefficient, thereby suggesting the solute-solvent 
interactions are dominant over the solute-solute 
interactions. The B-coefficient [17] value obtained 
from the viscosity measurements gives the important 
information regarding the extent of solvation of the 
solute molecules and the effects on the structure of the 
solvents in the local vicinity of the solute molecule in 
solution. The higher B-coefficient values for higher 
viscosity values are due to the solvated solutes 
molecule associated by the solvent molecules by 
solute-solvent interactions. These types of interactions 
are strengthened with rise in temperature and thus the 
values of B-coefficient increases with increase in 
temperature. These results are in good agreement with 
those obtained from φV

0  to SV

*  values, discussed 
earlier. Thus, the trend of ion-solvent interaction is 
[BMPyrr][Br] > [BMPyrr][Cl].

3.5. FTIR Spectroscopy
With the help of FTIR spectroscopy, the molecular 
interactions existing between the ILs and the methanol 
can be studied. At first the IR spectra of pure methanol 
was studied. The stretching frequencies of the key 
groups are given in Table 10 and Figure 4.

Table 8: Values of empirical coefficients (A0, A1, and A2) of equation 4 for ionic liquids in methanol at 
293.15-313.15 K respectively.

Solvent mixture a0·106 m−3·mol−1 a1·106 m−3·mol−1·K−1 a2·106 m−3·mol−1·K−2

MeOH+[BMPyrr][Br]
293.15 K −10.19 1.622 −0.002
303.15 K −10.19 1.622 −0.002
313.15 K −10.19 1.622 −0.002

MeOH+[BMPyrr][Cl]
293.15 K −960.3 7.605 −0.012
303.15 K −960.3 7.605 −0.012
313.15 K −960.3 7.605 −0.012

[BMPyrr][Br]=1-butyl-1-methylpyrrolidiniumbromide, [BMPyrr][Cl]=1-butyl-1-methylpyrrolidiniumchloride

Table 9: Limiting apparent molar expansibilities (φ
E

0 ) for ionic liquids in methanol at 293.15K to 313.15K 
respectively.

Solvent mixture φE
0 ·106 m−3·mol−1·K−1 ∂ ∂( )φ

E
T

P

0

 106 m−3·mol−1·K−2

MeOH+[BMPyrr][Br]
T/K 293.15 303.15 313.15 −0.004

0.4494 0.4094 0.3694
MeOH+[BMPyrr][Cl]

T/K 293.15 303.15 313.15 −0.024
0.5694 0.3994 0.0894

[BMPyrr][Br]=1-butyl-1-methylpyrrolidiniumbromide, [BMPyrr][Cl]=1-butyl-1-methylpyrrolidiniumchloride

Figure 4: Infrared-spectra of, (a) Pure methanol, 
(b)      CH3OH + 1-butyl-1-methylpyrrolidiniumchloride and 
(c) CH3OH + 1-butyl-1-methylpyrrolidiniumbromide.
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In case of pure methanol a broad peak is observed at 
3384.7, attributed to the H-bonded O-H vibrational 
stretching. However, the broad peak is shifted toward 
the narrower peak with low intensity at 3429.8 and 
3418.3 in the IR spectra of [BMPyrr][Br]+CH3OH 
and [BMPyrr][Cl]+CH3OH respectively. The shifting 
of frequency indicates that H-bonding between the 
molecules of the methanol is disrupted [18] by the 
addition of the ILs. This is due to the interaction of the 
ions of ILs (BMPyrr+, Br-, Cl-) with the −OH group 
of methanol. The plausible H-bonding interactions 
between methanol and ILs are shown in Scheme 3.

4. CONCLUSION
From the thorough study it is evident that the ion-
solvent interaction increases for both the investigated 
ILs with increasing temperature. It is also pronounced 
that the ion-solvent interactions is greater for 
[BMPyrr][Br] compared to [BMPyrr][Cl] and it can 
be modulated by changing the anion for a particular 
cation in the same solvent.
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We investigated the 1:1 molecular inclusion of three bioenergetically important tyrosine derivatives, e.g., dopa-
mine hydrochloride, tyramine hydrochloride and (±)-epinephrine hydrochloridewith cyclic oligosaccharide (α-
cyclodextrin) in aqueous medium of various pH conditions (e.g., at pH = 7.4 and at pH = 9.0). Surface tension
and specific conductivity measurements were used to explain the molecular ratio of inclusion complexes.
Using Benesi–Hildebrand method with the help of UV–Vis spectroscopic inspection, apparent formation con-
stants (K) and thermodynamic parameters for the inclusion have been determined. 1HNMR study ofα-cyclodex-
trin confirms the inclusion phenomenon. Hydrophobicity, H-bonding and pH of the medium play a significant
role to validate the stability of the inclusion complexes.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

pH-sensitive drug delivery in aqueous systems are gaining impor-
tance as these systems deliver the drug on specific site as per the phys-
iological need of the diseases, resulting in improved patient therapeutic
efficiency and compliance [1]. Although, significant progress has been
made in the cyclodextrins based controlled drug delivery systems [2–
5], more advancement are required for treatingmany clinical disorders,
such as diabetes, rhythmic heart disorders and neuropsychiatric disor-
ders, etc. However, dopaminehydrochloride (DH), tyramine hydrochlo-
ride (TH) and epinephrine hydrochlorides (EH) are important biogenic
amine group of naturally occurring molecules and acts as neurotrans-
mitters that allow the transmission of signals from a neuron to target
cells across synapse. Dopamine is one of the most physiologically im-
portant biogenic amines and, its regulation in the central nervous sys-
tem is prerequisite for homeostasis [6,7]. Tyramine is also a
neurotransmitter and act as a catecholamine releasing agent [8]. Epi-
nephrine is a hormone and a neurotransmitter,which function as chem-
ical mediators for turning over the nerve impulses to effective organs
[9]. Epinephrine is also used as a drug to treat cardiac arrest and other
cardiac disorders [10].

Generally, Cyclodextrins (CDs) (Scheme 1) are known to complex a
wide variety of molecules in their hydrophobic interior [11–15]. The
most likely mode of binding consists of inclusion of the less polar

portion of the guest within the cavity while the polar or hydrophilic
part of the guest remains in the bulk [16,17]. It has been recognized
that the binding forces involved in the inclusion are hydrophobic inter-
actions, hydrogen bonding, van derWaals forces, the relief of high ener-
gy water from the CDs cavity and the relief of conformational strain
upon guest incorporation [13–16]. It is important to study these weak
interactions by physicochemical method in various aqueous conditions,
for our further understanding the nature of the Inclusion complexes
(ICs) to predict new approaches in controlled drug delivery and release
[16,17], analytical [18], material [19,20], pesticides, foodstuffs, textile
processing and other industries, etc. For a variety of reasons, including
toxicological considerations, formulation, bulk, drug bioavibility and
production cost. It is more important to use as small amount of CDs as
possible in pharmaceutical formulations. In this respect, aqueous solu-
bility of α-CD is higher than β-CD, taking more advantages for this
study (solubility in water (w/v) at 25 °C: for α-CD is 14.5 mg/mL and
β-CD is 1.85 mg/mL). Moreover, α-CD favors to form stable ICs with
the neurotransmitters. This is obviously due to the fact that α-CD pro-
vides more viable features (cavity diameter and cavity volume) for for-
mation of feasible ICs with the neurotransmitters so as to make close
contact with α-CD than β-CD [21,22]. The determinations of a variety
of guest compounds have been developed by exploiting the β-CDs
[23–25], whereas only a few biological and analytical applications of
α-CD [7,8,26] have been developed.

The aim of thiswork is to investigate the formation of inclusion com-
plexes (ICs) of tyrosine derivatives (DH, TH and EH)withα-CD in aque-
ous media at pH= 7.4 and at pH= 9.0 and compare their efficiency of
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Scheme 1.Molecular structure of α-CD.

Scheme 2.Molecular structures of dopamine hydrochloride (DH), tyramine hydrochloride (TH) and epinephrine hydrochloride (EH).
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Scheme 3. Plausible schematic mechanism of inclusion of neurotransmitters into the α-CD cavity (A) in aqueous (reference medium), (B) at pH= 7.4 and (C) at pH= 9.0.
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inclusion with respect to the pure water medium. Triply distilled
degassedwater was used for a reference solution (specific conductivity:
1 × 10−6 S·cm−1). It is mentioned that, hydrophobicity and the ability
of neurotransmitters to form hydrogen bonds vary with the change in
pHmedium [27]. Therefore, efficiency of inclusion of theneurotransmit-
ters directly depends on the medium of the solution. All these guest

molecules have a common aromatic ring containing two adjacent
\\OH groups for DH and EH, and one\\OH group for TH which may
attribute towards the formation of intermolecular and intramolecular
hydrogen bonds (Scheme 2). They are suitable for the study of the ef-
fects of polarity, hydrogen bonding and position of the substituent on
the host–guest system.

Table 1
Values of break points for the surface tension of neurotransmitters with the corresponding
concentration of α-CD in aqueous medium of various pH conditions at 298.15Ka. (Initial
concentration of each neurotransmitter is 5 mM).

Conc./mM
Surface tension/mNm−1

In aqueous At pH = 7.4 At pH = 9.0

EH 2.5 70.7 ± 0.1 71.1 ± 0.2 71.2 ± 0.1
DH 2.5 70.8 ± 0.2 71.2 ± 0.1 71.3 ± 0.1
TH 2.5 71.1 ± 0.1 71.5 ± 0.1 71.7 ± 0.2

a Average standard uncertainties (u): temperature: u(T) = ±0.01 K.
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Fig. 2. Conductance of neurotransmitters with the corresponding concentration of α-CD at 298.15 K.

Table 2
Values of break points for the conductance of neurotransmitters with the corresponding
concentration of α-CD in aqueous medium of various pH conditions at 298.15 K. (Initial
concentration of each neurotransmitter is 5 mM).

Conc./mM
Conductance/mScm−1

In aqueous At pH = 7.4 At pH = 9.0

EH 2.5 0.165 ± 0.004 0.121 ± 0.002 0.162 ± 0.005
DH 2.5 0.178 ± 0.005 0.123 ± 0.003 0.169 ± 0.003
TH 2.5 0.181 ± 0.004 0.127 ± 0.002 0.174 ± 0.002

aAverage standard uncertainties (u): temperature: u(T) = ±0.01 K.
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2. Experimental

2.1. Materials

Dopamine hydrochloride, tyramine hydrochloride, (±)-epineph-
rine hydrochloride and α-cyclodextrin of puriss grade were procured
from Sigma-Aldrich Company, Germany and used as received. Purity
of dopamine hydrochloride, tyramine hydrochloride, (±)-epinephrine
hydrochloride and α-cyclodextrin were 99%, 98%, 99% and 0.98% re-
spectively. The selected phosphate buffers were procured from Merck,
India.

2.2. Apparatus and procedure

Prior to the start of the experimental work solubility of α-CD and
chosen neurotransmitters have been precisely checked in triply distilled
and degassed water (specific conductance is 1 × 10−6 S·cm−1). Stock
solution of pH= 7.4 and pH= 9.0 were prepared by adding the appro-
priate amount of buffer into the aqueous solution. The pH of the solu-
tions were re-checked and adjusted. All the stock solutions were
prepared bymass (weighed byMettler Toledo AG-285with uncertainty
0.0003 g), and then the working solutions were obtained by mass dilu-
tion at 298.15 K. Adequate precautions (viz., maintaining room

Fig. 3. 1H NMR spectra of (A) α-CD, (B) epinephrine hydrochloride and (C) α-CD + epinephrine hydrochloride in D2O.

Fig. 4. 1H NMR spectra of (A) α-CD, (B) dopamine hydrochloride and (C) α-CD + dopamine hydrochloride in D2O.

107K. Roy et al. / Journal of Molecular Liquids 230 (2017) 104–112



temperature at 298.15 K through the preparation of the solution, sam-
ple kept in a P2O5 Containing vacuum desiccator, instant preparation
of the solution mixture etc.) for the preparation of solutions were
made to reduce evaporation losses during mixing.

The surface tension experiments were done by platinum ring detach-
ment method using a Tensiometer (K9, KRŰSS; Germany) at 298.15 K.
The accuracy of the measurement was within ±0.1 mN·m−1. Tempera-
turewasmaintained by circulating auto-thermostatwater through adou-
ble-wall glass vessel containing the 5 mM stock solution of
neurotransmitters with increment addition of α-CD. Break points are cal-
culated by considering the intersection points of each curve.

The specific conductance measurements were carried out in a
Systronic-308 conductivity meter (accuracy ±0.01%) using a dip-type
immersion conductivity cell, CD-10, having a cell constant of approxi-
mately (0.1 ± 0.001) cm−1. Measurements were completed in a
water bath maintained within T = (298.15 ± 0.01)K.

UV–visible spectra were recorded by JASCO V-530 UV/VIS Spectro-
photometer, with an uncertainty of wavelength resolution of ±2 nm.
The measuring temperature was monitored by an automated digital
thermostat.

1H NMR spectra were recorded at 500 MHz and 400 MHz using
Bruker ADVANCE 500 MHz & 400 MHz instruments respectively using
D2O at 298.15 K. All the signals are assignedwith respect to the residual
protonated solvent signals (D2O: δ 4.79 ppm).

3. Result and discussion

3.1. Surface tension

Surface tension (γ)measurement provides significant idea about the
formation of ICs as well as stoichiometry of the host-guest complexes
[28]. In aqueous medium α-CD does not show any change in surface
tension in significant range of concentration [29,30]. Therefore, surface
activity of α-CD is negligible in the studied medium. On the other
hand, neurotransmitters (Scheme 2) have a common characteristics in
their structures, i.e., they have a hydrophobic \\CH2\\CH2\\Ph
[CH2\\CH (OH)\\Ph for EH] part and a terminal “\\NH3

+ [\\NH2
+ for

EH]” part, which makes them surface active materials. Hence, γ of

aqueous solution as well as pH solutions of each of the neurotransmit-
ters are found to be lower than that of pure water and are shown in
Fig. 1. The increasing trend of γ with increasing concentration of α-CD
is due to the inclusion of neurotransmitters into the hydrophobic cavity
of α-CD. Each curve also shows that there is a single break point at cer-
tain concentration after which the curve becomes linear. Sighting of
break point in surface tension curve not only indicates formation of IC
but also provides information about its stoichiometry, i.e., appearance
of single, double and so on break point in the plot indicates 1:1, 1:2
and so on stoichiometry of host: guest ICs (Scheme 3) [31]. The γ values
are reported in Table 1 as a function of corresponding concentrations of
α-CD at each break point. Hence this study proves formation of 1:1 ICs
between neurotransmitters and α-CD. From the details of γ-values
(Table 1) it is understood that neurotransmitters are more efficient for
the formation of ICs with α-CD in aqueous medium than the other
two pH medium. This is obviously due to the fact that phenyl part of
neurotransmitters provides maximum hydrophobic nature in aqueous
environment for the formation of feasible ICs with α-CD. The insertion
of neurotransmitters occurs via the wider rim (inclusion via narrower
rim is sterically hindered) through hydrophobic and hydrophilic inter-
action, while the charged polar head part remains either in the wider
rim of α-CD or in the bulk solution through H-bonding interaction
(Scheme 3) [32].

3.2. Conductivity

The specific conductivity (κ) of neurotransmitters in the experimen-
tal solution has been measured to get the information about transport
property of ICs as well as the stoichiometry of the complexes [33]. The
considered guest molecules are charged structures (Scheme 2) in all
the solvent media and have considerable conductivity. Conductivity of
the experimental solution arises from the ionic mobility of ions of the
neurotransmitters in presence of α-CD (Fig. 2). The decrease in conduc-
tivity is due to the inclusion of hydrophobic part of neurotransmitter
molecules one by one into the apolar cavity of α-CD. The markedly
change in solution conductivity with the increment addition of α-CD
corresponds to the formation of ICs between neurotransmitters and α-
CDmolecules. After a certain concentration of α-CD, a marked changed,

Fig. 5. 1H NMR spectra of (A) α-CD, (B) tyramine hydrochloride and (C) α-CD + tyramine hydrochloride in D2O.
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i.e., a break point, was observed in conductivity curve indicating the for-
mation of 1:1 ICs. An unusual break in the conductivity curve occurred
at a concentration of about 2.5 mmol L−1 for α-CD in each solvent sys-
tems, suggesting that the stoichiometry of the inclusion complex is al-
most equimolar [31,34]. Conductivity values of each IC are tabulated
in Table 2. Therefore, themain inclusion complexes ofα-CDwith neuro-
transmitters in this concentration range are of 1:1 M ratio which point
out that the neurotransmitters are almost totally in complexed
situation.

3.3. 1H NMR study

Insertion of a guest molecule into the hydrophobic cavity of a cyclo-
dextrin results in themodification of the NMR frequencies of the signals
of both the host. 1H NMR study was used to confirm the host-guest in-
teraction of ICs in the cyclodextrin based systems [35]. In the α-CD,
theH3andH5protons are located inside the cavity,mainly; H3 is placed
near the wider rimwhile H5 is placed near the narrower rim. The other
H1, H2 and H4 hydrogens are situated at the exterior of the α-CD mol-
ecule (Scheme 1) [36]. Thus when a guest enters into the cavity of α-

CDmolecule it interactswith theH3andH5protons, resulting in theup-
field chemical shift of these protons. The shift is higher for H3 proton as
it is located near thewider rim ofα-CD, throughwhich usually the guest
enters, than that of H5protonwhich is situated near thenarrower rim at
the interior ofα-CDmolecule. The other protons e.g., H1, H2 andH4 also
shows upfield chemical shifts, but the shift is lower compared toH3 and
H5 protons [37]. In ourwork, neurotransmitters are inserted into the α-
CD cavity. Hence, chemical shift of the α-CD protons and protons of the
neurotransmitters arewell established for the formation of 1:1 ICs (Figs.
3–5). Thus, it holds the conductometric and surface tension
investigation.

3.4. UV–Vis study

3.4.1. Job's method (to determine stoichiometry between host and guests)
Job's method of continuous variation was useful to distinguish the

stoichiometry of the host–guest systems by studying UV–visible spec-
troscopic investigation [38]. Job plots were obtained by plotting ΔA vs
R, where ΔA is the difference in absorbance of neurotransmitters with
and without α-CD and R = [Guests] / ([Guests] + [CD]), by varying
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the mole fraction of the guests (neurotransmitters) in the range of 0–1
(Tables S1–S3, supporting information) [39,40]. Absorbance values
were considered at corresponding λmax for each series of solutions at
298.15 K. Maximum deviation of ‘R’ gives the information about the
stoichiometry of the inclusion complex (IC) (e.g., R = 0.5 for 1:1 com-
plexes; R = 0.33 for 1:2 complexes; R = 0.66 for 2:1 complexes).
Thus, from Fig. 6, maxima of each plots were attained at R = 0.5,
which definitely point out 1:1 stoichiometric inclusion between host
and neurotransmitters.

3.4.2. Stability studies
UV–Vis spectroscopy is an important method to measure not only

the absorbance of ICs but alsowe obtain the comparative binding stabil-
ity of the neurotransmitters with α-CD [22,34,41]. Since, α-CD has al-
most no absorption throughout the wavelength; hence the absorption
of the α-CD can be neglected [34]. Therefore, absorption of the guest
molecules are taken into consideration [42]. Absorption spectra for
each neurotransmitter in every solvent medium found similar at most
of the points along the wavelengths recorded which shows that the ab-
sorbance arises from neurotransmitters only. Whereas, ICs show in-
creased intensity at a fixed wavelength due to the inclusion
phenomena between α-CD and neurotransmitters (Fig. 7) [43]. The
spectra show that the absorbance values increase at a particular wave-
length with increasing α-CD concentrations while the concentration of
neurotransmitters remains the same. It signifies that the molecular in-
teraction occurs between the neurotransmitters and α-CD molecules,

and their solubility increases upon forming the inclusion complexes
[44]. Gablica et al. demonstrated that α-CD forms both inclusion and
non-inclusion complexes. Non-inclusion complexes are those in which
the guest molecules are linked at the external part of the CDs [45]. The
prominent increases in molar absorption of neurotransmitters at a par-
ticular wavelength with in concentration of α-CD are the direct evi-
dence of inclusion complex formation. Other type of non-inclusion
complex (viz., 1:2 or 2:1) can only form when a neurotransmitters or
α-CD can interact externallywith the 1:1 inclusion complexes. Thus, ap-
pearance of 1:1 complexes from Job's method successfully signifies the
formation of ICs chiefly [46]. Since, the guest molecules have aromatic
ring having phenolic –OH group therefore it is possible to make them
as different ionic structures by changing the pH of the medium [27,
47]. As a result, their hydrophobicity is to some extent modified and it
directly influences the binding stability of the inclusion complexes.
From the Hildebrand–Benesi equation [48], a very good linear relation-
shipwas obtained for 1/A vs. 1/T [α-CD] and the reciprocal plot obvious-
ly indicates the stoichiometry ratio for the formation of ICs between
neurotransmitters and α-CD is 1:1 M ratio [49,50].

From the reciprocal plot (Table S4 & Fig. S1) the apparent formation
constant (K) for each ICs were obtained and are reported in Table 3.
Thermodynamic parameters for the formation of ICs have also been
evaluated from the plot of LnK Vs 1/T at 298.15, 303.15 and 308.15 K
with the help of Van't Hoff eq. [51] (Table 3). The large negative value
of standard free energy change (ΔG0) comprises the inclusion process
is thermodynamically favorable, where as the negative standard

Fig. 7. UV–Vis spectra of neurotransmitters with the increasing concentration of α-CD at 298.15 K.
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enthalpy change (ΔH0) and standard entropy change (ΔS0) values re-
spectively suggested that the formation of IC is enthalpy driven and en-
tropic forbidden. The higher negative value of standard enthalpy change
(ΔH0) overcome the unfavorable spontaneity (ΔS0) of the system and
favors the overall process for the formation of ICs.

The results shown in Table 3 indicate that order of K for ICs with α-
CD and the order of −ΔGO is EH N DH N TH. This can be elucidated on
relation of the difference in the structures of three neurotransmitters,
which have almost similar hydrophobic moiety, but EH can form extra
H-bonds withα-CD because of having one extra alcoholic\\OH groups
along with two phenolic\\OH group; thus, it forms strongest complex
among the three. Likewise, the consequences for DH and TH can be ex-
plained because of having two and one\\OH groups in their structures
respectively. All the favorable inclusions in different medium are being
explained as follows:

In aqueous solution
All the studied neurotransmitters in aqueous solution are in acidic
form, i.e., amine part is protonated [27] in this state. The apparent
formation constant for the inclusion complex follows the trends,
EH N DH N TH. The standard free energy, ΔG0 values also support
the same sequence (Table 3). Thus, from the overall experimental
results the following contribution can be made, (i) removal of
water molecules from the hydrophobic cavity of α-CD (ii) extended
H-bonding for primary and secondary\\OH group of the α-CD
which unlock the rims for incoming hydrophobic moiety (iii) reduc-
tion of repulsive force from the solvent and guest molecules in the
bulk of the solution (iv) hydrophobic-hydrophobic interaction in-
creases in the cavity of the α-CD after getting inclusion.
At pH= 7.4 solution
At pH= 7.4, the neurotransmitters are in almost similar state as de-
scribed in above aqueous medium (Scheme 2). In this pH= 7.4 me-
dium,\\OH group of the phenyl ring may partially ionize and thus
hydrophobicitymay decrease compared to that in aqueousmedium.
As such, some polarity may develop in the hydrophobic moiety of
neurotransmitters [27]. Therefore, the binding stability for this

system is reduced and values of formation constant are lower than
the aqueous medium. Standard free energy (ΔG0) values for the
neurotransmitters supported the facts obtained from the results
(Table 3). The smaller negative value of ΔG0 is responsible for the
loss of hydrophobic nature of neurotransmitters.
At pH= 9.0 solution
In this pH ranges one of the\\OH group of the phenyl ring of neuro-
transmitters gets ionize to\\O− ion [26]. Ionic nature of phenyl ring
also reduces the binding stability of the neurotransmitters with α-
CD than aqueous medium. However, the extra stability of inclusion
complexes in this medium than pH=7.4medium is due the follow-
ing additional contribution: (i) strong H-bonding between the O–

ion and the\\OH of the narrower rim (Scheme 3) of the α-CD (ii)
remove of repulsion from the anionic neurotransmitters and hy-
droxide ion containing bulk solution.

4. Conclusion

Structural features and aqueous solubility ofα-CD promote to obtain
the efficiency of inclusion complexes with tyrosine derivatives. Various
characterization techniques have been executed to determine the ex-
clusive formation and stability of the 1:1 ICs. The results showed that
with increase in pH of the medium stabilities of ICs decreases however
an extra stability was found at pH 9.0. Therefore, the pH responsive in-
clusion of drug molecules will be an active area of research that will re-
sult in the development of novel systems with possible commercial and
biological applications. As an extra stability obtained at pH9.0, thedrugs
are more effective if administered by parental route.
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