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ABSTRACT

Physicochemical study of mixed components plays a vital role inunderstanding the solute-solute or ion-ion, solute-solvent or ion-solvent andsolvent-solvent interactions in solutions. In order to explore the strength and natureof the interactions, the studies on thermodynamic, transport properties ofelectrolytes, optical and spectroscopic properties involving one or more solutes inpure and mixed solvent systems are highly useful. The principal objective ofresearch work is to explore these diverse interactions prevailing in manyelectrolytic and non-electrolytic systems where the solvents may be both aqueousand non-aqueous. Moreover, for the proper planning of industrial processes andtheoretical and applied areas of research in Chemistry the knowledge ofPhysicochemical properties are very important.Ionic liquids have gained worldwide attention as green solvents in the lastdecade. In general, an ionic liquid is a wholly composed of ions. There are severalreasons that ionic liquids are considered as “green solvents”. The most importantreason is that ionic liquid possess negligible vapour pressure and hence do notevaporate to environment. Ionic liquids can be recycled to offer comparableperformance in chemical transformations. These have various applications, as inchemical industry, pharmaceuticals, gas handling, cellulose processing, solar thermalenergy, nuclear fuel processing, waste recycling, batteries etc.“Biologically active solutes” are extra nutritional constituents that isproduced by or extracted from a biological source such as micro-organism, organsand tissues of plant or animal origin, cell or fluids of human or animal origin calledbiologically active. Biologically active compounds are being intensively studied toevaluate their effects on health. These will reduce the risk of many diseases,including cancer, cardiovascular disease. Amino acids serves as the building blocksproteins, peptides, polypeptides, essential for human body, they are used innutrition supplements, fertilizers, food technology, include the production ofbiodegradable plastics, drugs and chiral catalysts.Using mixed solvents in these studies enable the variation of properties suchas dielectric constant or viscosity, and therefore the ion-ion and ion-solvent
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interactions could be better studied. Consequently, a number of conductometric andrelated studies of different electrolytes in non-aqueous solvents, especially mixedorganic solvents, have been made for their optimal use in high-energy batteries andfor understanding organic reaction mechanisms. Thus, extensive studies onelectrical conductance in mixed organic solvents have been performed to examinethe nature and magnitude of ion-ion and ion-solvent interactions.In supramolecular chemistry, host-guest chemistry describes complexes thatare composed of two or more molecules or ions that are held together in uniquestructural relationships by forces other than those of full covalent bonds. Host-guestchemistry encompasses the thought of molecular recognition and interactionsthrough noncovalent bonding.  Common host molecules are cyclodextrins,calixarenes, pillararenes, porphyrins crown ethers, zeolites, cryptophanes etc. Host-guest chemistry is observed in inclusion compounds, intercalaton compounds,clathrates and molecular tweezers. Among the host molecules, cyclodextrin seems tobe the most promising to form inclusion complexes, especially with various guestmolecules with suitable polarity and dimensions. There are various applications ofHost-guest chemistry such as host-guest systems have been used to removehazardous substances from the environment. It improves the drug deliverymethods in medical science.
Studies of transport properties of substances along with thermodynamic,optical and spectroscopic studies, give valuable information regarding molecularinteractions in solution phase. The influence of these solute-solvents interactionsmay be sufficiently large to cause dramatic changes in chemical reactions involvingions. The changes in ionic solvation have important applications in such diverseareas as organic and inorganic synthesis, studies of reaction mechanisms, non-aqueous battery technology and extractions.

CHOICE OF SOLVENTS AND SOLUTES USEDIndustrially important solvents have been used for the research work. 1-Hexanol, 1-Heptanol, 1-Octanol, solution of ionic liquids, solution of uric acid,solution of α-cyclodextrin, solution of crown ether (18-Crown-6 and 15-Crown-5)

Abstract
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along with water considered as universal solvents have been chosen as a mainsolvent in this research work because these solvents are industrially very importantand by mixing these solvents we could obtain a wide variation of viscosities anddielectric constants.Ionic liquids (1-methyl-3-octylimidazolium chloride, 1-ethyl-3-methylimidazolium tosylate and benzyltrimethylammonium chloride), Amino acids(glycine, L-alanine, L-isoleucine, L-serine, L-proline and L-histidine), Citric acid wereconsidered as solutes.The study of these solvents and solutes is of great importance because oftheir wide applications as solvents, solutes and solubilising agents in manyindustries ranging from pharmaceutical to cosmetics.
METHODS OF INVESTIGATIONIt is of interest to apply various experimental techniques to get a betterinsight into the phenomena of solvation and different interactions existing insolution systems. I have, therefore, employed important physicochemical methods,namely, Densitometry, Viscometric, Surface tension, Conductometric, Opticalproperty Refractometric and Spectroscopic Property like UV-Visible and NMRmethods to examine and explore various interactions prevailing in solution systems.
PHYSICOCHEMICAL PARAMETERS AND THEIR SIGNIFICANCELimiting apparent molar volume ( 0

V ) is obtained from experimental densityvalues. The sign and magnitude of limiting apparent molar volume ( 0
V ) providesuseful information about the ion-solvent interaction while the experimental slope(SV*) provides information about ion-ion interactions.Viscosity B-coefficient is another important parameter gives the valuableinformation regarding ion-solvent interaction,   estimated from experimentalviscosity values.Limiting molar conductance (Λ0) obtained from specific conductance as wellas molar conductance gives a central idea about the ion-solvent interaction in

Abstract
Abstract
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solution. Another parameter obtained from conductance study i.e. associationconstant (KA) provides an idea about solvation of the ions by the solvent molecules.Surface tension (γ), refractive index (nD) and spectroscopic propertiesprovides supporting information to confirm the interaction occurring in the solutionsystems.Spectroscopic techniques such as UV-Visible, NMR are very useful to quantifythe host-guest chemistry. UV-Visible spectroscopy also helpful to understand theformation of inclusion complex, stoichiometry and association constant (usingBenesi-Hildebrand method). In NMR technique, by measuring chemical shifts (mostcommonly, proton) of different nuclei (host and guest) the binding activity betweenhost and guest has been recognized.
SUMMARY OF WORKS DONE

CHAPTER-IThis chapter contains the object and applications of the research work, thereasons for choosing the main solvents and solutes and methods of investigations.
CHAPTER-IIThis chapter includes the general introduction of the thesis and forms abackground of the works embodied in the thesis. A brief review of notable works inthe field of ion-solvent interaction has been given. Various derived parametersdependent on density, viscosity, ultrasonic speed of sound, refractive indices andconductance along their importance in solution chemistry have been discussed.
CHAPTER-IIIThis chapter covers the experimental section which mainly involves thestructure, source, purification and application of the solvents and solutes used in theresearch work and the details of the instruments used for the study.
CHAPTER-IVThe density (ρ), viscosity (η) and refractive index (nD) of some biologicallyactive molecules (glycine, L-alanine, and L-isoleucine) have been determined in

Abstract



Abstract

v

different mass fractions (w1 = 0.001, 0.003, 0.005) of aqueous 18-crown-6 (18C6)solutions at three different temperatures. The limiting apparent molar volumes ( 0
V), experimental slopes ( *

VS ) have been found out from the Masson equation. A-and B-coefficients have been obtained from the Jones−Dole equation. TheLorentz−Lorenz equation has been employed to measure molar refractions (
M

R ).The standard volumes of transfer and solvation number of the amino acids havebeen considered for rationalizing various molecular interactions in the ternarysolutions. Group contribution from charged end groups (NH3+, COO-), -CH2 and thealkyl groups of amino acids has been determined using a group additive approach.The results have been discussed in terms of ion-dipolar, hydrophilic-hydrophobicand hydrophobic-hydrophobic group interactions as well as thermodynamicparameters.
CHAPTER-VA suitable host-guest inclusion complex has been made with a guestmolecule, 1-methyl-3-octylimidazolium chloride ([MOIm]Cl) and a host molecule, α-cyclodextrin in aqueous medium. Formation of the host-guest inclusion complex hasbeen established by Surface tension and conductivity readings while 1H NMR andultraviolet spectroscopy reading confirms 1:1 host-guest stoichiometry. Theseresults have implications for the formation of host-guest inclusion complex ofstudied ionic liquid as guest in aqueous α–cyclodextrin media.
CHAPTER-VIDensity (ρ), viscosity (η) measurements have been carried out on 0.1(M)citric acid in w1= 0.00001, 0.00002 and 0.00003 mass fraction of aqueous uric acidbinary mixtures at T= 298.15, 303.15 and 308.15K. These measurements have beenperformed to derive some important parameters, as apparent molar volume (φV),limiting apparent molar volume (φV0) using Masson equation; viscosity A and B-coefficients of Jones-Dole equation. The measurement of refractive index (nD) hasbeen done on the same ternary mixtures at T=298.15K. The values of refractiveindex help to evaluate molar refractive index (RM) using Lorentz-Lorenz equationand also limiting molar index (RM0). These parameters have been interpreted interms of solute-solute and solute-solvent interactions.
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CHAPTER-VIIInclusion complexation between crown ethers (viz., 15-crown-5, 18-crown-6)and an ionic liquid (viz., 1-ethyl-3-methylimidazolium tosylate) in aqueous mediumhave been demonstrated by conductivity, surface tension and 1H NMR study. Theresults show the formation of 1:1 complexes between crown ethers and the ionicliquid through electron-deficient imidazolium cation and electron pairs of oxygenatoms of the crown ethers. Hydrogen bonding is the key factor responsible forcomplexation, while, the ion–dipole interactions also contribute towards thecomplex formation. The formation constants have been derived from conductivitystudy and the complexes have been analysed by 1H NMR study.
CHAPTER-VIIIvan der Waals forces, H-bonding, electrostatic forces, and configurationaltheory on volumetric, transport properties, molar refraction of molecularinteraction, association behaviour have been studied through the precisemeasurements of density, viscosity, refractive index of L-Serine, L-Proline, and L-Histidine, in w1=0.001, 0.003, 0.005, mass fraction of aqueous 1-butyl-1-methylpyrrolidinium hexafluorophosphate binary mixtures at 298.15K. The density,viscosity, and refractive index data have been analysed using the Masson, Jones-Dole, and Lorentz-Lorenz equations respectively. The limiting molar volume,viscosity B-coefficient and limiting molar refraction, interpreted the ion-solvent orsolute-solvent interactions have been calculated and discussed. The groupcontribution of zwitterionic, -CH2 and other functional groups to limiting molarvolume and viscosity B-coefficient, have been taken into account and discussed forthe same.
CHAPTER-IXPrecise measurements of electrolytic conductivities (Λ), densities (ρ),viscosities (η) and refractive index (nD) of an ionic liquid (IL) benzyltrimethylammonium chloride [BTMA]Cl in 1-Hexanol, 1-Heptanol and 1-Octanol have beendone. Densities and viscosities measurements have been carried out at differenttemperatures (T=298.15, 303.15 and 308.15 K) and conductivities and refractiveindex measured at 298.15 K. The limiting molar conductivities (Λ0), associationconstants (KA) and the distance of closest approach of the ions (R) have been
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evaluated using Fuoss conductance equation (1978). The Walden product isobtained and discussed. However, the deviation of conductometric curves (Λ versus
√c) from linearity for the electrolyte in 1-Heptanol and 1-Octanol and therefore, thecorresponding conductance data have been analysed by the Fuoss-Kraus theory oftriple-ions. The observed molar coductivities have been explained by the ion-pair(M+ + X- MX) and triple-ion (2M+ + X- M2X+ ; M+ +2 X- MX2-) formation.The limiting apparent molar volume (φV0) and the experimental slope (SV*),interpreted in terms of solute-solvent and solute-solute interactions respectivelyhave been derived from the Masson equation. The viscosities data have beenanalysed using Jones-Dole equation to derive the viscosity B -and A-coefficient whichalso interpreted in terms of solute-solvent and solute-solute respectively.  The molarrefractive index (RM) and limiting molar refractive index (RM0) have been evaluatedfrom the values of refractive index using Lorentz-Lorenz equation.
CHAPTER-XThis chapter contains the concluding remarks of the works related to thethesis.
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CHAPTER I

NECESSITY OF THE RESEARCH WORK

1.1. OBJECTIVE, SCOPE AND APPLICATION OF THE RESEARCH WORK

Solution thermodynamics is an important branch of physical chemistry thatstudies the change in properties that arise when one substance dissolves in anothersubstance. It investigates the solubility of substances and how it is affected by thechemical nature of both the solute and the solvent. The mixing of different solute orsolvent with another solvent-solvent mixtures gives rise to solutions that generallydo not behave ideally. This deviation from ideality is expressed in terms of manythermodynamic parameters, by excess properties in case of liquid-liquid mixturesand apparent molar properties in case of solid-liquid mixtures.Physicochemical studies are of great importance, providing a wide range offorces and products by modifying the inner properties of raw materials. Despite thegreat benefits obtained from these practices, a complete understanding of theproperties of raw materials is essential to the success of process design.The last decade has witnessed an upsurge in the research activities related togreen chemistry. Most of the efforts in this direction have been focused on replacingthe abundantly used volatile organic solvents (VOC) by suitable alternate solventsystems for easy chemical transformations with minimum chemical waste andenvironmental pollution. Several alternate methodologies based on water reactionmedium, ionic liquids, supercritical fluids, microwave, sonochemical treatment etc.,have been developed. Ionic Liquids (ILs) are a new class of materials, which hasattracted a lot attention in scientific and industrial research recently.  Due to theircombination of chemical and physical properties they significantly differ fromcommon molecular liquids.  ILs is often defined as salts with low melting point,usually below 373K [1].Ionic liquids have gained worldwide attention as green solvents in the lastdecade. In general, an ionic liquid is a wholly composed of ions. There are severalreasons that ionic liquids are considered as “green solvents”. The most importantreason is that ionic liquid possess negligible vapour pressure and hence do not
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evaporate to environment. Ionic liquids can be recycled to offer comparableperformance in chemical transformations. The chemical and physical properties ofionic liquids can to some extent, be modified by proper selection of the type of anionand cation that compose the ionic liquids as well as any substituent groups.Substance that is produced by or extracted from a biological source such asmicro-organism, organs and tissues of either plant or animal origin, cell or fluids ofhuman or animal origin called biologically active. Biologically active compounds arebeing intensively studied to evaluate their effects on health. These will reduce therisk of many diseases, including cancer, cardiovascular disease. Because of thenumber of bioactive compounds and the diversity of likely biological effects, diverseand numerous experimental approaches must be taken to increase ourunderstanding of the biology of bioactive compounds.Many bioactive compounds have been discovered. These compounds varywidely in chemical structure and function. Most of them are chiral, like, naturallyoccurring amino acids (the building blocks of proteins) and sugars. In biologicalsystems, most of these compounds are same chirality, the configurations of mostamino acids are L. Amino acid serves as a buffering agent in antacids,antiperspirants, analgesics, cosmetics and toiletries. It is used as a source of energyfor muscle tissue, the brain and central nervous system, in strengthening theimmune system by producing antibodies. Uric acid is another important bioactivecompound, the crystallization of uric acid, often related to relatively high levels inthe blood of human body is the cause of gout. Uric acid is a strong reducing agentand potent antioxidant [2]. Citric acid, that is, 2-hydroxypropane-1,2,3-tricarboxylicacid, is a tribasic, environmentally acceptable, and versatile chemical. It is a naturalpreservative/conservative and is also used to add an acidic or sour taste to foodsand drinks [3]. In biochemistry, the conjugate base of citric acid, citrate, is importantas an intermediate in the citric acid cycle, which occurs in the metabolism of allaerobic organisms.In supramolecular chemistry, host-guest chemistry describes complexes thatare composed of two or more molecules or ions that are held together in uniquestructural relationships by forces other than those of full covalent bonds. Host-guestchemistry encompasses the thought of molecular recognition and interactions
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through noncovalent bonding.  Common host molecules are cyclodextrins,calixarenes, pillararenes, porphyrins crown ethers, zeolites, cryptophanes etc. Host-guest chemistry is observed in inclusion compounds, intercalaton compounds,clathrates and molecular tweezers. Among the host molecules, cyclodextrin seems tobe the most promising to form inclusion complexes, especially with various guestmolecules with suitable polarity and dimensions. There are various applications ofHost-guest chemistry such as host-guest systems have been used to removehazardous substances from the environment. It has been used to removecarcinogenic aromatic amines, and their N-nitroso derivatives from water. Thesewaste substances are used in many industrial processes and found in variety ofproducts such as pesticides, drugs and cosmetics [4]. It improves the drug deliverymethods in medical science.The term 'solution' is mostly used for the special case of a mixture betweendissimilar components, 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 amixture itself) called the solvent.A solution may be considered, prima facie, as a large assembly of moleculesheld together by non-covalent interactions. An investigation of such interactions inphysical systems of increasing complexity should start with dimers, continuethrough larger clusters, and end with solutions. In general, solutions are morecomplex than assemblies of weakly interacting molecules, and, in particular, thestudy of reactivity in the presence of a solvent cannot be reduced to that of non-covalent interactions.The properties, both physical and chemical, of a solution (liquid) is a result ofthe strength of their intermolecular forces and the forces between molecules arisesfrom the same source: differing charges on adjacent molecules that lead toelectrostatic attractions and governed by coulombs law. Partial charges acquired bymolecules results in dipole-dipole forces, dipole-induced dipole forces, hydrogenbonding, etc and are collectively termed as intermolecular forces. Intermolecularforces in a solution control their thermodynamic properties and the understandingof the solvation thermodynamics is essential to the characterization andinterpretation of any process carried out in the liquid phase.  These thermodynamic
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properties are quantities which are either an attribute of an entire system or arefunctions of position which is continuous and does not vary rapidly overmicroscopic distances, except in cases where there are abrupt changes atboundaries between phases of the system. Therefore, the studies on thethermodynamic along with the transport properties of a solution would give a clearidea about the nature of the forces existing within the constituents of a solution.Hence, the main objective of the present research work is to investigate andto understand the interactions prevailing in solutions by studying theirthermodynamic and transport properties.The study of molecular interaction in fluids by thermodynamic methods hasattracted attention, as thermodynamic parameters are convenient for interpretingintermolecular interaction patterns in non-electrolytic solvent mixtures involvingboth hydrogen bonding and non-hydrogen bonding solvents. The different sequenceof solubility, difference in solvating power and possibilities of chemical orelectrochemical reactions unfamiliar in aqueous chemistry have open vistas forchemists and interest in the organic solvents transcends the traditional boundariesof inorganic, physical, organic, analytical and electrochemistry [5].The facts, therefore, encourage us to extent the study of binary or ternarysolvent systems with some industrially important solvents: polar, weakly polar andnon polar solvents as well as with some solutes/electrolytes.The thermodynamic and transport properties are of great importance incharacterizing the properties and structural aspects of solutions. The sign andmagnitude of partial molar volume ( 0
V ), a thermodynamic quantity, providesinformation about the nature and magnitude of ion-solvent interaction while theexperimental slope (Sv*) provides information about ion-ion interactions [6].Furthermore, the excess properties derived from experimental density, viscosity andspeeds of sound data and subsequent interpretation of the nature and strength ofintermolecular interaction help in testing and development of various theories ofsolution. The excess thermodynamic properties of the mixtures correspond to thedifference between actual property and the property if the system behaves ideally.Thus the properties provide important information about the nature and strength ofintermolecular forces operating among mixed components. Valuable informationabout the nature and strength of forces operating in solutions can be obtained from
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viscosity data. Recently the use of computer simulation of molecular dynamics hasled to significant improvement towards a successful molecular theory of transportproperties in fluids and a proper understanding of molecular motions andinteraction patterns in non-electrolytic solvent mixtures involving both hydrogenbonding and non-hydrogen bonding solvents has been established [7,8].The refractive index is an important physical property of liquids and liquidmixtures, which affects the solution of different problems in chemical engineering inorder to develop industrial processes. Knowledge of refractive index of multicomponent mixtures provides information regarding the interactions in thesemixtures [9-11] which is essential for many physicochemical calculations, includingthe correlation of refractive index with density [12-14].The study of physicochemical behaviours like dissociation or associationfrom acoustic measurements and from the calculation of isentropic compressibilityhas gained much importance. Excess isentropic compressibility, intermolecular freelength etc. impart valuable information about the structure and molecularinteractions in pure and mixed solvents. The acoustic measurements can also beused for the test of various solvent theories and statistical models and are quitesensitive to changes in ionic concentrations as well as useful in elucidating thesolute-solvent interactions. Physico-chemical properties involving excessthermodynamic functions have relevance in carrying out engineering applications inthe industrial separation processes. The importance and use of the chemistry ofelectrolytes in non-aqueous and mixed solvents are well-recognised. However, thestudies on properties of aqueous solutions have provided sufficient information onthe thermodynamic properties of different electrolytes and non-electrolytes, theeffects of variation in ionic structure, ionic mobility and common ions along with ahost of other properties [15].The importance and uses of the chemistry of electrolytes in non- aqueousand mixed solvents have been summarized by Meck [16], Popovych [17],Franks[18], Bates [19,20], Parker [21,22],  Criss and Salomon [23], Mercus [24] andothers [25-27].  The solute-solute and solute–solvent interactions have beensubject of wide interest and have been explicitly presented in Faraday Trans. of theChemical Society [28]. Fundamental research on non-aqueous electrolyte solutionhas catalysed their wide technical application in many fields. Non-aqueous
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electrolyte solutions are actually competing with other ionic conductors, especiallyat ambient and at low temperatures, due to their high flexibility based on the choiceof numerous solvents, additives and electrolytes with widely varying properties.High  energy primary and secondary batteries, wet double-layer capacitors andsuper capacitors, electro-deposition and electroplating are some devices andprocesses for which the use of non-aqueous electrolytes solutions have brought thebiggest success [29-31]. Other fields where the non-aqueous electrolyte solutionsare used broadly include electrochromic displays and smart windows,photoelectrochemical cells, electro machining, etching, polishing andelectrosynthesis. In spite of the wide technical applications, our understanding ofthese systems at a quantitative level is still not clear. The main reason for this is theabsence of detailed information about the nature and strength of molecularinteractions and their influence on the structural and dynamic properties of non-aqueous electrolyte solution.Drug transport across biological cells and membranes is dependent onphysicochemical properties of drugs. But direct study of the physicochemicalproperties in physiological media such as blood, intracellular fluids is difficult toaccomplish. One of the well-organized approaches is the study of molecularinteractions in fluids by thermodynamic methods as thermodynamic parameters areconvenient for interpreting intermolecular interactions in solution phase. Also thestudy of thermodynamic properties of drug in a suitable medium can be correlatedto its therapeutic effects [32,33].
1.2. CHOICE OF SOLVENTS AND SOLUTES USEDIndustrially important solvents have been used for the research work. 1-Hexanol, 1-Heptanol, 1-Octanol, solution of ionic liquids, solution of uric acid,solution of cyclodextrin, solution of crown ether along with water considered asuniversal solvents have been choosen as a main solvent in this research workbecause these solvents are industrially very important and by mixing these solventswe could obtain a wide variation of viscosities and dielectric contants .Ionic liquids(1-methyl-3-octylimidazolium chloride, 1-ethyl-3-methylimidazolium tosylate and benzyltrimethyl ammonium chloride), Amino acids
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(glycine, L-alanine, L-isoleucine, L-serine, L-proline and L-histidine), Citric acid wereconsidered as solutes.The study of these solvents and solutes is of great importance because oftheir wide use as solvents, solutes and solubilizing agents in many industriesranging from pharmaceutical to cosmetics.
1.3. METHODS OF INVESTIGATIONThe existence of free ions, solvated ions, ion-pairs and triple-ions in aqueousand non-aqueous media depends upon the concentrations of the solution. Hence, thestudy of various interactions and equilibrium of ions in different concentrationregions are of immense importance to the technologist and theoretician as most ofthe chemical processes occurs in these systems.It is of interest to employ different experimental techniques to get a betterinsight into the phenomena of solvation and different interactions prevailing insolution. We have, therefore, employed five important methods, namely,densitometry, viscometry, conductometry, refractometry, UV-Visible and NMRspectroscopic technique to probe the problem of solvation phenomena.Thermodynamic properties, like partial molar volumes obtained from densitymeasurements, are generally convenient parameters for interpreting solute-solventand solute-solute interactions in solution.The change in viscosity by the addition of electrolyte solutions is attributedto inter-ionic and ion-solvent effects. The viscosity B-coefficients are also separatedinto ionic components by the ‘reference electrolyte’ method and from thetemperature dependence of ionic values, a satisfactory interpretation of ion-solventinteractions such as the effects of solvation, structure-breaking or structure-making,polarization, etc. may be given .The transport properties in most cases are studied using the conductancedata, especially the conductance at infinite dilution. Conductance data obtained as afunction of concentration can be used to study the ion-association with the help ofappropriate equations.The optical property, refractive index is an useful tool to understand theinteraction occurring in the solution systems.
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The surface tension experiments were done by platinum ring detachmentmehod using a Tensiometer (K9, KRŰSS; Germany) at the experimental temperature.The accuracy of the measurement was within ±0.1mN.m-1. Temperature of thesystem has been maintained by circulating auto-thermostated water through adouble-wall glass vessel containing solution.The pH values of the experimental solutions were measured by a MettlerToledo Seven Multi pH meter. The measurement of pH of the solution state is veryuseful to understand the molecular form of solute and solvent and the type ofinteractions occurring in solution.Nuclear Magnetic Resonance (NMR) spectroscopy is used to study thestructure of molecules, the kinetics or dynamics of molecules and the composition ofmixtures of biological or synthetic solutions or composites.UV-visible spectroscopy refers to absorption spectroscopy or reflectancespectroscopy in Ultraviolet-visible region. This means it uses light in the visible andultraviolet region. In this region of electromagnetic spectrum, molecules undergoelectronic transitions. Molecules containing π-electrons or non-bonding electrons(n-electrons) can absorb the energy in the form of ultraviolet or visible light toexcite these electrons to higher antibonding molecular orbitals. The more easilyexcited the electrons (i.e. lower energy gap between the HOMO and the LUMO), thelonger the wavelength of light it can absorb. The wavelength of absorption peaks canbe correlated with the types of bonds in a given molecule and are valuable indetermining the functional groups (specially conjugation) within a molecule.
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CHAPTER II

GENERAL INTRODUCTION (REVIEW OF THE EARLIER WORKS)

IONIC LIQUIDSIonic liquids (ILs) are molten salts made up of an anion and organic cationand were discovered by Paul Walden in 1914, the ethylammonium nitrate being thefirst ionic liquid, but their systematic study begun with the present century. One orboth ions are large and cations are usually organic and have low degree ofsymmetry. For this reason, cation-anion interactions are weak and hence theirmelting points are below 273 K and usually below room temperature; however, ifthe size of the cation is too large, the van der Waals’ forces will increase the fusiontemperature. By variation of the anion or the alkyl chain of the cation, a wide rangeof properties such as hydrophobicity, viscosity, density and solvation power can bemodulated.

One of the properties of ionic liquids of interest for chemistry is theirnegligible vapour pressure which means that no volatile organic pollution is createdduring their manipulation in industrial operations. Their liquid range can be as largeas 573 K, allowing the large reaction kinetic control and easy separation of organicmolecules by distillation without loss of ionic liquid. Until now, many ionic liquidshave been based on the imidazoliumcation and in a lesser proportion onalkylpyridinium cations and trialkyl amines.
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All ionic liquids have peculiar properties due to their ionic nature such asgood solvents for organic and inorganic compounds including some metal salts ,electrical conductivity and high thermal and electrochemical stability. All theseproperties make ionic liquids promosing compounds for being used for batteries,organic synthesis, extraction and alloy electro-deposition, as well as potential “greensolvent” replacements for volatile organic compounds (VOCs).
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2.1 SOLUTION CHEMISTRYSolution chemistry is the branch of physical chemistry that studies thechange in properties that arise when one substance dissolves in another. Theintroduction of an ion or solute modifies the structure of solvent to an extentwhereas the  solute molecules are also modified. The interactions between soluteand solute, solute and solvent, and solvent and solvent molecules and the resultingion-solvation become predominant. In ‘Solution Chemistry’ broadly three types of

approaches have been made to estimate the extent of solvation. The first is the solvational

approach involving the studies of viscosity, conductance, etc., of electrolytes and the

derivation of various factors associated with ionic solvation [1], the second is the

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

solvation of ions from which factors associated with solvation can be elucidated [2], and

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

chemical shifts determine their qualitative and quantitative nature.[3]The mixing of different solute or solvent with another solvent/solventmixtures gives rise to solutions that generally do not behave ideally. This deviationfrom ideality is expressed in terms of thermodynamic parameters, by excessproperties in case of liquid-liquid mixtures and apparent molar properties in case ofsolid-liquid mixtures. These thermodynamic properties of solvent mixturescorresponds to the difference between the actual property and the property if thesystem behaves ideally and thus are useful in the study of molecular interactionsand arraangements. In particular, they reflect the interaction that take placebetween solute-solute, solute-solvent and solvent-solvent species. The addition of anion or solute modifies the solvent structure to an extent whereas the solutemolecules are also modified. The extent of ion-solvation is dependent upon theinteractions taking place between solute-solute, solute-solvent, solvent-solventspecies. The assesment of ion-pairing in these systems is important because of itseffect on the ionic mobility and hence on the ionic conductivity of the ions insolution. These phenomenon thus paves the path for research in solution chemistryto elucidate the nature of interaction through experimental studies involvingdensitometry, viscometry, interferrometry, refractometry and other suitablemethods and to interpret the experimental data collected. Complete understanding
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of the phenomena of solution chemistry will become a reality only when solute-solute, solute-solvent and solvent-solvent interactions are elucidated and thus thepresent research work is intimately related to the studies of solute-solute, andsolvent-solvent interactions in some industrially important   liquid systems.
2.1.1. VARIOUS FORCES OF ATTRACTIONIntermolecular forces are forces of attraction or repulsion which act betweenneighboring particles (atoms, molecules or ions). In a molecule the forces bindingatoms are due to chemical bonding. The energy required to break a bond is calledthe bond-energy. For example the average bond-energy for O-H bonds in water is463kJ/mol. The forces holding molecules together are generally calledintermolecular forces. The energy required to break molecules apart is much smallerthan a typical bond-energy, but intermolecular forces play important roles indetermining the properties of a substances. Intermolecular forces are particularlyimportant in terms how molecules interact and form biological organisms or evenlife. This link gives an excellent introduction to the interactions between molecules.In general, intermolecular forces can be divided into several categories. Theprominent types are:
a. Strong ionic attraction: It has relations to properties of solids. The more ioniccompound has the higher lattice energy. The following result can be explainedby way of ionic attraction: LiF, 1036; LiI, 737; KF, 821; MgF2, 2957 kJ/mol.

b. Intermediate dipole-dipole forces: Substances, whose molecules havedipole moment have higher melting point or boiling point than those of similarmolecular mass, having no dipole moment.
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c. Weak London dispersion forces or van der Waal's force: These forcesalways operate in any substance. The force arisen from induced dipole and theinteraction is weaker than the dipole-dipole interaction. In general, the heavier themolecule, the stronger the van der Waal's force of interaction. For example, theboiling points of inert gases increase as their atomic masses increases due tostronger London dispersion interactions.

d. Hydrogen bond: Hydrogen bond is the attractive interaction of a hydrogenatom with an electronegative atom, such as nitrogen, oxygen or fluorine (thus thename "hydrogen bond," which should not be confused with a covalent bond tohydrogen). The hydrogen must be covalently bonded to another electronegativeatom to create the bond. These bonds can occur between molecules(intermolecularly), or within different parts of a single molecule (intramolecularly).The hydrogen bond (5 to 30 kJ/mole) is stronger than a van der Waals interaction,but weaker than covalent or ionic bonds. This type of bond occurs in both inorganicmolecules such as water and organic molecules such as DNA.Certain substances such as H2O, HF, NH3 form hydrogen bonds, and the formation ofwhich affects properties (m.p, b.p, solubility) of substance.
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Other compounds containing OH and NH2 groups also form hydrogen bonds.Molecules of many organic compounds such as alcohols, acids, amines, and aminoacids contain these groups, and thus hydrogen bonding plays an important role inbiological science.

Intermolecular hydrogen bonding in a self-assembled dimer complex

e. Covalent bonding: Covalent is really intramolecular force rather thanintermolecular force. It is mentioned here, because some solids are formed due tocovalent bonding. For example, in diamond, silicon, quartz etc., the all atoms in theentire crystal are linked together by covalent bonding. These solids are hard, brittle,and have high melting points. Covalent bonding holds atoms tighter than ionicattraction.

Covalent Bonding in Diamond

f. Metallic bonding: Forces between atoms in metallic solids belong to anothercategory. Valence electrons in metals are rampant. They are not restricted to certain
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atoms or bonds. Rather they run freely in the entire solid, providing goodconductivity for heat and electric energy. These behaviours of electrons give specialproperties such as ductility and mechanical strength to metals.

All types can be present simultaneously for many substances. Usually,intermolecular forces are discussed together with “The States of Matter”.Intermolecular forces also play important roles in solutions. A summary of theinteractions is illustrated in the following diagram:
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The majority of reactions occurring in solutions are of chemical or biological innature. It was presumed earlier that the solvent only provides an inert medium forchemical reactions. The significance of ion-solvent interactions was realized afterintensive studies in aqueous, non-aqueous and mixed solvents [4,5]. Intermolecularforces are also important in determining the solubility of a substance. “Like”intermolecular forces for solute and solvent will make the solute soluble in thesolvent. In this regard Hsoln is sometimes negative and sometimes positive.Furthermore, solubility is affected by (a) Energy of attraction (due Ion-dipole force)affects the solubility. (b) Lattice energy (energy holding the ions together in thelattice. (c) Charge on ions: larger charge means higher lattice energy and (d) Size ofthe ion: large ions mean smaller lattice energy.
2.2. INTERACTIONS IN SOLUTION PHASE

There are three types of interactions in the solution process:
a. Solvent – solvent interactions: energy required to break weak bonds betweensolvent molecules.
b. Solute – solute interactions: energy required to break intermolecular bondsbetween the solute molecules.
c. Solute – solvent interactions: H is negative since bonds are formed betweenthem.
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For liquid systems, the macroscopic properties are usually quite well known,whereas the microscopic structure is often much less studied. The liquid phase ischaracterized by local order and long-range disorder, and to study processes inliquids, it is therefore valuable to use methods that probe the local surrounding ofthe constituent particles. The same is also true for solvation processes: a local probeis important to obtain insight into the physical and chemical processes going on.
2.2.1. INVESTIGATION ON DIFFERENT KIND OF INTERACTIONSWhen salt is dissolved in water, the ions of the salt dissociate from each otherand associate with the dipole of the water molecules. This result in a solution calledan electrolyte.

This means that the forces can be attractive or repulsive depending onwhether like or unlike charges are closer together. On average, dipoles in a liquidorient themselves to form attractive interactions with their neighbours, but thermalmotion makes some instantaneous configurations unfavourable.Therefore, if a salt crystal is put in water, the polar water molecules areattracted to ions on the crystal surfaces. The water molecules gradually surroundand isolate the surface ions. The ions become hydrated. They gradually move awayfrom the crystal into solution. This separation of ions from each other is calleddissociation. The surrounding of solute particles by solvent particles is called
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solvation. When the ions are dissociated, each ionic species in the solution acts asthough it were present alone. Thus, a solution of sodium chloride acts as a solutionof sodium ions and chloride ions.The determination of thermodynamic, transport, acoustic and opticalproperties of different electrolytes in various solvents would thus provide animportant step in this direction. Naturally, in the development of theories, dealingwith electrolyte solutions, much attention has been devoted to ion-solventinteractions which are the controlling forces in infinitely dilute solutions where ion-ion interactions are absent. It is possible by separating these functions into ioniccontributions to determine the contributions due to cations and anions in the solute-solvent interactions. Thus ion-solvent interactions play a very important role tounderstand the physico-chemical properties of solutions.One of the causes for the intricacies in solution chemistry is that the structureof the solvent molecule is not known with certainty. The introduction of a solute alsomodifies the solvent structure to an uncertain magnitude whereas the solutemolecule is also modified and the interplay of forces like solute-solute, solute-solvent and solvent-solvent interactions become predominant though the isolatedpicture of any of the forces is still not known completely to the solution chemist.The problems of ion-solvent interactions which are closely akin to ionicsolvations can be studied from different angles using almost all the availablephysico-chemical techniques.The ion-solvent interactions can also be studied from the thermodynamicpoint of view where the changes of free energy, enthalpy and entropy, etc. associatedwith a particular reaction can be qualitatively and quantitatively evaluated usingvarious physico-chemical techniques from which conclusions regarding the factorsassociated with the ion-solvent interactions can be worked out.Similarly, the ion-solvent interactions can be studied using solvationalapproaches involving the studies of different properties such as, density, viscosity,ultrasonic speed, refractive index and conductance of electrolytes and variousderived factors associated with ionic solvation.We shall particularly dwell upon the different aspects of these thermodynamic,transports, acoustic and optical properties as the present research work is
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intimately related to the studies of ion-ion, ion-solvent and solvent-solventinteractions.
2.2.2. ION-SOLVENT INTERACTIONIon-solvation is a phenomenon of primary interest in many contexts ofchemistry because solvated ions are omnipresent on Earth. Hydrated ions occur inaqueous solution in many chemical and biological systems [6]. Solvated ions appearin high concentrations in living organisms, where their presence or absence canfundamentally alter the functions of life. Ions solvated in organic solvents ormixtures of water and organic solvents are also very common [7]. The exchange ofsolvent molecules around ions in solutions is fundamental to the understanding ofthe reactivity of ions in solution [8]. Solvated ions also play a key role inelectrochemical applications, where for instance the conductivity of electrolytesdepends on ion-solvent interactions [9].The formation of mobile ions in solution is a basic aspect to electrochemistry.There are two distinct ways that mobile ions form in solution to create ionicallyconducting phases. The first one is illustrated for aqueous acetic acid below.

The chemical method of producing ionic solutions

The second one involves dissociation of a solid lattice of ions such as thelattice of sodium chloride. In the ion formation, the solvent colliding with the wallsof the crystal gives the ions in the crystal lattice a better deal energetically than theyhave within the lattice. It entices them out and into the solution. Thus there is aconsiderable energy of interaction between the ions and the solvent molecules.These interactions are collectively termed as ion- solvent interactions.
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Ions orient dipoles. The spherically symmetrical electric field of the ion maytear solvent dipoles out of the solvent lattice and orient them with appropriatecharged end toward the central ion. Thus, viewing the ion as a point charge and thesolvent molecules as electric dipoles, ion-dipole forces become the principal sourceof ion-solvent interactions. The majority of reactions occurring in solutions arechemical or biological in nature. It was presumed earlier that the solvent onlyprovides an inert medium for chemical reactions. The significance of ion-solventinteractions was realized after extensive studies in aqueous, non-aqueous and mixedsolvents [10-19].Most chemical processes of individual and biological importance occur insolution. The role of solvent is so great that million fold rate changes take place insome reactions simply by changing the reaction medium. Our bodies contain 65 to70 % water, which acts as a lubricant, as an aid to digestion and more specifically asa stabilizing factor to the double helix conformations of DNA. With the exceptions ofheterogeneous catalytic reactions most reactions in technical importance occur insolutions. In addition, molecules not only have to travel through a solvent to theirreaction partner before reacting, but also need to present a sufficiently unsolvatedrate for collision. The solvent governs the movement and energy of the reactingspecies to such an extent that a reaction suffers a several-million fold change in ratewhen the solvent is changed. As water is the most abundant solvent in nature and itsmajor importance to chemistry, biology, agriculture, geology, etc., water has beenextensively used in kinetic and equilibrium studies. But still our knowledge ofmolecular interactions in water is extremely limited.Moreover, the uniqueness of water as a solvent has been questioned [20, 21]and it has been realized that the studies of other solvent media like non aqueous andmixed solvents would be of great help in understanding different molecularinteractions and a host of complicated phenomena. The organic solvents have beenclassified on the basis of dielectric constants, organic group types, acid baseproperties or association through hydrogen bonding [19] donor-acceptor properties[22, 23] hard and soft acid-base principles [24] etc. As a result, the different solventsshow a wide divergence of properties ultimately influencing their thermodynamic,transport and acoustic properties in presence of electrolytes and non electrolytes in
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these solvents. The determination of thermodynamic, transport and acousticproperties of different electrolytes or non electrolytes in various solvents wouldthus provide important information in this direction. Henceforth, in thedevelopment of theories of electrolytic solutions, much attention has been devotedto the controlling forces-‘ion-solvent interactions’ in infinitely dilute solutionswherein ion-ion interactions are almost absent. By separating these functions intoionic contributions, it is possible to determine the contributions due to cations andanions in the solute-solvent interactions. Thus ion-solvent interactions play a keyrole to understand the physico-chemical properties of solutions. One of the causesfor the intricacies in solution chemistry is the uncertainty about the structure of thesolvent molecules in solution. The introduction of a solute modifies the solventstructure to an uncertain magnitude, the solvent molecule and the interplay of forceslike solute-solute, solute-solvent also modify the solute molecule and solvent-solvent interactions become predominant, though the isolated picture of any of theforces is still not known completely to the solution chemist. Ion-solvent interactionscan be studied by spectrometry [25, 26]. The spectral solvent shifts or the chemicalshifts can determine the qualitative and quantitative nature of ion-solventinteractions. But even qualitative or quantitative apportioning of the ion-solventinteractions into the various possible factors is still an uphill task. It is thus apparentthat the real understanding of the ion-solvent interaction is a difficult task. Theaspect embraces a wide range of topics but we concentrated only on themeasurement of transport properties like viscosity, conductance etc. and suchthermodynamic properties as apparent and partial molar volumes and apparentmolal adiabatic compressibility.
2.2.3. ION-ION INTERACTIONIon-solvent interactions are only a part of the story of an ion related to itsenvironment. The surrounding of an ion sees not only solvent molecules but alsoother ions. The mutual interactions between these ions constitute the essential part-‘ion-ion interactions’. The degree of ion-ion interactions affects the properties ofsolution and depends on the nature of electrolyte under investigation. Ion-ion
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interactions, in general, are stronger than ion-solvent interactions. Ion-ioninteraction in dilute electrolytic solutions is now theoretically well understood, bution-solvent interactions or ion-solvation still remains a complex process. Whileproton transfer reactions are particularly sensitive to the nature of the solvent, it hasbecome cleared that the solvents significantly modify the majority of the solutes.Conversely, the nature of the strongly structured solvents, such as water, issubstantially modified by the presence of solutes. Complete understanding of thephenomena of solution chemistry will become a reality only when solute-solute,solute-solvent and solvent-solvent interactions are elucidated and thus the presentdissertation is intimately related to the studies of solute-solute, solute-solvent andsolvent-solvent interactions in some solvent media.
2.2.4. SOLVENT-SOLVENT INTERACTION (THEORY OF MIXED

SOLVENTS)As the mixed and non-aqueous solvents are increasingly used inchromatography, solvent extraction, in the elucidation of reaction mechanism, inpreparing high density batteries,   etc. a number of molecular theories, based oneither the radial distribution function or the choice of suitable physical model, havebeen developed for mixed solvents. Theories of perturbation type have beenextended from their successful applicability in pure solvents to mixed solvents. L.Jones and Devonshire [27] were first to evaluate the thermodynamic functions for asingle fluid in terms of interchange energy parameters. They used “Free volume” or“Cell model”. Prigogine and Garikian [28] extended the above approach to solventmixtures. Random mixing of solvents was their main assumption provided themolecules have similar sizes. Prigogine and Bellemans [29] developed a two fluidversion of the cell model. They found that while excess molar volume (VE) wasnegative for mixtures with molecules of almost same size, it was large positive formixtures with molecules having small difference in their molecular sizes.Treszczanowicz et al. [30] suggested that VE is the result of several contributionsfrom several opposing effects. These may be divided arbitrarily into three types, viz.,physical, chemical and structural.
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Physical contributions contribute a positive term to VE. The chemical orspecific intermolecular interactions result in a volume decrease and contributenegative values to VE. The structural contributions are mostly negative and arisefrom several effects, especially from interstitial accommodation and changes in thefree volume. The actual volume change would therefore depend on the relativestrength of these effects. However, it is generally assumed that when VE is negative,viscosity deviation (Δη) may be positive and vise-versa. This assumption is not aconcrete one, as evident from some studies [31, 32]. It is observed in many systemsthat there is no simple correlation between the strength of interaction and theobserved properties. Rastogi et al.[33] therefore suggested that the observed excessproperty is a combination of an interaction and non-interaction part. The non-interaction part in the form of size effect can be comparable to the interaction partand may be sufficient to reverse the trend set by the latter. Based on the principle ofcorresponding states as suggested by Pitzer [34], L. Huggins [35] introduced a newapproach in his theory of conformal solutions. Using a simple perturbationapproach, he showed that the properties of mixtures could be obtained from theknowledge of intermolecular forces and thermodynamic properties of the purecomponents.Recently, Rowlinson et al. [36-38] reformulated the average rules for VanderWaal’s mixtures and their calculated values were in much better agreement with theexperimental values even when one fluid theory was applied. The more recentindependent effort is the perturbation theory of Baker and Henderson [39]. A moresuccessful approach is due to Flory who made the use of certain features of celltheory [40-42] and developed a statistical theory for predicting the excessproperties of binary mixtures by using the equation of state and the properties ofpure components along with some adjustable parameters. This theory is applicableto mixtures containing components with molecules of different shapes and sizes.Patterson and Dilamas [43] combined both Prigogine and Flory theories to a unifiedone for rationalizing various contributions of free volume, internal pressure, etc. tothe excess thermodynamic properties. Recently, Heintz [44-46] and coworkerssuggested a theoretical model based on a statistical mechanical derivation andaccounts for self-association and cross association in hydrogen bonded solvent
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mixtures is termed as Extended Real Associated Solution model (ERAS). It combinesthe effect of association with non-associative intermolecular interaction occurring insolvent mixtures based on equation of state developed originally by Flory et al. [40-42]. Subsequently the ERAS model has been successfully applied by many workers[47-49] to describe the excess thermodynamic properties of alkanol-aminemixtures. Recently, a new symmetrical reformation on the Extended RealAssociation (ERAS) model has been described in the literature[50]. Thesymmetrical-ERAS (S-ERAS) model makes it possible to describe excess molarenthalpies and excess molar volumes of binary mixtures containing very similarcompounds described by extremely small mixing functions. The symmetricalExtended Real Associated Solution Model (S-ERAS) is, in fact, a simple continuationof the ERAS model. It was developed in order to widen its applicability to thethermodynamic properties of systems that could not be satisfactorily described bythe equations of the ERAS model [50, 51]. Gepert et al. [52] applied this model forstudying some binary systems containing alcohols.
2.3. DENSITYThe physicochemical properties of liquid mixtures have attracted muchattention from both theoretical and engineering applications points of view. Manyengineering applications require quantitative data on the density of liquid mixtures.They also provide information about the nature and molecular interactions betweenliquid mixture components.The volumetric information includes ‘Density’ as a function of weight, volumeand mole fraction and excess volumes of mixing. One of the well-recognizedapproaches to the study of molecular interactions in fluids is the use ofthermodynamic methods. Thermodynamic properties are generally convenientparameters for interpreting solute-solvent and solute-solute interactions in thesolution phase. Fundamental properties such as enthalpy, entropy and Gibbs energyrepresent the macroscopic state of the system as an average of numerousmicroscopic states at a given temperature and pressure. An interpretation of thesemacroscopic properties in terms of molecular phenomena is generally difficult.Sometimes higher derivatives of these properties can be interpreted more
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effectively in terms of molecular interactions. The volumetric information may be ofimmense importance in this regard. Various concepts regarding molecular processesin solutions like electrostriction [53], hydrophobic hydration [54], micellization [55]and co-sphere overlap during solute-solvent interactions [56] have been derived andinterpreted from the partial molar volume data of many compounds.
2.3.1. APPARENT AND PARTIAL MOLAR VOLUMESDensity data can be used for the calculation of molar volume of a puresubstance. However, the volume contributed to a solvent by the addition of one moleof an ion is difficult to determine. This is so because, upon entry into the solvent, theions change the volume of the solution due to a breakup of the solvent structurenear the ions and the compression of the solvent under the influence of the ion’selectric field, i.e., electrostriction. Electrostriction is a general phenomenon andwhenever there are electric fields of the order of 109-1010 V m-1, the compression ofions and molecules is likely to be significant. The effective volume of an ion insolution, the partial molar volume, can be determined from a directly obtainablequantity- apparent molar volume ( V ). The apparent molar volumes, ( V ), of thesolutes can be calculated by using the following relation [57].
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The extrapolation of the apparent molar volume of electrolyte to infinite dilutionand the expression of the concentration dependence of the apparent molar volume
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have been made by four major equations over a period of years – the Massonequation [59], the Redlich-Meyer equation [60], the Owen-Brinkley equation [61],and the Pitzer equation [31]. Masson found that the apparent molar volume ofelectrolyte, V , vary with the square root of the molar concentration by the linearequation:
0 *

V V VS c   (3)where, 0
V is the apparent molar volume (equal to the partial molar volume) atinfinite dilution and *

VS the experimental slope. The majority of V data in water[62] and nearly all V data in non-aqueous [63-67] solvents have been extrapolatedto infinite dilution through the use of equation (3).The temperature dependence of 0
V or various investigated electrolytes in varioussolvents can be expressed by the general equation as follows:

0 2
0 1 2   V a a T a T (4)where 0a , 1a , 2a are the coefficients of a particular electrolyte and T is thetemperature in Kelvin.The limiting apparent molar expansibilities ( 0

E ) can be obtained by thefollowing equation:
 0 0

1 2δ δ 2E V P
T a a T    (5)The limiting apparent molar expansibilities ( 0

E ) change in magnitude with thechange of temperature. During the past few years it has been emphasized by anumber of workers that *
VS is not the sole criterion for determining the structure-making or breaking tendency of any solute. Helper [68] developed a technique ofexamining the sign of  PE Tδδ 0 for the solute in terms of long–range structure-
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making and breaking capacity of the electrolytes in the mixed solvent systems. Thegeneral thermodynamic expression used 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 structuremaker and when the sign of  PE Tδδ 0 is negative, it is a structure breaker. Redlichand Meyer [60] have shown that an equation (3) cannot be any more than a limitinglaw where for a given solvent and temperature, the slope Sv* should depend onlyupon the valence type. They suggested the equation:
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In equation (10), K is the compressibility of the solvent and the other terms havetheir usual significance.The Redlich-Meyer’s extrapolation equation [60] adequately represents theconcentration dependence of many 1:1 and 2:1 electrolytes in dilute solutions;however, studies [60-71] on some 2:1, 3:1 and 4:1 electrolytes show deviations fromthis equation. Thus, for polyvalent electrolytes, the more complete Owen-Brinkleyequation [61] can be used to aid in the extrapolation to infinite dilution and toadequately represent the concentration dependency of V . The Owen-Brinkleyequation [61] which includes the ion-size parameter, a (cm), is given by:
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where the symbols have their usual significance. However, this equation is notwidely used for non-aqueous solutions.Recently, the Pitzer formalism has been used by Pogue and Atkinson [71] tofit the apparent molal volume data. The Pitzer equation for the apparent molarvolume of a single salt M M M X is :
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where the symbols have their usual significance.
2.3.2. IONIC LIMITING PARTIAL MOLAR VOLUMESThe individual partial ionic volumes provide information relevant to thegeneral question of the structure near the ion, i.e., its solvation. The calculation ofthe ionic limiting partial molar volumes in organic solvents is, however, a difficultone. At present, however, most of the existing ionic limiting partial molar volumes inorganic solvents were obtained by the application of methods originally developedfor aqueous solutions to non aqueous electrolyte solutions. In the last few years, themethod suggested by Conway et al. [73] has been used more frequently. Theseauthors used the method to determine the limiting partial molar volumes of theanion for a series of homologous tetra alkyl ammonium chlorides, bromides andiodides in aqueous solution. They plotted the limiting partial molar volume
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0
v R NX ,for a series of these salts with a halide ion in common as a function of the formulaweight of the cation, MR4N+ and obtained straight-lines for each series. Therefore,they suggested the following equation:
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bM (13)The extrapolation to zero cationic formula weight gave the limiting partial molarvolumes of the halide ions 0

V X
  .Uosaki et al.[ 74] used this method for theseparation of some literature values and of their own

4

0
V R NX values into ioniccontributions in organic electrolyte solutions. Krumgalz [75] applied the same
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method to a large number of partial molar volume data for non-aqueous electrolytesolutions in a wide temperature range.
2.3.3. EXCESS MOLAR VOLUMESThe excess molar volumes, VE are calculated from the molar masses Mi andthe densities of pure liquids and the mixtures according to the following equation[76, 77]
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where i and  are the density of the ith component  and  density  of  thesolution mixture  respectively. VE is the resultant of contributions from severalopposing effects. These may be divided arbitrarily into three types, namely,chemical, physical and structural. Physical contributions, which are nonspecificinteractions between the real species present in the mixture, contribute a positiveterm to VE. The chemical or specific intermolecular interactions result in a volumedecrease, thereby contributing negative VE values. The structural contributions aremostly negative and arise from several effects, especially from interstitialaccommodation and changes of free volume [16]. These phenomena are the resultsof difference in energies of interaction between molecules being in solutions andpacking effects. Disruption of the ordered structure of pure component duringformation of the mixture leads to a positive effect observed on excess volume whilean order formation in the mixture leads to negative contribution.
2.4. VISCOSITYAs fundamental and important properties of liquids, viscosity and volumecould also provide a lot of information on the structures and molecular interactionsof liquid mixtures. Viscosity and volume are different types of properties of oneliquid, and there is a certain relationship between them. So by measuring andstudying them together, relatively more realistic and comprehensive informationcould be expected to be gained. The relationship between them could also bestudied. The viscometric information includes ‘Viscosity’ as a function of
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composition on the basis of weight, volume and mole fraction; comparison ofexperimental viscosities with those calculated with several equations and excessGibbs free energy of viscous flow. Viscosity, one of the most important transportproperties is used for the determination of ion-solvent interactions and studiedextensively [78, 79]. Viscosity is not a thermodynamic quantity, but viscosity of anelectrolytic solution along with the thermodynamic property, 0
,2v , i.e., the partialmolar volume, gives a lot of information and insight regarding ion-solventinteractions and the nature of structures in the electrolytic solutions.

2.4.1. VISCOSITY OF PURE LIQUIDS AND LIQUID MIXTURESSince the molecular motion in liquids is controlled by the influence of theneighbouring molecules, the transport of momentum in liquids takes place, in sharpcontrast with gases at ordinary pressures, not by the actual movement of moleculesbut by the intense influence of intermolecular force fields. It is this aspect of themechanism of momentum transfer which forms the basis of the procedures forpredicting the variations in the viscosity of liquids and liquid mixtures.
2.4.2. EARLY THEORETICAL CONSIDERATIONS ON LIQUID VISCOSITYThe theoretical development of liquid viscosity in early stages has beenreviewed   Andrade [80] and Frenkel [81].  By considering the forces of collision tobe the only important factor and assuming that at the melting point, the frequency ofvibration is equal to that in the solid state and that one-third of the molecules arevibrating along each of the three directions normal to one another. Andrade [80]developed equations which checked well against data on mono atomic metals at themelting point. Frenkel [81] considered the molecules of a liquid to be spheresmoving with an average velocity with respect to the surrounding medium and usingStokes’ law and Einstein’s relation for self diffusion-coefficient, arrived at acomplicated expression for liquid viscosity with only limited applicability. Furth [82]assumed the momentum transfer to take place by the irregular Brownian movementof the holes [83] which were linked to clusters in a gas and thus, in analogy with the
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gas theory of viscosity and with assumption of the equipartition law of energy,showed that for liquids:
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(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 atthe melting point. He compared his theory with experiment as well as with thetheories of Andrade [81] and Ewell and Eyring [84] Auluck, De and Kothari [85]further modified the theory and successfully explained the variations of the viscositywith pressure. A critical review of these simple theories and their abilities to explainmomentum transport in liquids is given by Eisenschitz [86].
2.4.3. THE CELL LATTICE THEORY AND LIQUID VISCOSITYA 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 andDevonshire [87, 88] and further expanded by Pople [89].  Eisenschitz employing thismodel developed a theory of viscosity by considering the motion of therepresentative molecules to be Brownian and their distribution according to theSmoluchowski equation. Even with certain assumptions, the final expressionshowed shortcomings most of which were later overcome in a subsequentpublication [90].
2.4.4. STATISTICAL MECHANICAL APPROACH TO LIQUID VISCOSITYThe distribution functions for the liquid molecules were obtained on thebasis of statistical mechanical theory mainly by the efforts of Kirkwood [91-92]Mayer and Montroll [93], Mayer [94], Born and Green [95] and the considerations onthe basis of the general kinetic theory led Born and Green [95, 96] to develop aviscosity equation which provided explanation for several empirical equations [79,80, 82] proposed for liquid viscosity. In this connection the theoretical contributionsof Kirkwood and coworkers [83, 97-103] Zwanzig et al., [104] Rice and coworkers
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[105-108] Longuet- Higgins and Valleau [109] and Davis and Coworkers [110, 111]are worth mentioning.
2.4.5. PRINCIPLE OF CORRESPONDING STATES AND LIQUID

VISCOSITYThe principle of the corresponding states has been applied to liquids in thesame way as to gases [112] the basic assumption being that the intermolecularpotential between two molecules is a universal function of the reducedintermolecular separation. This assumption is a good approximation for sphericallysymmetric mono atomic non-polar molecules. For complicated molecules, theprinciple becomes increasingly crude. In general, more parameters are introduced inthe corresponding state correlations on somewhat empirical grounds in the hopethat such modification in some way compensates the shortcomings of the abovestated assumption. In this connection the studies by Rogers and Brickwedde [113],Boon and Thomaes [114-116] Boon, Legros and Thomaes [117], and Hollman andHijmans [118] are worth mentioning.
2.4.6. THE REACTION RATE THEORY FOR VISCOUS FLOWConsidering viscous flow as a chemical reaction in which a molecule movingin a plane occasionally acquires the activation energy necessary to sleep over thepotential barrier to the next equilibrium position in the same plane. Eyring [119]showed that the viscosity of the liquid is given by:
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 (16)where λ is the average distance between the equilibrium positions in the direction ofmotion, λ1 is the perpendicular distance between two neighbouring layers ofmolecules in relative motion, λ2 is the distance between neighbouring  molecules inthe same direction and λ3 is the distance from molecule to molecule in the planenormal to the direction of motion. The transmission coefficient (ĸ) is the measure ofthe chance that a molecule having once crossed the potential barrier will react andnot recross in the reverse direction, Fn is the partition function of the normal
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molecules, *
aF that of the activated molecule with a degree of freedomcorresponding to flow,  actE is the energy of activation for the flow process, h isPlanck’s constant and k is Boltzmann constant. Ewell and Eyring argued that for amolecule to flow into a hole, it is not necessary that the latter be of the same size asthe molecule. Consequently they assume that  actE is a function of  vapE for viscousflow because  vapE is the energy required to make a hole in the liquid of the size of amolecule. Utilizing the idea and certain other relations 84, 120 finally gets
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where n and b are constants. It was found that the theory could reproduce the trendin temperature dependence of η but the computed values are greater than theobserved values by a factor of 2 or 3 for most liquids. Kincaid, Eyring and Stearn[121] have summarized all the working relations.
2.4.7. THE SIGNIFICANT STRUCTURE THEORY AND LIQUID VISCOSITYEyring and coworkers [122-125] improved the “holes in solid” model theory[121-126] to picture the liquid state by identifying three significant structures. Inbrief, a molecule has solid like properties for the short time it vibrates about anequilibrium position and then it assumes instantly the gas like behaviour on jumpinginto the neighbouring vacancy. The above idea of significant structures leads to thefollowing relation for the viscosity of liquid [127, 128].
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  (18)where VS is the molar volume of the solid at the melting point and V is the molarvolume of the liquid at the temperature of interest while ηS and ηg are the viscositycontributions from the solid-like and gas-like degrees of freedom, respectively. Theexpressions for ηS and ηg are given by Carlson, Eyring and Ree [128].  Eyring and Ree[129] have discussed in detail the evaluation of ηS from the reaction rate theory of
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Eyring [119] assuming that a solid molecule can jump into all neighbouring emptysites. The expression for ηS takes the following form [130]
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where AN is Avogadro’s number, Z is the number of nearest neighbours, θ is theEinstein characteristic temperature, ES is the energy of sublimation and a’ is theproportionality constant. On the other hand, the term ηg is obtained from the kinetictheory of gases [130] by the relation:
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(20)where d is the molecular diameter and m is the molecular mass.
2.4.8. VISCOSITY OF ELECTROLYTIC SOLUTIONSThe viscosity relationships of electrolytic solutions are highly complicated.Because ion-ion and ion-solvent interactions are occurring in the solution andseparation of the related forces is a difficult task. But, from careful analysis, vividand valid conclusions can be drawn regarding the structure and the nature of thesolvation of the particular system. As viscosity is a measure of the friction betweenadjacent, relatively moving parallel planes of the liquid, anything that increases ordecreases the interaction between the planes will raise or lower the friction andthus, increase or decrease the viscosity. If large spheres are placed in the liquid, theplanes will be keyed together in increasing the viscosity. Similarly, increase in theaverage degree of hydrogen bonding between the planes will increase the frictionbetween the planes, thereby viscosity. An ion with a large rigid co-sphere for astructure-promoting ion will behave as a rigid sphere placed in the liquid andincrease the inter-planar friction. Similarly, an ion increasing the degree of hydrogenbonding or the degree of correlation among the adjacent solvent molecules willincrease the viscosity. Conversely, ions destroying correlation would decrease theviscosity. In 1905, Grüneisen [131] performed the first systematic measurement of
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viscosities of a number of electrolytic solutions over a wide range of concentrations.He noted non-linearity and negative curvature in the viscosity concentration curvesirrespective of low or high concentrations. In 1929, Jones and Dole [132] suggestedan empirical equation quantitatively correlating the relative viscosities of theelectrolytes with molar concentrations (c):
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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. Theequation is applicable equally to aqueous and non aqueous solvent systems wherethere is no ionic association and has been used extensively. The term A√c, originallyascribed to Grüneisen effect, arose from the long-range coulombic forces betweenthe ions. The significance of the term had since then been realized due to thedevelopment Debye-Hückel theory [133] of inter-ionic attractions in 1923. The A -coefficient depends on the ion-ion interactions and can be calculated from interionicattraction theory [134-136] and is given by the Falkenhagen Vernon [136] equation:
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(23)
where the symbols have their usual significance. In very accurate work on aqueoussolutions [137], A -coefficient has been obtained by fitting ηr to equation (22) andcompared with the values calculated from equation (23), the agreement wasnormally excellent. The accuracy achieved with partially aqueous solutions washowever poorer [138]. A-coefficient suggesting that should be calculated fromconductivity measurements. Crudden et al. [139] suggested that if association of theions occurs to form an ion pair, the viscosity should be analysed by the equation:



General Introduction (Review of the Earlier Works)

54

1 1r
i P

A c
B B

c

  
 

      
 

(24)where A , Bi and BP are characteristic constants and a is the degree of dissociation ofion 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 solutionsboth aqueous and nonaqueous, the equation (22) is valid up to 0.1 (M) [140, 141]within experimental errors. At higher concentrations the extended Jones-Doleequation (25), involving an additional coefficient D, originally used by Kaminsky,142 has been used by several workers [143, 144] and is given below:
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     (25)The coefficient D cannot be evaluated properly and the significance of the constant isalso not always meaningful and therefore, equation (22) is used by the most of theworkers.The plots of (η/ηo -1)/√c against √c for the electrolytes should give the valueof A - coefficient. But sometimes, the values come out to be negative or considerablyscatter and also deviation from linearity occur [141,145,146]. Thus, instead ofdetermining 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 electricforces between the ions, which tend to maintain a space-lattice structure [132]. The

B - coefficient may be either positive or negative and it is actually the ion-solventinteraction parameter. It is conditioned by the ions and the solvent and cannot becalculated a priori. The B – coefficients are obtained as slopes of the straight linesusing the least square method and intercepts equal to the A values.The factors influencing B - coefficients are [147, 148]:(1) The effect of ionic solvation and the action of the field of the ion in producinglong-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 forsimilar solvents.(4) Reduced B-values are obtained when the primary solution of ions is stericallyhindered in high molal volume solvents or if either ion of a binary electrolyte cannotbe specifically solvated.
2.4.9. VISCOSITIES AT HIGHER CONCENTRATIONIt had been found that the viscosity at high concentrations (1M to saturation)can be represented by the empirical formula suggested by Andrade:

exp
b

TA  (26)The several alternative formulations have been proposed for representing theresults of viscosity measurements in the high concentration range [149-154] and theequation suggested by Angell [155-156] based on an extension of the free volumetheory of transport phenomena in liquids and fused salts to ionic solutions isparticularly noteworthy. The equation is:
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where N represents the concentration of the salt in eqv. litre-1, A and K1 areconstants supposed to be independent of the salt composition and No is thehypothetical concentration at which the system becomes glass. The equation wasrecast by Majumder et al. [157-159] introducing the limiting condition, that is N→0,
η→ ηo ; which is the viscosity of the pure solvent.Thus, we have:
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Equation (28) predicts a straight line passing through the origin for the plot of Rellnvs. N/(No-N) if a suitable choice for No is made. Majumder et al. tested the equation(28) by using literature data as well as their own experimental data. The best choice
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for No and K1 was selected by a trial and error methods. The set of K1 and Noproducing minimum deviations between Exp
Rel and Theo

Rel was accepted.In dilute solutions, N << No and we have:
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(29)
Equation (29) is nothing but the Jones-Dole equation with the ion-solventinteraction term represented as B= K1/No2. The arrangement between B-valuesdetermined in this way and using Jones-Dole equation has been found to be good forseveral electrolytes.Further, the equation (28) can be written in the form:
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(30)
It closely resembles the Vand’s equation [152] for fluidity (reciprocal for viscosity):
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where c is the molar concentration of the solute and Vh is the effective rigid molarvolume of the salt and Q is the interaction constant.
2.4.10. DIVISION OF B -COEFFICIENT INTO IONIC VALUESThe viscosity B -coefficients have been determined by a large number ofworkers in aqueous, mixed and non-aqueous solvents [160-190]. However, the B -coefficients as determined experimentally using the Jones-Dole equation, does notgive any impression regarding ion-solvent interactions unless there is some way toidentify the separate contribution of cations and anions to the total solute-solventinteraction. The division of B - values into ionic components is quite arbitrary andbased on some assumptions, the validity of which may be questioned. The followingmethods have been used for the division of B - values in the ionic components:(1) Cox and Wolfenden [191] carried out the division on the assumption that Bionvalues of Li+ and IO3⁻ in LiIO3 are proportional to the ionic volumes which are
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proportional to the third power of the ionic mobilities. The method of Gurney [192]and also of Kaminsky [142] 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 similarover the temperature range 288.15 – 318.15 K. The assignment is supported fromother thermodynamic properties. Nightingle [193], however preferred RbCl or CsClto KCl from mobility considerations.
(2) The method suggested by Desnoyers and Perron [143] is based on theassumption that the Et4N+ ion in water is probably closest to be neither structurebreaker not a structure maker. Thus, they suggest that it is possible to apply with ahigh degree of accuracy of the Einstein’s equation [194],

0.0025B V (33)and by having an accurate value of the partial molar volume of the ion, V , it ispossible to calculate the value of 0.359 for
4Et N

B  in water at 298.15 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:

4 44 4
/ 2BPh PPhBPh PPh

B B B   (34)
4 4BPh PPhB (scarcely soluble in water) has been obtained by the following method:

4 4 4 4BPh PPh NaBPh PPh Br NaBrB B B B   (35)The values obtained are in good agreement with those obtained by other methods.The criteria adopted for the separation of B - coefficients in nonaqueous solventsdiffer from those generally used in water. However, the methods are based on theequality of equivalent conductances of counter ions at infinite dilutions.
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(a) Criss and Mastroianni assumed
K Cl

B B  in ethanol based on equal mobilitiesof ions [195].  They also adopted
4

25 0.25
Me N

B   as the initial value for acetonitrilesolutions.(b) For acetonitrile solutions, Tuan and Fuoss [196] proposed the equality, as theythought that these ions have similar mobilities. However, according to Springer et al.[197], 25 4( ) 61.4Bu N   and 25 4( ) 58.3Ph B   in acetonitrile.
4 4Bu N Ph B

B B  (36)(c) Gopal and Rastogi [147] resolved the B -coefficient in N-methyl propionamidesolutions assuming that
4Et N I

B B  at all temperatures.(d) In dimethyl sulphoxide, the division of B -coefficients were carried out by Yaoand Beunion [146] assuming:
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  (37)at all temperatures.Wide use of this method has been made by other authors for dimethylsulphoxide, sulpholane, hexamethyl phosphotriamide and ethylene carbonate [198]solutions. The methods, however, have been strongly criticized by Krumgalz [199].According to him, any method of resolution based on the equality of equivalentconductances for certain ions suffers from the drawback that it is impossible toselect 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 othersolvents. 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 - coefficientvalues 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 equalityof B - coefficients of these ions and they are likely to be solvent and ion-structuredependent. Krumgalz [199, 200] has recently proposed a method for the resolutionof B -coefficients. The method is based on the fact that the large
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tetraalkylammonium cations are not solvated [201, 202] in organic solvents (in thenormal sense involving significant electrostatic interaction). Thus, the ionic B -values for large tetraalkylammonium ions, R4N+ (where R > Bu) in organic solventsare proportional to their ionic dimensions. So, we have:
4

3
4R NXB a br R N   (38)

X
a B B and b is a constant dependent on temperature and solvent nature.The extrapolation of the plot of

4R NXB (R > Pr or Bu) against r3 toR4N to zero cationdimension gives directly
X

B  in the proper solvent and thus B - ion values can becalculated.The B -ion values can also be calculated from the equations:
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The radii of the tetraalkylammonium ions have been calculated from theconductometric data [203]. Gill and Sharma [181] used Bu4NBPh4 as a referenceelectrolyte. The method of resolution is based on the assumption, like Krumgalz, thatBu4N+ and Ph4B− ions with large R - groups are not solvated in non-aqueous solventsand 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-aqueousand mixed non-aqueous solvents by Gill and co-workers. They proposed theequations:
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(41)
4 4 4 4

Bu NBPh Bu N Ph B
B B B  (42)The method requires only the B -values of Bu4NBPh4 and is equally applicable tomixed non-aqueous solvents. The B -ion values obtained by this method agree well
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with those reported by Sacco et al. in different organic solvents using theassumption as given below:
4 43 4 4
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  (43)Recently, Lawrence and Sacco [184] used tetrabutylammonium tetrabutylborate(Bu4NBBu4) as reference electrolyte because the cation and anion in each case aresymmetrical in shape and have almost equal Van der Waal’s volume. Thus, we have:
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A similar division can be made for Ph4PBPh4 system.Recently, Lawrence et al. made the viscosity measurements of tetraalkyl (frompropyl to heptyl) ammonium bromides in DMSO and HMPT.The B-coefficients

4 4[ ]R NBr xBr
B B a f R N

  were plotted as functions ofthe Vander Waal’s volumes. The
Br

B  values thus obtained were compared with theaccurately determined
Br

B  value using Bu4NBBu4 and Ph4PBPh4 as reference salts.They concluded that the ‘reference salt’ method is the best available method fordivision into ionic contributions.Jenkins and Pritcheit [204] suggested a least square analytical technique toexamine additivity relationship for combined ion thermodynamics data, to effectapportioning into single-ion components for alkali metal halide salts by employingFajan’s competition principle [205] and ‘volcano plots’ of Morris [206]. The principlewas extended to derive absolute single ion B coefficients for alkali metals andhalides in water. They also observed that
Cs I

B B  suggested by Krumgalz [201] tobe more reliable than
K Cl

B B  in aqueous solutions. However, we require moredata to test the validity of this method.



General Introduction (Review of the Earlier Works)

61

It is apparent that almost all these methods are based on certainapproximations and anomalous results may arise unless proper mathematicaltheory is developed to calculate B -values.
2.4.11. TEMPERATURE DEPENDENCE OF B - ION VALUESRegularity in the behaviour of B± and dB±/dT has been observed both inaqueous and non-aqueous solvents and useful generalizations have been made byKaminsky. He observed that (i) within a group of the periodic table the B -ion valuesdecrease as the crystal ionic radii increase, (ii) within a group of periodic system, thetemperature co-efficientof BIon values increase as the ionic radius. The results can besummarized as follows:(i) A and dA /dT > 0 (46)(ii) BIon < 0 and / 0IondB dT  (47)characteristic of the structure breaking ions.(iii) BIon > 0 and / 0IondB dT  (48)characteristic of the structure making ions.An ion when surrounded by a solvent sheath, the properties of the solvent inthe solvational layer may be different from those present in the bulk structure. Thisis well reflected in the ‘Co-sphere’ model of Gurney [207], A, B, C Zones of Frank andWen [208] and hydrated radius of Nightingle [193].Stokes and Mills gave an analysis of the viscosity data incorporating the basicideas presented before. The viscosity of a dilute electrolyte solution has beenequated to the viscosity of the solvent (ηo) plus the viscosity changes resulting fromthe competition between various effects occurring in the ionic neighborhood. Thus,the Jones-Dole equation:

* ( )E A D
o o A c Bc               (49)where η*, the positive increment in viscosity is caused by coulombic interaction.Thus,

)E A D
oBc      (50)

B -coefficient can thus be interpreted in terms of the competitive viscosity effects.
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Following Stokes, Mills and Krumgalz [199] we can write:
Einst Orient Str Rei nf

Ion Ion Ion Ion IonB B B B B    (51)
whereas according to Lawrence and Sacco:

Ion W Solv Shape Ord DiscordB B B B B B     (52)
Einst
IonB is the positive increment arising from the obstruction to the viscous flow ofthe solvent caused by the shape and size of the ions (the term corresponds to E or
ShapeB ). Orient

IonB is the positive increment arising from the alignment or structuremaking action of the electric field of the ion on the dipoles of the solvent molecules(the term corresponds to ηA or OrdB ). Str
IonB is the negative increment related to thedestruction of the solvent structure in the region of the ionic co-sphere arising fromthe opposing tendencies of the ion to orientate the molecules round itselfcentrosymetrically and solvent to keep its own structure (this corresponds to ηD or

BDisord ). Rei nf
IonB is the positive increment conditioned by the effect of ‘reinforcementof the water structure’ by large tetraalkylammonium ions due to hydrophobichydration. The phenomenon is inherent in the intrinsic water structure and absentin organic solvents. BW and BSolv account for viscosity increases and attributed to theVander Waals volume and the volume of the solvation of ions. Thus, small and highlycharged cations like Li+ and Mg2+ form a firmly attached primary solvation sheatharound these ions ( Orient

IonB or ηE positive). At ordinary temperature, alignment of thesolvent 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 ofgreatest crystal radii (within a group) like Cs+ or I− due to small surface chargedensities resulting in weak orienting and structure forming effect. Str

IonB would be
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large due to structural disorder in the immediate neighbourhood of the ion due tocompetition between the ionic field and the bulk structure. Thus,
Einst Orient Str
Ion Ion IonB B B  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., Einst Orient Str

Ion Ion IonB B B  sothat B is close to zero.Large molecular ions like tetraalkylammonium ions have large Einst
IonB becauseof large size but Orient

IonB and Str
IonB would be small, i.e., Einst Orient Str

Ion Ion IonB B B  wouldbe positive and large. The value would be further reinforced in water arising from
Rei nf
IonB due to hydrophobic hydrations.The increase in temperature will have no effect on Einst

IonB . But the orientationof solvent molecules in the secondary layer will be decreased due to increase inthermal motion leading to decrease in Str
IonB . Orient

IonB will decrease slowly withtemperature as there will be less competition between the ionic field and reducedsolvent structure. The positive or negative temperature co-efficient will thus dependon 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 primarysolvation sheath and the secondary solvation zone will be considerably orderedleading to an increase in IonB and concomitant decrease in entropy of solvation andthe mobility of ions. Structure breaking ions, on the other hand, are not solvated to agreat extent and the secondary solvation zone will be disordered leading to adecrease in IonB values and increases in entropy of solvation and the mobility ofions. Moreover, the temperature induced change in viscosity of ions (or entropy ofsolvation or mobility of ions) would be more pronounced in case of smaller ionsthan 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 solvation of ions have rightly been used as probes ofion-solvent interactions and as a direct indication of structure making and structurebreaking character of ions. The linear plot of ionic B-coefficients against the ratios of
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mobility viscosity products at two temperatures (a more sensitive variable thanionic mobility) by Gurney [207] clearly demonstrates a close relation between ionic
B-coefficients and ionic mobilities. Gurney also demonstrated a clear correlationbetween 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 partialmolar entropies of hydration ( )
o
hS as:

o o o
h aq gS S S  (53)Where, o o o

aq refS S S  , o
gS is the calculated sum of the translational and rotationalentropies of the gaseous ions. Gurney obtained a single linear plot between ionicentropies and ionic B-coefficients for all mono atomic ions by equating the entropyof the hydrogen ion ( )o

H
S  to –5.5 cal. mol−1 deg−1. Asmus [209] used the entropy ofhydration to correlate ionic B values and Nightingale [193] showed that a singlelinear relationship could be obtained with it for both monoatomic and polyatomicions. The correlation was utilized by Abraham et al. 210 to assign single ion B -coefficients so that a plot of o

eS [211, 212] the electrostatic entropy of solvation or
,

o
I IIS the entropic contributions of the first and second solvation layers of ionsagainst B points (taken from the works of Nightingale) for both cations and anionslie on the same curve. There are excellent linear correlations between o

eS and o
ISand the single ion B - coefficients. Both entropy criteria ( o

eS and ,
o
I IIS ) and B - ionvalues 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 borderline case.

2.4.12. THERMODYNAMICS OF VISCOUS FLOWAssuming viscous flow as a rate process, the viscosity (η) can be representedfrom Eyring’s [213] approaches as:
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where visE = the experimental entropy of activation determined from a plot of lnηagainst 1/T . *G , *H and *S are the free energy, enthalpy and entropy ofactivation, respectively.Nightingale and Benck [214] dealt in the problem in a different way and calculatedthe thermodynamics of viscous flow of salts in aqueous solution with the help of theJones-Dole equation (neglecting the A c term).Thus, we have:
(1 )lnln
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(55)
( ln) ( l )So So v VE E E       (56)

VE  can be interpreted as the increase or decrease of the activation energies forviscous flow of the pure solvents due to the presence of ions, i.e., the effectiveinfluence of the ions upon the viscous flow of the solvent molecules. Feakins et al.[215] have suggested an alternative formulation based on the transition statetreatment of the relative viscosity of electrolytic solution. They suggested thefollowing expression:
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  (57)where 0

,1v and 0
,2v are the partial molar volumes of the solvent and soluterespectively and 2

o  is the contribution per mole of solute to the free energy ofactivation for viscous flow of solution. 1
o  is the free energy of activation forviscous flow per mole of the solvent which is given by:

0 0 0
1 1 0 ,1Δ Δ ln( )v AG RT hN     (58)Further, if B is known at various temperatures, we can calculate the entropy andenthalpy of activation of viscous flow respectively from the following equations asgiven below:
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2.4.13. EFFECTS OF SHAPE AND SIZEStokes and Mills have dealt in the aspect of shape and size extensively. Theions in solution can be regarded to be rigid spheres suspended in continuum. Thehydrodynamic treatment presented by Einstein [194] leads to the equation:

0

1 2.5




  (61)

where  is the volume fraction occupied by the particles. Modifications of theequation have been proposed by (i) Sinha [216] on the basis of departures fromspherical shape and (ii) Vand on the basis of dependence of the flow patterns aroundthe neighboring particles at higher concentrations. However, considering thedifferent aspects of the problem, spherical shapes have been assumed forelectrolytes having hydrated ions of large effective size (particularly polyvalentmonatomic cations). Thus, we have from equation (61):
2.5 A c Bc   (62)Since A c term can be neglected in comparison with Bc and  = c 0

,1v where 0
,1v isthe partial molar volume of the ion, we get:

0
,12.5 v B  (63)In the ideal case, the B -coefficient is a linear function of partial molar volume of thesolute, 0

,1v with slope to 2.5. Thus, B± can be equated to:
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  (64)assuming that the ions behave like rigid spheres with a effective radii, R± moving in acontinuum. R±, calculated using the equation (64) should be close to crystallographicradii or corrected Stoke’s radii if the ions are scarcely solvated and behave as



General Introduction (Review of the Earlier Works)

67

spherical entities. But, in general, R± values of the ions are higher than thecrystallographic radii indicating appreciable solvation.The number bn of solvent molecules bound to the ion in the primarysolvation shell can be easily calculated by comparing the Jones-Dole equation withthe Einstein’s equation:
 
2.5

1000 i b s

B
n   

(65)
where i is the molar volume of the base ion and s , the molar volume of thesolvent. The equation (65) has been used by a number of workers to study thenature of solvation and solvation number.
2.4.14. VISCOSITY OF NON-ELECTROLYTIC SOLUTIONSThe equations of Vand [217], Thomas [218] and Moulik proposed mainly toaccount for the viscosity of the concentrated solutions of bigger spherical particleshave been also found to correlate the mixture viscosities of the usual nonelectrolytes[219-221]. These equations are:
Vand equation: 2.5
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(66)

Thomas equation: 21 2.5 10.05r h hV cV c    (67)Moulik equation: 2 2I Mc   (68)where r is the relative viscosity, a is constant depending on axial ratios of theparticles, Q is the interaction constant, hV is the molar volume of the solute includingrigidly held solvent molecules due to hydration, c is the molar concentration of thesolutes; I and M are constants. The viscosity equation proposed by Eyring andcoworkers for pure liquids on the basis of pure significant liquid structures theory,can be extended to predict the viscosity of mixed liquids also. The final expressionfor the liquid mixtures takes the following form:
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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 componentparameters by using the following relations :
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(75)
here σ and ε are Lennard-Jones potential parameters and the other symbols havetheir usual significance.For interpolation and limited extrapolation purposes, the viscosities ofternary mixture can be correlated to a high degree of accuracy in terms of binarycontribution by the following equations [222-228].
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The correlation of ternary is modified to the following form:
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However, a better result may be obtained using the following relation:
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where A12, B12, C12, A23, B23, C23, A31, B31 and C31, are constants for binary mixtures;
A123, B123 and C123 are constants for the ternaries; and the other symbols have theirusual significance.
2.4.15. VISCOSITY DEVIATIONViscosity of liquid mixtures can also provide information for the elucidation of thefundamental behaviour of liquid mixtures, aid in the correlation of mixtureviscosities with those of pure components, and may provide a basis for the selectionof physico-chemical methods of analysis. Quantitatively, as per the absolute reactionrates theory [229], the deviations in viscosities(  )from the ideal mixture valuescan be calculated as:
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  (77)
where η is the dynamic viscosities of the mixture and i ix are the mole fraction andviscosity of ith component in the mixture, respectively.
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2.4.16. GIBBS EXCESS ENERGY OF ACTIVATION FOR VISCOUS FLOWQuantitatively, the Gibbs excess energy of activation for viscous flow, *G can becalculated as [230]:
1

ln ( ln )
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G RT V x V  
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where  and V are the viscosity and molar volume of the mixture; i and iV are theviscosity and molar volume of ith pure component, respectively.
2.4.17. VISCOUS SYNERGY AND ANTAGONISMRheology is the branch of science that studies [231] material deformation andflow, and is increasingly applied to analyze the viscous behavior of manypharmaceutical products, [232-241] and to establish their stability and evenbioavailability, since it has been firmly established that viscosity influences the drugabsorption rate in the body [242, 243]. The study of the viscous behavior ofpharmaceutical, foodstuffs, cosmetics or industrial products, etc., is essential forconforming that their viscosity is appropriate for the contemplated use of theproducts.Viscous synergy is the term used in the application to the interaction betweenthe components of a system that causes the total viscosity of the system to begreater than the sum of the viscosities of each component considered separately. Incontraposition to viscous synergy, viscous antagonism is defined as the interactionbetween the components of a system causing the net viscosity of the latter to be lessthan the sum of the viscosities of each component considered separately. If the totalviscosity of the system is equal to the sum of the viscosities of each componentconsidered separately, the system is said to lack interaction [244, 245].The method most widely used to analyze the synergic and antagonic behaviorof the ternary liquid mixtures used here is that developed by Kaletunc- Gencer andPeleg [246] allowing quantification of the synergic and antagonic interactions takingplace in the mixtures involving variable proportions of the constituent components.
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The method compares the viscosity of the system, determined experimentally, exp ,with the viscosity expected in the absence of interaction, cal , as defined by thesimple mixing rule as:
1

j

cal i i
i

w 


 (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 exp cal  , viscous synergy exists, while, when exp cal  ,the system is said to exhibit viscous antagonism. The procedure is used whenNewtonian fluids are involved, since in non-synergy indices are defined inconsequence [247].In order to secure more comparable viscous synergy results, the so-calledsynergic interaction index (IS) as introduced by Howell [248] is taken into account:
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When the values of IS are negative, it is concerned as antagonic interaction index (IA).The method used to analyze volume contraction and expansion is similar tothat applied to viscosity, i.e., the density of the mixture is determinedexperimentally, exp , and a calculation is made for cal based on the expression:
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 (81)
where i is the experimentally measured density of  the ith component. Othersymbols have their usual significance.Accordingly, when exp cal  , volume contraction occurs, but when exp cal  , thereis volume expansion in the system.
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In recent years, there has been considerably progress in the determination ofthermodynamic, acoustic and transport properties of working liquids fromultrasonic speeds, density and viscosity measurement. The study of ultrasonicspeeds and isentropic compressibilities of liquids, solutions and liquid mixturesprovide useful information about molecular interactions, association anddissociation. Various parameters like molar isentropic and isothermalcompressibilities, apparent molal compressibility, isentropic compressibility,deviation in isentropic compressibility from ideality, etc. can very well be evaluatedand studied from the measurement of ultrasonic speeds and densities in solutions.Isentropic compressibilities play a vital role in characterization of binary andternary liquid mixtures particularly in cases where partial molar volume data alonefail to provide an unequivocal interpretation of the interactions.
2.5.1. APPARENT MOLAL ISENTROPIC COMPRESSIBILITYAlthough for a long time attention has been paid to the apparent molalisentropic compressibility for electrolytes and other compounds in aqueoussolutions 249-253 measurements in non-aqueous solvents are still scarce. It has beenemphasized by many authors that the apparent molal isentropic compressibilitydata can be used as a useful parameter in elucidating the solute-solvent and solute-solute interactions. The most convenient way to measure the compressibility of asolvent/solution is from the speed of sound in it.The isentropic compressibility (  ) of a solvent/solution can be calculatedfrom the Laplace’s equation [254]:

2

1

u



 (82)where ρ is the solution density and u is the ultrasonic speed in the solvent/solution.The isentropic compressibility (  ) determined by equation (82) is adiabatic, not anisothermal one, because the local compressions occurring when the ultrasoundpasses through the solvent/solution are too rapid to allow an escape of the heatproduced.

2.5. ULTRASONIC SPEED
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The apparent molal isentropic compressibility ( K ) of the solutions wascalculated using the relation:
0 0 0/ 1000( ) /K M m         (83)

βο is the isentropic compressibility of the solvent mixture, M is the molar mass of thesolute and m is the molality of the solution.The limiting apparent isentropic compressibility o
K may be obtained byextrapolating the plots of K versus the square root of the molal concentration of thesolutes by the computerized least- square method according to the equation.

0 *
K K KS m   (84)The limiting apparent molal isentropic compressibility ( o

K ) and the experimentalslope *
KS can be interpreted in terms of solute-solvent and solute-solute interactionsrespectively. It is well established that the solutes causing electrostriction leads tothe decrease in the compressibility of the solution [255, 256]. This is reflected by thenegative values of o

K of electrolytic solutions. Hydrophobic solutes often shownegative compressibilities due to the ordering induced by them in the waterstructure. The compressibility of hydrogen-bonded structure, however, variesdepending on the nature of the hydrogen bonding involved. However, the poor fit ofthe solute molecules [257, 258] as well as the possibility of flexible hydrogen bondformation appear to be responsible for causing a more compressible environmentand hence positive o
K values have been reported in aqueous non-electrolyte [259]and non-aqueous non-electrolyte [260] solutions.

2.5.2. DEVIATION IN ISENTROPIC COMPRESSIBILITYThe deviation in isentropic compressibility ( SK ) can be calculated using thefollowing equation [261-263]:
,

1

j

S S i S i
i

K K x K


   (85)



General Introduction (Review of the Earlier Works)

74

where ix , ,S iK are the mole fraction and isentropic compressibility of ith componentin the mixture, respectively. The observed values of SK can be qualitativelyexplained by considering the factors, namely (i) the mutual disruption of associatedspecies present in the pure liquids, (ii) the formation of weak bonds by dipole-induced dipole interaction between unlike molecules, and (iii) geometrical fitting ofcomponent molecules into each other structure. The first factor contributes topositive SK values, whereas the remaining two factors lead to negative SK values[264]. The resultant values of SK for the mixtures are due to the net effect of thecombination of (i) to (iii) [265].Moreover, the excess or deviation properties ( E
mV ,  , EG and SK ) have beenfitted to Redlich-Kister [266] polynomial equation using the method of least squaresinvolving the Marquardt algorithm [267] and the binary coefficients, αi weredetermined as follows :
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where .

E
i jY refers to an excess or deviation property and 1x and 2x are the molefraction of the solvent 1 and solvent 2, respectively. In each case, the optimalnumber of coefficients was ascertained from an approximation of the variation inthe standard deviation (σ). The standard deviation (σ) was calculated using,
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where n is the number of data points and m is the number of coefficients.
2.6. CONDUCTANCEOne of the most precise and direct technique available to determine theextent of the dissociation constants of electrolytes in aqueous, mixed and non-aqueous solvents is the “conductometric method.” Conductance data in conjunctionwith viscosity measurements, gives much information regarding ion-ion and ion-solvent interaction.
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Dissolved Ions Conduct ElectricityThe studies of conductance measurements were pursued vigorously duringthe last five decades, both theoretically and experimentally and a number ofimportant theoretical equations have been derived. We shall dwell briefly on someof these aspects in relation to the studies in aqueous, non-aqueous, pure and mixedsolvents. The successful application of the Debye-Hückel theory of interionicattraction was made by Onsager [268] to derive the Kohlrausch’s equationrepresenting the molar conductance of an electrolyte. For solutions of a singlesymmetrical electrolyte the equation is given by:
o S c   (88)where,

oS    (89)
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The equation took no account for the short-range interactions and also of shape orsize of the ions in solution. The ions were regarded as rigid charged spheres in anelectrostatic and hydrodynamic continuum, i.e., the solvent [269]. In the subsequentyears, Pitts (1953) [270] and Fuoss and Onsager (1957) [271] independentlyworked out the solution of the problem of electrolytic conductance accounting forboth long-range and short-range interactions. However, the o values obtained for
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the conductance at infinite dilution using Fuoss-Onsager theory differedconsiderably from that obtained using Pitt’s theory and the derivation of the Fuoss-Onsager equation was questioned [272,273]. The original Fuoss-Onsager equationwas further modified by Fuoss and Hsia [274] 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:
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(91)
where ( )G  is a complicated function of the variable. The simplified form:

3
1 2lno S c Ec c J c J c      (92)However, it has been found that these equations have certain limitations, in somecases it fails to fit experimental data. Some of these results have been discussedelaborately by Fernandez-Prini [275,276]. Further correction of the equation (92)was made by Fuoss and Accascin. They took into consideration the change in theviscosity of the solutions and assumed the validity of Walden’s rule. The newequation becomes:
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 (94)In most cases, however, 2J is made zero but this leads to a systematic deviation ofthe experimental data from the theoretical equations. It has been observed thatPitt’s equation gives better fit to the experimental data in aqueous solutions [277].
2.6.1. IONIC ASSOCIATIONThe equation (93) successfully represents the behaviour of completelydissociated electrolytes. The plot of  against c (limiting Onsager equation) isused to assign the dissociation or association of electrolytes. Thus, if o exp is greaterthan o theo , i.e., if positive deviation occurs (ascribed to short range hard core
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repulsive interaction between ions), the electrolyte may be regarded as completelydissociated but if negative deviation ( o exp o theo  ) or positive deviation from theOnsager limiting tangent ( o  )occurs, the electrolyte may be regarded to beassociated. Here the electrostatic interactions are large so as to cause associationbetween cations and anions. The difference in o exp and o theo would beconsiderable with increasing association [278].Conductance measurements help us to determine the values of the ion-pairassociation constant, KA for the process:
z zM A MA   (95)
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2 21 AK c     (97)where   is the mean activity coefficient of the free ions at concentration cFor strongly associated electrolytes, the constant, KA and o has been determinedusing Fuoss-Kraus equation [279] or Shedlovsky’s equation [280].
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   (98)where ( ) ( )T z F z (Fuoss-Kraus method) and 1/T(z)=S(z) (Shedlovsky’s method).
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A plot of ( ) /T z  against 2 / ( )c T z  should be a straight line having 1/ o for itsintercept and 2/A oK  for its slope. Where AK is large, there will be considerableuncertainty in the determined values of o and AK from equation (98).The Fuoss-Hsia [274] conductance equation for associated electrolytes isgiven by:
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1 2( ) ln( ) ( ) ( ) ( )o AS c E c c J c J c K c              (100)The equation was modified by Justice [281]. The conductance of symmetricalelectrolytes in dilute solutions can be represented by the equations:
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The conductance parameters are obtained from a least square treatment aftersetting, 2

2

e
R q

kT
  (Bjerrum’s critical distance).According to Justice the method of fixing the J -coefficient by setting, R = qclearly permits a better value of KA to be obtained. Since the equation (101) is aseries expansion truncated at the 3/2c term, it would be preferable that the resultingerrors be absorbed as must as possible by J2 rather than by KA, whose theoreticalinterest is greater as it contains the information concerning short-range cation-anion interaction. From the experimental values of the association constant KA, onecan use two methods in order to determine the distance of closest approach, a, oftwo free ions to form an ion-pair. The following equation has been proposed byFuoss [282]:
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In some cases, the magnitude of KA was too small to permit a calculation of a. Thedistance parameter was finally determined from the more general equation due toBjerrum [283].
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The equations neglect specific short-range interactions except for solvation in whichthe solvated ion can be approximated by a hard sphere model. The method has beensuccessfully utilized by Douheret [284].
2.6.2. ION SIZE PARAMETER AND IONIC ASSOCIATIONFor plotting, equation (93) can be rearranged to the ‘  ’ function as:

3
1 1 2 1ln o oS c Ec c J c J c J c           (106)with 2J term omitted.Thus, a plot of o vs. c gives a straight line with o as intercept and J1 as slope and ‘a’values can be calculated from J1 values. The ‘a’ values obtained by this method forDMSO were much smaller than would be expected from sums of crystallographicradii. One of the reasons attributed to it is that ion-solvent interactions are notincluded in the continuum theory on which the conductance equations are based.The inclusion of dielectric saturation results in an increase in ‘a’ values (much inconformity with the crystallographic radii) of alkali metal salts (having ions of highsurface charge density) in sulpholane. The viscosity correction leads to a largervalue of ‘a’ [285] but the agreement is still poor. However, little of real physicalsignificance may be attached to the distance of closest approach derived from J1[286]. Fuoss [287] in 1975 proposed a new conductance equation. Latter hesubsequently put forward another conductance equation in 1978 replacing the oldone as suggested by Fuoss and co-workers. He classified the ions of electrolyticsolutions in one of the three categories.(i) Ions  finding an ion of opposite charge inthe first shell of nearest neighbours (contact pairs) with rij =a . The nearestneighbours to a contact pair are the solvent molecules forming a cage around thepairs. (ii) Ions with overlapping Gurney’s co-spheres (solvent separated pairs). Forthem rij = a+ns, where n is generally 1 but may be 2, 3 etc.; ‘s’ is the diameter ofsphere 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, thediameter of the co-sphere (unpaired ions). Thermal motions and interionic forcesestablish a steady state, represented by the following equilibria:
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A B (A B ) A B AB           (107)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 isthe concentration of unpaired ion and α is the fraction of paired ions(r ≤ R), then theconcentration of unpaired ion and c(1 )(1 )   and that of contact pair is c(1 )  .The equation constants for eq. 107 are:
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(109)Where KR describes the formation and separation of solvent separated pairs bydiffusion in and out of spheres of diameter R around cations and can be calculated bycontinuum theory; KS is the constant describing the specific short-range ion-solventand ion-ion interactions by which contact pairs form and dissociate. ES is thedifference in energy between a pair in the states (r = R) and (r = a); is ES measuredin units of kT.Now,
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and the conductometric pairing constant is given by:
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(111)
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 andcontribute only to changing current. Both contact pairs and solvent separated pairsare left as virtual dipoles by unpaired ions, their interaction with unpaired ions is,therefore, neglected in calculating long-range effects (activity coefficients, relaxation



General Introduction (Review of the Earlier Works)

81

field X and electrophoresis ( eX  ). The various patterns can be reproduced bytheoretical fractions in the form:
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(112)

which is a three parameter equation ( , , , ), /o Sc R E X X    (the relaxation field)and e (the electrophoretic counter current) are long range effects due toelectrostatic interionic forces and p is the fraction of Gurney co-sphere.The parameters KR (or ES) is a catch-all for all short range effects:
1 (1 )p     (113)In case of ionogens or for ionophores in solvents of low dielectric constant, is verynear to unity (-ES/kT) >> 1 and the equation becomes:
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The equilibrium constant for the effective reaction, A B AB   , is then
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as 1SK  . The parameters and the variables are related by the set of equations:
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(120)The details of the calculations are presented in the 1978 paper [287]. Theshortcomings of the previous equations have been rectified in the present equationthat is also more general than the previous equations and can be used for higherconcentrations (0.1 N in aqueous solutions).
2.6.3. LEE-WHEATON CONDUCTANCE EQUATIONAs Fuoss 1978 conductance equation contained a boundary condition error,[288, 289] Fuoss introduced a slight modification to his model [290, 291]. Accordingto him, the ion pairs (ion approaching with their Gurney co-sphere) are divided intotwo categories- contact pairs (with no contribution to conductance) and solventseparated ion pairs (which can only contribute to the net transfer of charge). Torectify the boundary errors contained in Fuoss 1978 conductance equation, Lee-Wheaton [292(a)] in the same year described in the derivation of a new conductanceequation, based on the Gurney co-sphere model and henceforth the new equation isreferred to as the Lee-Wheaton equation [292(b)]. The conductance data wereanalyzed by means of the Lee-Wheaton conductance equation [293] in the form:
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The mass action law association [294] is
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and the equation for the mean ionic activity coefficient:
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where C1 to C5 are least square fitting coefficients as described by Pethybridge andTaba [295], o is the limiting molar conductivity, ,A cK , is the association constant,
i is the dissociation degree, q is the Bjerrum parameter and  the activitycoefficient and β= 2q . The distance parameter R is the least distance that two freeions can approach before they merge into ion pair. The Debye parameter κ, theBjerrum parameter q and ρ are defined by the expressions [295]:
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(126)where the symbols have their usual significance [296].The equation (118) was resolved by an iterative procedure. For a definite R valuethe initial value of o and ,A cK , were obtained by the Kraus-Bray method [297]. Theparameter o and ,A cK , were made to approach gradually their best values by asequence of alternating linearization and least squares optimizations by the Gauss -Siedel method [298] until satisfying the criterion for convergence. The best value ofa parameter is the one when equation (118) is best fitted to the experimental datacorresponding to minimum standard deviation ( A ) for a sequence ofpredetermined R value and standard deviation ( A ) was calculated by the followingequation:
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where n is the number of experimental points and m is the number of fittingparameters. The conductance data were analyzed by fixing the distance of closestapproach R with two parameter fit (m=2). For the electrolytes with no significantminima observed in the A versus R curves, the R values were arbitrarily preset atthe centre to centre distance of solvent-separated pair:

R=a+d (128)
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where c ca r r   ,i.e., the sum of the crystallographic radii of the cation and anionand d is the average distance corresponding to the side of a cell occupied by asolvent molecule. The definitions of d and related terms are described in theliterature [299]. R was generally varied by a step 0.1 Å and the iterative process wascontinued with equation (118).
2.6.4. LIMITING EQUIVALENT CONDUCTANCEThe limiting equivalent conductance of an electrolyte can be easilydetermined from the theoretical equations and experimental observations. Atinfinite dilutions, the motion of an ion is limited solely by the interactions with thesurroundings solvent molecules as the ions are infinitely apart. Under theseconditions, the validity of Kohlrausch’s law of independent migration of ions isalmost axiomatic. Thus:

0 o o     (129a)At present, limiting equivalent conductance is the only function which can bedivided into ionic components using experimentally determined transport numberof ions, i.e.,
0 0ando ot t    

   (129b)Thus, from accurate value of 0 of ions it is possible to separate thecontributions 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 beuseful to develop indirect methods to obtain the ionic limiting equivalentconductances in solvents for which experimental transference numbers are not yetavailable. Various attempts were made to develop indirect methods to obtain thelimiting ionic equivalent conductance, in ionic solvents for which experimentaltransference numbers are not yet available.The method has been summarized by Krumgalz [300] and some importantpoints are mentioned as follows:
(i) Walden equation [301]
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25 25
o water o,water o acetone o,acetone( ) ( )       (130)

(ii)
4

o,pic o oo,Et N
( ) 0.267, 0.269       [301,302] (131)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 considerablyfrom the data of subsequent more precise studies and the values of (ii) areconsiderably different for different solvents.

(iii) 25 25
o 4 o 4(Bu N ) (Ph B )   (132)The equality holds good in nitrobenzene and in mixture with CCl4 but notrealized in methanol, acetonitrile and nitromethane.(iv) 25 25
o 4 o 4(Bu N ) (Bu B )   [303] (133)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 thisphenomenon was not observed in case of Ph4B⁻.

(v) The equation suggested by Gill 304 is:
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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 dipolarnon-associated solvents and for hydrogen bonded and other associated solventsrespectively.However, large discrepancies were observed between the experimental andcalculated values [300(a)]. In a paper, [300(b)] Krumgalz examined the Gill’sapproach more critically using conductance data in many solvents and found themethod reliable in three solvents e.g. butan-1-ol, acetonitrile and nitromethane.
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(vi)    [305]25 25
43

     o oi Am BuN Ph B (135)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)     30625 25
4 4

1.01     o oPh B i Am B (136)The value is found to be true for various organic solvents.Krumgalz suggested a method for determining the limiting ion conductance inorganic solvents. The method is based on the fact that large tetraalkyl (aryl) oniumions are not solvated in organic solvents due to the extremely weak electrostaticinteractions between solvent molecules and the large ions with low surface chargedensity and this phenomenon can be utilized as a suitable model for apportioning ovalues into ionic components for non-aqueous electrolytic solutions.Considering the motion of solvated ion in an electrostatic field as a whole, it ispossible to calculate the radius of the moving particle by the Stokes equation:
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where A is a coefficient varying from 6 (in the case of perfect sticking) to 4 (in caseof perfect slipping). Since the Sr values, the real dimension of the non-solvatedtetraalkyl (aryl) onium ions must be constant, we have:
0 constanto   (138)This relation has been verified using o  values determined with precisetransference numbers. The product becomes constant and independent of thechemical nature of the organic solvents for the i-Am4B⁻,	 Ph4As⁺,	Ph4B⁻ ions and fortetraalkylammonium cation starting with Et4N⁺. The relationship can be well utilizedto determine o  of ions in other organic solvents from the determined o values
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2.6.5.   SOLVATIONVarious types of interactions exist between the ions in solutions. Theseinteractions result in the orientation of the solvent molecules towards the ion. Thenumber of solvent molecules that are involved in the solvation of the ion is calledsolvation number. If the solvent is water, this is called hydration number. Solvationregion can be classified as primary and secondary solvation regions. Here we areconcerned with the primary solvation region. The primary solvation number isdefined as the number of solvent molecules which surrender their own translationalfreedom and remain with the ion, tightly bound, as it moves around, or the numberof solvent molecules which are aligned in the force field of the ion.If the limiting conductance of the ion i of charge Zi is known, the effectiveradius of the solvated ion can be determined from Stokes’ law. The volume of thesolvation shell is given by the equation.
 3 34

3S S CV r r
   

 
(139)where rc is the crystallographic radius of the ion. The solvation number ns wouldthen be obtained from
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Assuming Stokes’ relation to hold well, the ionic solvated volume can be obtained,because of the packing effects [307], from
34.35o

S SV r (141)where o
SV is expressed in mol/lit. and Sr in angstroms. However, thismethod is not applicable to ions of medium size though a number of empirical andtheoretical corrections [308-311] have been suggested in order to apply it to most ofthe ions.
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2.6.6. STOKES’ LAW AND WALDEN’S RULEThe starting point for most evaluations of ionic conductances is Stokes’ lawthat states that the limiting Walden product (the limiting ionic conductance-solventviscosity product) for any singly charged, spherical ion is as function only of theionic radius and thus, under normal conditions, is constant. The limitingconductances of a spherical ion of radius iR moving in a solvent of dielectriccontinuum can be written, according to Stokes’ hydrodynamics, as
0.819
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where o = macroscopic viscosity by the solvent in poise, iR is in angstroms. If theradius 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 tan t

R
    (143)This is known as the Walden rule [312]. The effective radii obtained using thisequation can be used to estimate the solvation numbers. However, Stokes’ radiifailed to give the effective size of the solvated ions for small ions.Robinson and Stokes [313], Nightingale [193] and others [314-316] havesuggested a method of correcting the radii. The tetraalkylammonium ions wereassumed to be not solvated and by plotting the Stokes’ radii against the crystal radiiof those large ions, a calibration curve was obtained for each solvent. However, theexperimental results indicate that the method is incorrect as the method is based onthe wrong assumption of the invariance of Walden’s product with temperature. Theidea of microscopic viscosity [317] was invoked without much success [318, 319]but it has been found that:

0 constanti
o   (144)where p is usually 0.7 for alkali metal or halide ions and p = 1 for the  large ions[320, 321]. Gill [322] has pointed out the inapplicability of the Zwanzig theory [323]
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of dielectric friction for some ions in non-aqueous and mixed solvents and hasproposed an empirical modification of Stokes’ Law accounting for the dielectricfriction effect quantitatively and predicts actual solvated radii of ions in solution.This equation can be written as:
2

0.0103
6i yi

A o o

z F
r D r

N  
   (145)

where ir is the actual solvated radius of the ion in solution and yr is an empiricalconstant dependent on the nature of the solvent [322, 323].The dependence of Walden product on the dielectric constant led Fuoss toconsider the effect of the electrostatic forces on the hydrodynamics of the system.Considering the excess frictional resistance caused by the dielectric relaxation in thesolvent caused by ionic motion, Fuoss proposed the relation:
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(147)where R is the hydrodynamic radius of the ion in a hypothetical medium ofdielectric constant where all electrostatic forces vanish and A is an empiricalconstant.Boyd [280] gave the expression:
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(148)
by considering the effect of dielectric relaxation in ionic motion;  is the Debyerelaxation time for the solvent dipoles. Zwanzig [310] treated the ion as a rigidsphere of radius ir moving with a steady state viscosity, Vi through a viscousincompressible dielectric continuum. The conductance equation suggested byZwanzig is:
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(149)
where o

r and r  are the static and limiting high frequency (optical) dielectricconstants. 6VA  and 3 / 8DA  for perfect sticking and 4VA  and 3 / 4VA  foeperfect slipping. It has been found that Born’s and Zwanzig’s  equations are verysimilar and both may be written in the form:
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The theory predicts [324] that  i
o passes through a maximum of 1 1

4 427 / 4A Bat 1/4(3 )ir B . The phenomenon of maximum conductance is well known. Therelationship holds good to a reasonable extent for cations in aprotic solvents butfails in case of anions. The conductance, however, falls off rather more rapidly thanpredicted with increasing radius. For comparison with results in different solvents,the equation (149) can be rearranged as [325]:
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In order to test Zwanzig’s theory, the equation (152) was applied for Me4N⁺and	Et4N⁺ in pure aprotic solvents like methanol, ethanol, acetonitrile, butanol andpentanol [324-329]. Plots of *L against the solvent function *P were found to bestraight line. But, the radii calculated from the intercepts and slopes are far apartfrom equal except in some cases where moderate success is noted. It is noted thatrelaxation effect is not the predominant factor affecting ionic mobility and thesemobility differences could be explained quantitatively if the microscopic propertiesof the solvent, dipole moment and free electron pairs were considered thepredominant factors in the deviation from the Stokes’ law.
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It is found that the Zwanzig’s theory is successful for large organic cations inaprotic media where solvation is likely to be minimum and where viscous frictionpredominates over that caused by dielectric relaxation. The theory breaks downwhenever 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 inherentweakness of its inability to account for the structural features, [325] e.g.,(i) It does not allow for any correlation in the orientation of the solventmolecules as the ion passes by and this may be the reason why the equation is notapplicable to the hydrogen-bonded solvents [326].(ii) The theory does not distinguish between positively and negativelycharged ions and therefore, cannot explain why certain anions in dipolar aproticmedia possess considerably higher molar concentrations than the fastest cations.The Walden product in case of mixed solvents does not show any constancybut it shows a maximum in case of DMF + water and DMA + water [324-334]mixtures and other aqueous binary mixtures [335-338]. To derive expressions forthe variation of the Walden product with the composition of mixed polar solvents,various attempts [339] have been made with different models for ion-solventinteractions but no satisfactory expression has been derived taking into account alltypes of ion-solvent interactions because(i) it is difficult to include all types of interactions between ions as well assolvents in a single mathematical expression, and(ii) it is not possible to account for some specific properties of different kindsof ions and solvent molecules.Ions moving in a dielectric medium experience a frictional force due todielectric loss arising from ion-solvent interactions with the hydrodynamic force.Though Zwanzig’s expression accounts for a change in Walden product with solventcomposition but does not account for the maxima. According to Hemmes [340] themajor deviations in the Walden products are due to the variation in theelectrochemical equilibrium between ions and solvent molecules of mixed polarsolvent composition. In cases where more than one types of solvated complexes areformed, there should be a maximum and/or a minimum in the Walden product. Thisis supported from experimental observations. Hubbard and Onsager [341] have
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developed the kinetic theory of ion-solvent interaction within the framework ofcontinuum mechanics where the concept of kinetic polarization deficiency has beenintroduced. However, quantitative expression is still awaited. Further,improvements [342, 343] naturally must be in terms of (i) sophisticated treatmentof dielectric saturation, (ii) specific structural effects involving ion-solventinteractions. From the discussion, it is apparent that the problem of molecularinteractions is intriguing as well as interesting. It is desirable to explore thisproblem using different experimental techniques. We have, therefore, utilized fourimportant methods, viz., volumetric, viscometric, interferometric andconductometric for the physico-chemical studies in different solvent media.
2.6.7. THERMODYNAMICS OF ION-PAIR FORMATIONThe standard Gibbs energy changes ( oG ) for the ion- association process can becalculated from the equation

o
AG RT ln K   (153)

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      (156)And the coefficients of the fits can be compiled together with the σ % values of thefits. The standard values at 298.15 K are then:
298.15 0
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298.15 1298.15o
oH c c   (159)The main factors which govern the standard entropy of ion-association ofelectrolytes 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 thesolvent molecules inside the space of the ions, and the influence of these factors arediscussed later.The non-columbic part of the Gibbs energy oG can also be calculated usingthe following equation:
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where the symbols have their usual significance.The quantity 2q/r is Columbic part of the interionic mean force potential and W isits non-columbic part.
2.6.8.	SOLVATION	MODELS―SOME RECENT TRENDSThe interactions between particles in chemistry have been based uponempirical laws- principally on Coulomb’s law. This is also the basis of the attractivepart of the potential energy used in the SchÖdinger equation. Quantum mechanicalapproach for ion-water interactions was begun by Clementi in 1970. A quantummechanical approach to salvation can provide information on the energy of theindividual 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 affectingsalvation number and coordination number. However, the Clementi calculationsconcerned stationary models and cannot have much to do with the dynamicsalvation numbers. Covalent bond formation enters little into the aqueouscalculations; however, with organic solvents the quantum mechanical approaches tobonding may be essential. The trend pointing to the future is thus the moleculardynamics technique. In molecular dynamic approach, a limited number of ions and
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molecules and Newtonian mechanics of movement of all particles in solution isconcerned. The foundation of such a approach is the knowledge of theintermolecular energy of interactions between a pair of particles. Computersimulation approaches may be useful in this regard and the last decade (1990-2000)witnessed some interesting trends in the development of solvation models andcomputer software. Based on a collection of experimental free energy of solvationdata, 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 andcalculate the free energy of solvation of a chemical compound [344-348]. Thesemodels are applicable to virtually any substance composed of H, C, N, O, F, P, S, Cl, Brand/or I. The only input data required are, molecular formula, geometry, refractiveindex, surface tension, Abraham’s a (acidity parameter) and b (basicity parameter)values, and, in the latest models, the dielectric constants. The advantage of modelslike SM5 series is that they can be used to predict the free energy of self-solvation tobetter than 1 KCl/mole. These are especially useful when other methods are notavailable. One can also analyze factors like electrostatics, dispersion, hydrogenbonding, etc. using these tools. They are also relatively inexpensive and available ineasy to use computer codes.A. Galindo et al. [349,350] have developed Statistical Associating FluidTheory for Variable Range (SAFT-VR) to model the thermodynamics and phaseequilibrium of electrolytic aqueous solutions. The water molecules are modeled ashard spheres with four short-range attractive sites to account for the hydrogen-bondinteractions. The electrolyte is modeled as two hard spheres of different diameter todescribe the anion and cation. The Debye-Hückel and mean sphericalapproximations are used to describe the interactions. Good agreement withexperimental data is found for a number of aqueous electrolyte solutions. Therelative permittivity becomes very close to unity, especially when the meanspherical approximation is used, indicating a good description of the solvent. E.Bosch et al. [351] of the University of Barcelona, Spain, have compared several“Preferential Solvation Models” specially for describing the polarity of dipolarhydrogen bond acceptor-cosolvent mixture.
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2.6.9. CONDUCTANCE-SOME RECENT TRENDSRecently Blum, Turq and coworkers [352,353] have developed a meanspherical approximation (MSA) version of conductivity equations. Their theorystarts from the same continuity and hydrodynamic equations used in the moreclassical treatment; however, an important difference exists in the use of MSAexpressions for the equilibrium and structural properties of the electrolyticsolutions. Although the differences in the derivation of the classical and MSAconductivity theories seem to be relatively small, it has been claimed that theperformance of MSA equation is better with a much wider concentration range thanthat covered by the classical equations. However, no through study of theperformance of the new equation at the experimental uncertainty level ofconductivity measurement is yet available in the literature, except the study byBianchi et al. [354]. They compared the results obtained using the old and newequations in order to evaluate their capacity to describe the conductivity of differentelectrolytic solutions. In 2000, Chandra and Bagchi [355] developed a newmicroscopic approach to ionic conductance and viscosity based on the modecoupling theory. Their study gives microscopic expressions of conductance andviscosity in terms of static and dynamic structural factors of charge and numberdensity of the electrolytic solutions. They claim that their new equation is applicableat low as well as at high concentrations and it describes the cross over from low tohigh concentration smoothly. Debye-Huckel, Onsager and Falkenhagen expressionscan be derived from this self-consistent theory at very low concentrations. Forconductance, the agreement seems to be satisfactory up to 1 (M).
2.7. REFRACTIVE INDEXOptical data (refractive index) of electrolyte mixtures provide interestinginformation related to molecular interactions and structure of the solutions, as wellas complementary data on practical procedures, such as concentrationmeasurement or estimation of other properties [356].The ratio of the speed of light in a vacuum to the speed of light in another substanceis defined as the index of refraction ( Dn ) for the substance.
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 D

Speed of light in vacuum
Refractive Index n  of substance  

Speed of light in substance


Whenever light changes speed as it crosses a boundary from one mediuminto another, its direction of travel also changes, i.e., it is refracted. The relationshipbetween 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:
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  (162)
Thus, it is not necessary to measure the speed of light in a sample in order todetermine its index of refraction. Instead, by measuring the angle of refraction, andknowing the index of refraction of the layer that is in contact with the sample, it ispossible 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 [357] by using, nD experimental data according to the followingexpression

2 2[( 1) / 2]( / )  D DR n n M  (163)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 (164)where A is given by:
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    (165)where n1 and n2 are the pure component refractive indices, wj the weight fraction, ρthe 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   (166)where 1 and 2 are volume fractions and R, R1, and R2 the molar refractivity of themixture and of the pure components, respectively.The deviations of refractive index were used for the correlation of the binarysolvent mixtures:
1 1 2 2  D D D Dn n x n x n (167)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 ofcomponent-1, and refractive index of component-2, respectively. x is the molefraction.The computed deviations of refractive indices of the binary mixtures arefitted using the following Redlich-Kister expression [358].
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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 polynomialsof the form:
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where nDs,sol is the refractive index of the salt + solvent system and nDsol is therefractive index of the solvent respectively, m is the molality of the salt in thesolution, Ai are the fitting parameters, and N is the number of terms in thepolynomial.For the ternary systems of the salt + solvent-1 + solvent-2 solutions apolynomial expansion [359].Similar to that obtained for the salt + solvent solutionswas used to represent ternary refractive indices:

1

 
P

i
D Dw i

i

n n C m (170)



General Introduction (Review of the Earlier Works)

98

nD is the refractive index of the ternary solution, Ci are the parameters, and P is thenumber of terms in the polynomial.There is no general rule that states how to calculate a refractivity deviationfunction. However, the molar refractivity is isomorphic to a volume for which theideal behavior may be expressed in terms of mole fraction: in this case smallerdeviations occur but data are more scattered because of the higher sensitivity of theexpression to rounding errors in the mole fraction. For the sake of completeness,both calculations of refractivity deviation function, molar refractivity deviation wasfitted to a Redlich and Kister-type expression and the adjustable parameters and therelevant standard deviation ó are calculated for the expression in terms of volumefractions and in terms of mole fractions, respectively.From the discussion, it is apparent that the problem of molecular interactionsis intriguing as well as interesting. It is desirable to attack this problem usingdifferent experimental techniques. We have, therefore, utilized five importantmethods, viz., volumetric, viscometric, interferometric, conductometric andrefractometric for the physicochemical studies in different solvent systems.
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CHAPTER III
EXPERIMENTAL SECTION

3.1. NAME, STRUCTURE, PHYSICAL AND CHEMICAL PROPERTIES,

PURIFICATION AND APPLICATIONS OF THE SOLVENTS AND SOLUTES

USED IN THE RESEARCH WORK

3.1.1. SOLVENTS

Water (H2O):Water is an omnipresent chemical substance is composed of hydrogen andoxygen and is essential for all known forms of life. In typical usage, water refers onlyto its liquid form or state, but the substance also exists as solid state, ice, and agaseous state, water vapour or steam. Water is a good solvent and is often referredto as the universal solvent.
Appearance:  Colourless Liquid

Molecular Formula: H2O

Molecular Weight: 18.02 g/mol

Melting Point: 273 K

Boiling Point: 373 K

Dielectric Constant: 78.35  at 298 K

Source: Distilled water, distilled from fractional distillation method in Lab.
Purification: Water was first deionised and then distilled in an all glass distilling setalong with alkaline KMnO4 solution to remove any organic matter therein. Thedoubly 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.
Application: Water is widely used in chemical reactions as a solvent or reactant andless commonly as a solute or catalyst. In inorganic reactions, water is a commonsolvent, dissolving many ionic compounds. Supercritical water has recently been atopic of research. Oxygen saturated supercritical water combusts organic pollutants
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efficiently. It is also use in various industries. It is a superb solvent, generally takenas the universal solvent, due to the marked polarity of the water molecule and itstendency to form hydrogen bonds with other molecules. Life on earth totallydepends on water. Not only a high percentage of living things, both plants andanimals are found in water, all life on earth is thought to have arisen from water andthe bodies of all living organisms are composed largely of water. About 70 to 90percent of all organic matter is water. The chemical reactions in all plants andanimals that support life take place in a water medium. Water not only provides themedium to make these life sustaining reactions possible, but water itself is often animportant reactant or product of these reactions. In short, the chemistry of life iswater chemistry.
1-Hexanol:1-Hexanol is a primary alcohol with a six-carbon chain and the molecularformula CH3CH2 CH2 CH2 CH2 CH2OH. This colourless liquid is slightly soluble inwater. 1-Hexanol is believed to be a component of odour or freshly mown grass.Alarm pheromones emitted by the Koschevnikov gland of honey bees contain 1-hexanol.

Appearance:  Colourless Liquid

Molecular Formula: C6H14O

Molecular Weight: 102.18 g/mol

Melting Point: 222-232 K

Boiling Point: 428-432 K

Dielectric Constant: 13.35  at 298 K

Source: sd. Fine Chemicals Ltd. Mumbai, India.
Purification: It was dried by adding drying agent CaSO4 followed by filtration andthen distillation [1].
Application: It is used in the perfume industry. It is used as solvent in theproduction of plasticizer, surfactant.
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1-Heptanol:1-Heptanol is an alcohol with a seven carbon chain and the structuralformula of CH3(CH2)6OH. It is a clear colourless liquid and very slightly soluble inwater. Hydrogenations of Heptaldehyde with nickel catalysts will yield Heptylalcohol.
Appearance:  Colourless Liquid

Molecular Formula: C7H16O

Molecular Weight: 116.20 g/mol

Melting Point: 238.4 K

Boiling Point: 448.8 K

Dielectric Constant: 6.13  at 298 K

Source: sd. Fine Chemicals Ltd. Mumbai, India.
Purification: It was dried by adding drying agent CaSO4 followed by filtration andthen distillation [1].
Application: Heptanol is commonly used in cardiac electrophysiology experimentsto block gap junctions and increase axial resistance between myocytes. It has anpleasant smell and used in cosmetic for its fragrance. It is also used in flavourcompositions for imitation of coconut, and in various fruits.
1-Octanol:1-Octanol also known as Octan-1-ol is the organic compound with molecularformula CH3(CH2)7OH. It is a fatty alcohol. It is manufactured for the synthesis ofesters for use in perfumes and flavouring. Esters of Octanol, such as octyl acetate,occur as components of essential oils. It is used to evaluate the lipophilicity ofpharmaceutical products.

Appearance:  Colourless Liquid
Molecular Formula: C8H18O
Molecular Weight: 130.23 g/mol
Melting Point: 257 K
Boiling Point: 468 K
Dielectric Constant: 5.14 at 298 K

Experimental Section

115

1-Heptanol:1-Heptanol is an alcohol with a seven carbon chain and the structuralformula of CH3(CH2)6OH. It is a clear colourless liquid and very slightly soluble inwater. Hydrogenations of Heptaldehyde with nickel catalysts will yield Heptylalcohol.
Appearance:  Colourless Liquid

Molecular Formula: C7H16O

Molecular Weight: 116.20 g/mol

Melting Point: 238.4 K

Boiling Point: 448.8 K

Dielectric Constant: 6.13  at 298 K

Source: sd. Fine Chemicals Ltd. Mumbai, India.
Purification: It was dried by adding drying agent CaSO4 followed by filtration andthen distillation [1].
Application: Heptanol is commonly used in cardiac electrophysiology experimentsto block gap junctions and increase axial resistance between myocytes. It has anpleasant smell and used in cosmetic for its fragrance. It is also used in flavourcompositions for imitation of coconut, and in various fruits.
1-Octanol:1-Octanol also known as Octan-1-ol is the organic compound with molecularformula CH3(CH2)7OH. It is a fatty alcohol. It is manufactured for the synthesis ofesters for use in perfumes and flavouring. Esters of Octanol, such as octyl acetate,occur as components of essential oils. It is used to evaluate the lipophilicity ofpharmaceutical products.

Appearance:  Colourless Liquid
Molecular Formula: C8H18O
Molecular Weight: 130.23 g/mol
Melting Point: 257 K
Boiling Point: 468 K
Dielectric Constant: 5.14 at 298 K

Experimental Section

115

1-Heptanol:1-Heptanol is an alcohol with a seven carbon chain and the structuralformula of CH3(CH2)6OH. It is a clear colourless liquid and very slightly soluble inwater. Hydrogenations of Heptaldehyde with nickel catalysts will yield Heptylalcohol.
Appearance:  Colourless Liquid

Molecular Formula: C7H16O

Molecular Weight: 116.20 g/mol

Melting Point: 238.4 K

Boiling Point: 448.8 K

Dielectric Constant: 6.13  at 298 K

Source: sd. Fine Chemicals Ltd. Mumbai, India.
Purification: It was dried by adding drying agent CaSO4 followed by filtration andthen distillation [1].
Application: Heptanol is commonly used in cardiac electrophysiology experimentsto block gap junctions and increase axial resistance between myocytes. It has anpleasant smell and used in cosmetic for its fragrance. It is also used in flavourcompositions for imitation of coconut, and in various fruits.
1-Octanol:1-Octanol also known as Octan-1-ol is the organic compound with molecularformula CH3(CH2)7OH. It is a fatty alcohol. It is manufactured for the synthesis ofesters for use in perfumes and flavouring. Esters of Octanol, such as octyl acetate,occur as components of essential oils. It is used to evaluate the lipophilicity ofpharmaceutical products.

Appearance:  Colourless Liquid
Molecular Formula: C8H18O
Molecular Weight: 130.23 g/mol
Melting Point: 257 K
Boiling Point: 468 K
Dielectric Constant: 5.14 at 298 K



Experimental Section 

116 
 

Source: sd. Fine Chemicals Ltd. Mumbai, India 

Purification: It was dried by adding drying agent CaSO4 followed by filtration and 

then distillation [1]. 

Application: 1-Octanol is mainly consumed as a precursor of perfumes. It has been 

examined for controlling essential tremor and other types of involuntary 

neurological tremors. 

α- Cyclodextrin: 

α- Cyclodextrin is a cyclic oligosaccharide having six glucopyranose units 

bounded by connections establishing a abbreviated narrowed structure, which has 

hydrophobic interior and hydrophilic frames [2].  Their whole molecular shape is 

that of a truncated cone, with a hydrophobic hollow and a polar interface, 

categorized by hydroxylated, hydrophilic frames (a narrower, primary border and a 

wider, secondary border)[3].  

 

Appearance: Crystalline  

Molecular Formula: C36H60O30 

Molecular Weight: 972.84 g/mol 

Melting Point: 551 K 
 

Source: Sigma Aldrich, Germany  

Purification: Used as purchsed without further purification. The purity is 96%.  

Application: α- Cyclodextrin is a multifunctional component, marketed as a fibre 

ingredients, an odour masking agent, as well as emulsifying applications. α- 

Cyclodextrin is marketed for a range of medical, healthcare and food and beverage 

applications which rely on its ability to bind to fats and reduce their bioavailability 

both in the body and in food and beverage products. As a fiber dietary supplement,α-

cyclodextrin binds to fat when taken with a meal and is a natural alternative to other 

synthetic anti-obesity medications. α-Cyclodextrin has the unique ability among 

known fibers to bind nine times its own weight in fat. α-Cyclodextrin can also be 

used as whipping fiber, for example in desserts and confectionery applications. Tests 

showed that alpha cyclodextrins can cause a volume effect in various different food 

compositions with or without fat and at a very broad pH range. This can be used for 
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fat free or fat containing dessert compositions and for the reduction or the 

replacement of egg white in confectionery and bakery applications. 

 

Uric acid: 

Uric acid is a heterocyclic compound with the molecular formula C5H4N4O3, i.e. 7,9-

Dihydro-1H –purine-2,6,8 (3H)-trione. It is a diprotic acid. It was first isolated from 

kidney stones in 1776 by Scheele [4]. In general, the water solubility of uric acid is 

low. This low solubility is significant for the etiology of gout. Uric acid is a strong 

reducing agent and potent antioxidant.  

Source: sd. Fine Chemicals Ltd. Mumbai, India 

Purification: Used as purchased without further purification. The purity is 99%.  

 

Appearance: Crystalline  

Molecular Formula: C5H4N4O3 

Molecular Weight: 168.11 g/mol 

Melting Point: 573 K 
 

 

Application: Uric acid may be a marker of oxidative stress and may have the 

potential therapeutic role as an antioxidant[5]. On the other hand, like other strong 

reducing substances such as ascorbate, uric acid can also act as a prooxidant. 

18-Crown-6: 

18-Crown-6 is an organic compound with the formula [C2H4O]6 and the IUPAC name 

of 1,4,7,10,13,16-hexaoxacyclooctadecane. It is a white, hygroscopic crystalline solid 

with a low melting point. Like other crown ethers, 18-crown-6 functions as a ligand 

for some metal cations with a particular affinity for potassium cations (binding 

constant in methanol: 106 M−1). The dipole moment of 18-crown-6 varies in different 

solvent and under different temperature. Under 25 °C, the dipole moment of 18-

crown-6 is 2.76 ± 0.06 D in cyclohexane and 2.73 ± 0.02 in benzene. The synthesis of 

the crown ethers led to the awarding of the Nobel Prize in Chemistry to Charles J. 

Pedersen[6,7]. 
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Appearance: Crystalline  

Molecular Formula: C12H24O6 

Molecular Weight: 264.32 g/mol 

Melting Point: 315-318 K 
 

Source: Sigma Aldrich, Germany  

Purification: Used as purchased without further purification. The purity is >99%.  

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. 

For example, potassium permanganate dissolves in benzene In the presence of 18-

crown-6, giving the so-called "purple benzene", which can be used to oxidize diverse 

organic compounds. Various substitution reactions are also accelerated in the 

presence of 18-crown-6, which suppresses ion-pairing. The anions thereby become 

naked nuclophiles. For example, using 18-crown-6, potassium acetate is a more 

powerful nucleophile in organic solvents: 

 [K(18-crown-6)+]OAc− + C6H5CH2Cl → C6H5CH2OAc + [K(18-crown-6)+]Cl−  

15-Crown-5: 

15-Crown-5 is a crown ether with the formula (C2H4O)5. It is a cyclic pentamer 

of ethylene oxide that forms complex with various cations [8], 

including sodium (Na+) and potassium (K+), however, it is complementary to 

Na+ and thus has a higher selectivity for Na+ ions. 

 

Appearance: Liquid  

Molecular Formula: C10H20O5 

Molecular Weight: 220.27 g/mol 

Boiling Point: 366-369 K 
 

 

Source: Sigma Aldrich, Germany  

Purification: Used as purchased without further purification. The purity is >98%.  
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Application: 15-Crown-5 is used as complexing agent. It has also been used to 

isolate oxonium ions.  For example, from a solution of tetrachloroauric acid, the 

oxonium ion [H7O3]+ has been isolated as the salt [(H7O3)(15-crown-5)2][AuCl4]. 

1-butyl-1-methylpyrrolidinium hexafluorophosphate: 

 1-butyl-1-methylpyrrolidinium hexafluorophosphate is the pyrrolidinium 

based ionic liquid, of molecular formula C9H20F6NP, containing butyl, methyl group 

with one nitrogen atom in the pyrrolidole or five-membered ring. 

 

Appearance: Crystalline  

Molecular Formula: C9H20F6NP 

Molecular Weight: 287.23 g/mol 
 

Source: Sigma Aldrich, Germany  

Purification: Used as purchased without further purification. The purity is >97.5%.  

Application: It is used as recyclable solvents for organic reactions and separation 

processes, lubricating fluids, heat transfer fluids for processing biomass and 

electrically conductive liquids as electrochemical device in the field of 

electrochemistry. 

 

3.1.2. SOLUTES (Electrolytes and Non-Electrolytes) 

Glycine:  

Glycine (abbreviated as Gly or G) is an organic compound with the formula 

NH2CH2COOH. Having a hydrogen substituent as its side-chain, glycine is the 

smallest of the 20 amino acids commonly found in proteins. Its codons are GGU, GGC, 

GGA, GGG of the genetic code. Glycine is a colourless, sweet-tasting crystalline solid. 

It is unique among the proteinogenic amino acids in that it is not chiral. It can fit into 

hydrophilic or hydrophobic environments, due to its minimal side chain of only one 

hydrogen atom. 
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Appearance:  White Powder

Molecular Formula: C2H5NO2

Molecular Weight: 75.07 g/mol

Melting Point: 506 K

Source: Sigma Aldrich, Germany
Purification: It was used after recrystallization from (ethanol + water) mixture anddried over P2O5 in a desiccator for about 72 h before use. The purity is 99%.
Application: Pharmaceutical grade glycine is produced for or some pharmaceuticalapplications, as intravenous injections. Technical grade glycine is solid for use inindustrial applications, e.g. as an agent in metal complexing and finishing. Forhumans, glycine is solid as a sweetner/taste enhancer. Certain food supplementsand protein drinks containing glycine, for drug formulations it used to improvegastic absoption. Glycine serves as a buffering agent in antacids, analgesics,antiperspirants, cosmetics, and toiletries. Many miscellaneous products use glycineor its derivatives, such as the roduction of rubber sponge products, fertilizers, metalcomplexants.
L-Alanine:Alanine (abbreviated as Ala or A) is an α-amino acid with the chemicalformula CH3CH(NH2)COOH. The L-isomer is one of the 20 amino acids encoded bythe geneticcode. Its codons are GCU, GCC, GCA, and GCG. It is classified as a nonpolar aminoacid. L-Alanine is second only to leucine in rate of occurrence, accounting for 7.8% ofthe primary structure in a sample of 1,150 proteins. D-Alanine occurs in bacterialcell walls and in some peptide antibiotics.
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Purification: : It was used after recrystallization from (ethanol + water) mixtureand dried over P2O5 in a desiccator for about 72 h before use. The purity is 98%.
Application: alanine is used in dosimetric measurements in radiotherapy.Alanine plays a key role in glucose–alanine cycle between tissues and liver. Inmuscle and other tissues that degrade amino acids for fuel, amino groups arecollected in the form of glutamate by transamination.
L-Isoleucine:L-Isoleucine is an α-amino acid with chemical formulaC2H5CH(CH3)CH(NH2)COOH. It is essential in humans, meaning the body cannotsynthesize it, and it must be ingested in our diet. Foods that have high amounts ofisoleucine include eggs, soy proteis, seaweed, turkey, chicken, lamb, cheese, and fish.

Appearance:  Powder

Molecular Formula: C6H13NO2

Molecular Weight: 131.18 g/mol

Melting Point: 561 K

Source: Sigma Aldrich, Germany
Purification: It was used after recrystallization from (ethanol + water) mixture anddried over P2O5 in a desiccator for about 72 h before use. The purity is 98%.
Application: It is used as fuel by muscle cells, sparing other amino acids from beingburned up. L-isoleucine is commonly used in combination with other branched chainamino acids to improve the nutritional status of patients with hepatic diseases. Itplays an important role in protein synthesis, anabolism and anti-catabolism.
1-methyl-3-octylimidazolium chloride:1-methyl-3-octylimidazolium chloride is the imidazolium based ionic liquid,of molecular formula C12H23N2Cl, containing methyl, octyl group with two activenitrogen atoms in the imidazole or five member ring, exist as a molten liquid phase.
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Appearance:  Liquid

Molecular Formula: C12H23N2Cl

Molecular Weight: 230.78 g/mol

Source: Sigma Aldrich, Germany
Purification: Used as purchased without further purification. The purity is >97%.
Application: It is used as recyclable solvents for organic reactions and separationprocesses, lubricating fluids, heat transfer fluids for processing biomass andelectrically conductive liquids as electrochemical device in the field ofelectrochemistry.
Citric Acid:

Citric acid, that is, 2-hydroxypropane-1,2,3-tricarboxylic acid, is a tribasic,environmentally acceptable, and versatile chemical. It is a naturalpreservative/conservative and is also used to add an acidic or sour taste to foodsand drinks. In biochemistry, the conjugate base of citric acid, citrate, is important asan intermediate in the citric acid cycle, which occurs in the metabolism of all aerobicorganisms. It consists of 3 carboxyl (R-COOH) groups. Citric acid is a commoditychemical, and more than a million tonnes are produced every year by fermentation.It is used mainly as an acidifier, as a flavoring, and as a chelating agent.
Appearance:  Crystalline

Molecular Formula: C6H8O7

Molecular Weight: 192.12 g/mol

Melting Point: 523.15 K

Source: Citric acid monohydrate (CA) was purchased from HiMedia.
Purification: Its mass purity as supplied is 0.99. The reagent was always placed inthe desiccators over P2O5 to keep them in dry atmosphere.
Application: The dominant use of citric acid is as a flavouring and preservative infood and beverages, especially soft drinks [9]. Citric acid can be added to ice cream



Experimental Section

123

as an emulsifying agent to keep fats from separating, to caramel to prevent sucrosecrystallization, or to recipes in place of fresh lemon juice. Citric acid is used withsodium bicarbonate in a wide range of effervescent formulae. Citric acid is also oftenused in cleaning products and sodas or fizzy drinks. Citric acid is an excellentchelating agent, binding metals. It is used to remove lime scale from boilers andevaporators. Citric acid can be used in shampoo to wash out wax and colouring fromthe hair.  It can be used to soften water, which makes it useful in soaps and laundrydetergents. Citric acid is widely used as a pH adjusting agent in creams and gels of allkinds. Citric acid is an alpha hydroxy acid and used as an active ingredient inchemical peels. Citric acid is commonly used as a buffer to increase the solubility ofbrown heroin. Citric acid is used as one of the active ingredients in the production ofantiviral tissues. Citric acid can be used in food colouring to balance the pH level of anormally basic dye. It is used as an odourless alternative to white vinegar for homedyeing with acid dyes. Citric acid can be used as a successful alternative to nitric acidin passivation of stainless steel. Citric acid can be used as a lower-odour stop bath aspart of the process for developing photographic film. As it occurs in metabolism ofalmost all living beings, its interactions in an aqueous solution is of great value to thebiological scientists. In the pharmaceutical industry, citric acid is used as a stabilizerin various formulations, as a drug component and as an anticoagulant in blood fortransfusions and also used as an acidifier in many pharmaceuticals. Citric acid can beused in food colouring to balance the pH level of the normally basic dye. Citric acid'sability to chelate metals makes it useful in soaps and laundry detergents, as well aswater softening.
1-ethyl-3-methylimidazolium tosylate:1-ethyl-3-methylimidazolium tosylate is also imidazolium based ionic liquid,of molecular formula C13H18N2O3S, containing ethyl, methyl groups with two activenitrogen atoms in the imidazole or five member ring, exist as a molten liquid phasewith the melting point below 313K.
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Appearance:  Beige Crystalline

Molecular Formula: C6H11N3O3

Molecular Weight: 173.17 g/mol

Melting Point: 313.15 K

Source: Sigma Aldrich, Germany
Purification: Used as purchased without further purification. The purity is >98%.
Application: It is used as recyclable solvents for organic reactions and separationprocesses, lubricating fluids, heat transfer fluids for processing biomass andelectrically conductive liquids as electrochemical device [10] in the field ofelectrochemistry.
L-Serine:Serine (abbreviated as Ser or S) encoded by the codons UCU, UCC, UCA, UCG,AGU and AGC is an α-amino acid that used in the biosynthesis of proteins. Serine wasfirst obtained from silk protein, a particularly rich source, in 1865. Its name isderived from the Latin silk, sericum.

Appearance: Crystalline

Molecular Formula: C3H7NO3

Molecular Weight: 105.09 g/mol

Melting Point: 519 K

Source: Sigma Aldrich, Germany
Purification: Used as purchased without further purification. The purity is 99%.
Application: Serine is important in metabolism in that it participates in thebiosynthesis of purines and pyrimidines. It is the precursor to several amino acidsincluding glycine and cysteine. Serine plays an important role in catalytic function ofmany enzymes.
L-Proline:Proline (abbreviated as Pro or P) encoded by the codons CCU, CCC, CCA, andCCG is an α-amino acid that is used in the biosynthesis of proteins. Proline is the onlyamino acid with secondary amine. It was first isolated in 1900 by Richard Willstater.
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The distinctive cyclic structure of proline’s side chain gives proline an exceptionalconformational rigidity compared to other amino acids.
Appearance: Crystalline

Molecular Formula: C5H9NO2

Molecular Weight: 115.13 g/mol

Melting Point: 478-501 K

Source: Sigma Aldrich, Germany
Purification: Used as purchased without further purification. The purity is 98%.
Application: Proline and its derivatives are often used as asymmetric catalysts inproline organocatalysis reactions. In brewing, proteins rich in proline combine withpolyphenols to produce haze (turbidity). The growth medium used in plant tissueculture may be supplemented with proline.

L-Histidine:Histidine (abbreviated as His or H) encoded by the codons CAU and CAC is anα-amino acid that is used in the biosynthesis of proteins. Histidine was first isolatedby German physician Albretch Kossel and Sevin Hedin in 1896.
Appearance: Crystalline

Molecular Formula: C6H9N3O2

Molecular Weight: 155.16 g/mol

Melting Point: 555 K

Source: Sigma Aldrich, Germany
Purification: Used as purchased without further purification. The purity is 99%.
Application: Histidine is a precursor to histamine, a vital inflammatory agent toimmune responses. Histidine assists in stabilising oxyhaemoglobin and destabilisingCO-bound haemoglobin.
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Benzyltrimethyl ammonium chloride:Benzyltrimethyl ammonium chloride is the ammonium based ionic liquid, ofmolecular formula C10H16ClN, exist as a molten solid phase.
Appearance: Crystalline

Molecular Formula: C10H16ClN

Molecular Weight: 185.69 g/mol

Melting Point: 503 K

Source: Sigma Aldrich, Germany
Purification: Used as purchased without further purification. The purity is >98%.
Application: It is used as antistatic agent, detergent sanitisers, softner for textilesand paper products, phase transfer catalyst, antimicriobial, disinfection agents andsanitizers. It is also used as emulsifying agents, pigment Dispersers.

3.2. EXPERIMENTAL METHODS

3.2.1. PREPARATION OF SOLVENT MIXTURESFor the preparation of solvent mixture, pure components were takenseparately in glass stoppered bottles and thermostated at the desired temperaturefor sufficient time. When the thermal equilibrium was ensured, the requiredvolumes of each component were transferred in a different bottle which was alreadycleaned and dried thoroughly. Conversion of required mass of the respectivesolvents to volume was accomplished by using experimental densities of thesolvents at experimental temperature. It was then stoppered and the mixed contentswere shaken well before use. While preparing different solvent mixtures care wastaken to ensure that the same procedure was adopted throughout the entire work.The physical properties of different pure and mixed solvents have been presented inthe respective chapters.
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3.2.2. PREPARATION OF SOLUTIONSA stock solution for each salt was prepared by mass, and the workingsolutions were obtained by mass dilution. The uncertainty of molarity of differentsalt solutions was evaluated to be ± 0.0003 mol·dm-3.
3.2.3. MASS MEASUREMENTMass measurements were made on digital electronic analytical balance(Mettler Toledo, AG 285, Switzerland).

It can measure mass to a very high precision and accuracy. The weighing pan of ahigh precision (0.0001g) is inside a transparent enclosure with doors so that dustdoes not collect and so any air currents in the room do not affect the balance’soperation.
3.2.4. DENSITY MEASUREMENTThe density was measured with the help of Anton Paar density-meter (DMA4500M) with a precision of 0.0005 g⋅cm-3.



Experimental Section

128

In the digital density meter, the mechanic oscillation of the U-tube is e.g.electromagnetically transformed into an alternating voltage of the same frequency.The period τ can be measured with high resolution and stands in simple relation tothe density ρ of the sample in the oscillator [11]:
ρ = A ∙ τ2 - B (1)

A and B are the respective instrument constants of each oscillator. Theirvalues are determined by calibrating with two substances of the precisely knowndensities ρ1 and ρ2. Modern instruments calculate and store the constants A and Bafter the two calibration measurements, which are mostly performed with air andwater. They employ suitable measures to compensate various influences on themeasuring result, e.g. the influence of the sample’s viscosity and the non-linearitycaused by the measuring instrument’s finite mass. The instrument was calibrated bydouble-distilled water and dry air.
3.2.5. VISCOSITY MEASUREMENTThe viscosity (η) was also measured with the help Brookfield DV-III UltraProgrammable Rheometer with fitted spindle size-42 connected to a BrookfieldDigital Bath TC-500. The viscosities were obtained using the following equation

η = (100 / RPM) × TK × torque × SMCwhere, RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torqueconstant and spindle multiplier constant respectively. It was calibrated against thestandard viscosity samples supplied with the instrument, water and aqueous CaCl2solutions. Temperature of the experimental solution was maintained ± 0.01K usingBrookfield Digital TC-500 thermostat bath. Viscosities were measured with anaccuracy of ±1 %. Each measurement reported herein is an average of triplicatereading with a precision of 0.3%.
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3.2.6. TEMPERATURE CONTROLLERAll the measurements were carried out in thermostatic water bath (ScienceIndia, Kolkata) maintained with an accuracy of  0.01 K of the desired temperature.

Laboratory water bath is a system in which a vessel containing the material to beheated is placed into or over the one containing water and to quickly heat it. Theselaboratory equipments are available in different volumes and construction with bothdigital and analogue controls and greater temperature uniformity, durability, heatretention and recovery. The chambers of water bath lab products are manufacturedusing rugged, leak proof and highly resistant stainless steel and other lab supplies.
3.2.7. WATER DISTILLER
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Municipal or well water is manually or automatically fed into the distiller unit’sboiling chamber. A heating element in the boiling chamber heats the water until itboils. The steam rises from the boiling chamber. Volatile contaminants (gases) aredischarged through a built-in vent. Minerals and salts are retained in the boilingchamber as hard deposits or scale. The steam enters a coiled tube (condenser),which is cooled by cool water. Water droplets form as condensation occurs. Thedistilled water is collected in a storage tank. If the unit is an automatic model, it is setto operate to fill the storage tank. The distillation apparatus consists of flask withheating elements embedded in glass and fused in spiral type coil internally of thebottom and tapered round glass, joints at the top double walled condenser with B-40/B-50 ground glass joints, suitable to work on 220 volts, 50 cycles AC supply.
Fractional Distillation Apparatus
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3.2.8. CONDUCTIVITY MEASUREMENTConductivity measurement was done using Systronics Conductivity TDSmeter-308. It can provide both automatic and manual temperature compensation.

The conductance measurements were carried out on this conductivity bridgeusing a dip-type immersion conductivity cell of cell constant 1.11cm-1. The entireconductance data were reported at 1 KHz and was found to be ±0.3 % precise.  Theinstrument was standardized using 0.1(M) KCl solution. The cell was calibrated bythe method of Lind and co-workers [12]. The conductivity cell was sealed to the sideof a 500 cm3 conical flask closed by a ground glass fitted with a side arm throughwhich dry and pure nitrogen gas was passed to prevent admission of air into the cellwhen solvent or solution was added. The measurements were made in athermostatic water bath maintained at the required temperature with an accuracy of
 0.01 K by means of mercury in glass thermoregulator [13].Solutions were prepared by weight precise to ± 0.02 %. The weights weretaken on a Mettler electronic analytical balance (AG 285, Switzerland). The molaritybeing converted to molality as required. Several independent solutions wereprepared and runs were performed to ensure the reproducibility of the results. Duecorrection was made for the specific conductance of the solvents at desiredtemperatures. The following figure shows the Block diagram of the SystronicsConductivity-TDS meter 308.
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Block Diagram of the Instrument

3.2.9. REFRACTIVE INDEX MEASUREMENTRefractive index was be measure with the help of Digital Refractometer(Mettler Toledo 30GS).

Calibration was performed by measuring the refractive indices of double-distilled water, toluene, cyclohexane, and carbon tetrachloride at definedtemperature. The accuracy of the instrument is +/- 0.0005. 2-3 drops of the samplewas put onto the measurement cell and the reading was taken. The refractive indexof a sample depends on temperature. During measurement, refractometer
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determines the temperature and then corrects the refractive index to a temperatureas desired by the user.
3.2.10. SURFACE TENSION

The surface tension experiments were done by platinum ring detachmentmehod using a Tensiometer (K9, KRŰSS; Germany) at the experimentaltemperature. The accuracy of the measurement was within ±0.1mN.m-1.Temperature of the system has been maintained by circulating auto-thermostatedwater through a double-wall glass vessel containing solution.
3.2.11. pH METERThe pH values of the experimental solutions were measured by a MettlerToledo Seven Multi pH meter.

3.2.12. NUCLEAR MAGNETIC RESONANCE SPECTRA MEASUREMENTNuclear Magnetic Resonance (NMR) spectroscopy is used to study thestructure of molecules, the kinetics or dynamics of molecules and the composition ofmixtures of biological or synthetic solutions or composites. 1H NMR spectra wererecorded in D2O . 1H NMR spectra were recorded at 300 MHz using Bruker Avance
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300 MHz instrument. Signals are quoted as δ values in ppm using residualprotonated solvent signals as internal standard (D2O : δ 4.79 ppm). Data arereported as chemical shift.

3.2.13. ULTRAVIOLET-VISIBLE SPECTRA MEASUREMENTCompounds that absorb Ultraviolet and or visible light have characteristicabsorbance curves as a function of wavelength. Absorbance of differentwavelengths of light occurs as the molecules move to higher energy states.

The UV-VIS spectrophotometer uses two light sources, a deuterium lamp forultraviolet light and a tungsten lamp for visible light. After bouncing of a mirror,the light beam passes through a slit and hits a diffraction grating. The grating canbe rotated allowing for a specific wavelength to be selected. At any specificorientation of the grating, only monochromatic (single wavelength) lightsuccessfully passes through a slit. A filter is used to remove unwanted higher
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order diffraction. The light beam hits the second mirror before it gets split by ahalf mirror (half of the light is reflected, other half passes through). One of thebeams is allowed to pass through the reference cuvette (which contains thesolvent only), the other passes through the sample cuvette. The intensities of thelight beams are then measured at the end. Regarding this the Beer-Lambert lawhas been obeyed.
Beer-Lambert lawThe change in intensity in intensity of light (dI) after passing through asample should be proportional to the following:(i) Path length (b), the longer the path, more photons should be absorbed,(ii) Concentration (c) of the sample, more molecules absorbing means morephotons absorbed,(iii) Intensity of incident light (I), more photons mean more opportunity for amolecule to see a photon.Thus, dI is proportional to bcI or dI/I = -kbc (where k is the proportionalityconstant, the negative sign is shown due to a decrease in intensity of the light, thismakes b, c and I always positive. Integration of the above equation leads to Beer-Lambert’s law: -ln I/I0 = kbc (2)-log I/I0 =2.303 kbc (3)

ε =2.303 k (4)A = - log I/I0 (5)A = εbc (6)
A is defined as absorbance and it is found to be directly proportional to the pathlength, b and the concentration of the sample, c. The extinction coefficient ischaracteristic of the substance under study and of course is a function ofwavelength.
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CHAPTER - IV

PHYSICOCHEMICAL STUDY ON SOLVATION BEHAVIOR OF

BIOLOGICALLY ACTIVE MOLECULES IN AQUEOUS 18C6

SYSTEMS
4.1 INTRODUCTIONIn Biological systems, macromolecular globular proteins have well characteristicsphysicochemical properties. Various non covalent forces viz. ionic and dipolarinteractions, H-bonding and hydrophobic forces, etc. [1] play a decisive role todetermine their stable structures. In aqueous solution, the process of denaturation of aglobular protein involves a change from a marginally stable native state (foldedconformation) to other denaturated state i.e., extended form [2,3]. Therefore, thestudies of these protein solvent interactions are difficult due to complexity ininteractions of the large molecules. However, to understand these interactions weconsider some simple amino acids which are treated as the model compounds for somespecific purpose. Also, amino acids are commonly used in fertilizers, food technologyand industry.On the other hand, macrocyclic polyethers [4] have been extensively used asinteresting model compounds for the study of molecular effect on membranepermeability [5-8], due to their many similarities to cyclic antibiotics and biologicaltransport agents. Considerable attention has been focused on the interactions betweendifferent protonated amines and macrocyclic ligands in order to study the molecularinteraction on membrane permeability [9-11]. 18C6 can give better insight into theeffect of electrostatic and hydrophobic interactions on the stability of proteins as thecyclic ether contains hydrophilic ethereal oxygen and hydrophobic ethylene moiety,expected to influence macromolecular conformations. Crown ethers are very important,especially in application on thermodynamic studies [12], solvent extraction of divalentand monovalent ions [13], selective synergistic solvent- extraction [14] and competitivecomplexation of some alkaline earths and transition metal ions [15]. Synthesis,characterization, crystal structure of some salts with 18C6 are valuable [16] ones.
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In the present study, we have attempted to ascertain the nature of solute–solvent/cosolute interactions of amino acids (glycine, L-alanine, and L-isoleucine) in w1= 0.001, 0.003, 0.005 mass fraction of aqueous 18C6 binary mixtures at 293.15K,298.15K, and 303.15K.
4.2 EXPERIMENTAL METHOD:

4.2.1 Source and purity of samples. The studied amino acids (glycine, L-alanine, L-isoleucine) and cosolute18-crown-6 of puriss grade were procured from Sigma-Aldrich,Germany and used as purchased. The amino acids were used after recrystallizationfrom (ethanol + water) mixture and dried over P2O5 in a desiccator for about 72 hbefore use. The mass fraction purity of 18-crown-6 was ≥ 0.99. The 18C6 was driedfrom moisture at 373 K for 72 h, and then cooled and stored in a desiccator [17].Freshly distilled conductivity water was used for the preparation of the 18C6 solution.The physical properties of different mass fractions of aqueous 18C6 solution are shownin Table1.
4.2.2 Apparatus and procedure. Aqueous binary solution of 18C6 was prepared bymass (Mettler Toledo AG-285 with uncertainty ±0.0003 g). Stock solutions of the aminoacids were also prepared by mass and then working solutions were obtained by massdilution. The conversion of molarity into molality was accomplished using experimentaldensity values. All the solutions were prepared afresh before use. The uncertaintymolality of the solutions is evaluated to ±0.0001 mol kg-3.

The densities of the solutions (ρ) were measured by means of vibrating u-tubeAnton Paar digital density meter (DMA 4500 M) with a precision of ±0.00005 g cm-3maintained at ±0.01. A density check or air/water adjustment was performed withtriply distilled and degassed water and with dry air at atmospheric pressure. Beforeeach series of measurements, the density meter was calibrated with triple distilled anddegassed water in the experimental temperature range [18].
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The viscosities were measured using a Brookfield DV-III Ultra ProgrammableRheometer with spindle size-42 fitted to a Brookfield digital bath TC-500. Theviscosities were obtained using the following equation
η = (100 / RPM) × TK × torque × SMCwhere, RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque constantand spindle multiplier constant respectively. It was calibrated against the standardviscosity samples supplied with the instrument, water and aqueous CaCl2 solutions[19]. Temperature of the experimental solution was maintained ± 0.01K usingBrookfield Digital TC-500 thermostat bath. Viscosities were measured with an accuracyof ±1 %. Each measurement reported herein is an average of triplicate reading with aprecision of 0.3%.

Refractive index was measured by means of Mettler Toledo digitalrefractometer. The light source was LED, λ= 589.3 nm. The calibration of refractometerwas done twice using triply distilled water and being checked after every fewmeasurements. The uncertainty of refractive index measurement was ± 0.0002 units.
4.3 RESULT AND DISCUSSION:

4.3.1 Apparent molar volume ( V ).Probing amino acids are highly soluble in all proportions of the aqueous 18C6solvent mixtures (Scheme 1). The physical properties of binary mixtures in differentmass fractions (w1 = 0.001, 0.003, 0.005) of aqueous 18C6 solutions at 293.15, 298.15and 303.15 K are reported in table 1. The measured experimental values of densities ofstudied amino acids in different mass fractions (w1 = 0.001, 0.003, 0.005) of aqueous18-crown-6 mixture at 293.15–303.15 K as a function of concentration (molality) arelisted in table 2. V values are listed in table 3. Volumetric properties, such as, limitingapparent molar volume ( 0
V ) are regarded as sensitive tools for the understanding ofinteractions in solutions [20]. The values of 0

V and *
VS are reported in table 4. At infinitedilution, each monomer of solute is surrounded only by the solvent molecules, and
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being infinite distant with other ones. Therefore, that 0
V is unaffected by solute–soluteinteraction and it is measure only of the solute–solvent interaction [21,22]. The 0

V dataare often entrenched with important information of solute hydrophobicity, solvationbehavior, and solute–solvent interactions [23,24] occurred in aqueous 18C6. Theinspection of Table 4 shows that values of 0
V are large and positive for all the aminoacids at all the investigated temperatures and molalities, suggesting the presence ofstrong solute–solvent interaction [25]. Furthermore, at each temperature, the values of

0
V increase with increasing number of hydrophobic alkyl groups (or size of alkyl group)from L-glycine to L-isoleucine. A similar increase in 0

V with increasing number ofcarbon atoms for amino acids in aqueous glycerol, at 298.15 K, was also reported byBanipal et al. 2001[26]. The behavior of 0
V for the present systems can be explainedemploying the co-sphere model, proposed by Friedman and Krishnan [27]. By using thismodel Mishra et al. 1983 [28] observed that an overlap of co spheres of two speciescause in an increase or decrease in volume. The increase 0

V with increasingtemperature may be attributed to the release of some solvation molecules from theloose solvation layers of the solutes in solution. A plausible mechanism of interactionbetween 18C6 and different amino acids as evident from the experimental observationis given in Scheme 2. The required values of 0
V and *

VS for the amino acids in pure waterare collected from the literature [29]. From Table 4, a quantitative comparison between
0
V and *

VS values show that the magnitude of 0
V values is higher than *

VS , suggesting thatthe solute–solvent interactions dominate over the solute–solute interactions in allsolutions at the investigated temperatures. Furthermore, *
VS values are negative at alltemperatures, and the values increase with the increase of experimental temperatureswhich may be attributed to more violent thermal agitation at higher temperatures andthe pair-wise interaction [30-32] is restricted by the non-covalent interaction of thecharged functional group of one amino acid molecule to the side chain of other aminoacid molecules.
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4.3.1.1 Group contributions of amino acids to ( 0
V ).

0
V values for amino acids containing alkyl part  can be represented as follows

C
0 0 0
V V 3 V 2(NH ,COO ) n (CH )     (1)Where, nc is the number of carbon atoms in the alkyl chain of the amino acid

0
V 3(NH ,COO )   and 0

V 2(CH ) are the zwitterionic end group and methylene groupcontribution to 0
V , respectively. The values of 0

V 3(NH ,COO )   and 0
V 2(CH ) estimatedby regression analysis and are listed in Table 5, where required values in pure solventare collected from the literature [33]. By obtaining above values we can calculate themean contribution of the 0

V (CH) and 0
V (CH3) values of the amino acids (Table 5).

0 0
V V 2(CH) 0.5 (CH )  (2)
0 0
V 3 V 2(CH ) 1.5 (CH )  (3)From the table it is clear that contributions of 0

V 3(NH ,COO )   to the 0
V are higher thanCH2- group and increases with increase in  mass fraction of 18C6(cosolute) at allinvestigated temperatures indicates that the interaction between cosolute and polarend groups (NH3+,COO-) of amino acids are much stronger than those between cosoluteand CH2 (hydrophobic)group[34].The side chain contribution to the partial molarvolume of the amino acids can be derived by using the following equation

0 0 0
V V V(R) (a min oacids) (glycine)    (4)Where, 0

V (R) defines the side chain contribution to 0
V of the respective amino acidrelative to the H-atom of glycine. For this purpose, it is assumed that the volumecontribution of the H-atom in glycine is insignificant. The results are given in Table 6.

4.3.1.2 Group contributions of amino acids to Standard transfer volume ( 0
V ).Partial molar transfer volume of the zwterionic end group and otherhydrophobic alkyl chain groups of amino acids from water to aqueous 18C6 have beendone as follows

0 0 0
3 3 3( ) ( )[ 18 6] ( )[ ]v v vNH COO NH COO inaqueous C NH COO inwater           (5a)
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Or,
0 0 0( ) ( )[ 18 6] ( )[ ]v v vR R inaqueous C R inwater      (5b)and reported in Table 7. The contribution of (NH3+,COO-) is positive to 0

V andincreases with increase in mass fraction of the cosolute. On the other hand contributionof side chain to 0
V is negative for all the studied amino acids and their contributiondecreases with increase in the number of hydrophobic side part.Standard transfer volume for amino acids, 0

V , from pure water to 18C6 isderived by using the eqn.(6) and the results are shown in Figure 1.
0
V (amino acid)= 0

V (amino acid+aq.18C6) - 0
V (water) (6)Solute–solvent interactions [35] among the amino acids with co solute can be explainedby the co-sphere model developed by Friedman and Krishnan (1973). According to thismodel the effect of overlap of the hydration co-spheres between crown and amino acidsbearing hydrophobic alkyl chain is destructive. Since amino acids exist predominantlyas zwitterions in pure water and there is an overall increase in volume of water due toelectrostriction, but the observed decreasing transfer volumes indicate that in theternary solutions (amino acid and aq.18C6), have the hydrophobic–hydrophobic groupinteractions (mainly repulsion) for long chain amino acids and the contributionincreases with the mass fraction of 18C6. Therefore, the negative 0

V values for L-isoleucine point out that ion–hydrophobic and hydrophobic-hydrophobic interactionare higher in case of L-isoleucine than that of other two amino acids. The observedresult can also be elucidate by the following equation [36, 37].
0
V vw v s      (7)Where, vw is the van der Waals volume, v is the volume associated with voids orempty space, and s is the shrinkage volume due to electrostriction. Assuming the vwand v have the same magnitudes in water and in aqueous 18C6 solutions for the sameclass of solutes [38], the observed positive 0

V values ascribed to the decrease in thevolume of shrinkage, whereas negative 0
V values for L-isoleucine may be attributedto shrinkage in volume [26]. The introduction of a non polar CH3– group in L-alanine
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provides an additional tendency for hydrophobic–hydrophobic group interactions, andas a result, greater electrostriction of water is produced leading to smaller changes of
0
V . Similarly, when the H-atom of glycine is replaced by the alkyl group in L-isoleucine, the additional propensity for the hydrophobic–hydrophobic groupinteraction increases further and thus leads to change in 0

V values. The above factsare supported by the experimental observation drawn by Li et al. [39] in a study ofglycine, L-alanine and L-serine in glycerol–water mixture at 298.15K.
4.3.1.3 Solvation number of amino acidsNumber of solvent molecules associated with amino acids can be estimated fromthe flowing relation

0

0 0

( )
H

v

e b

elect
n


 




(8)
Where, 0 ( )v elect is electrostriction partial molar volume 0

e is the molar volume of theelectrostricted water and 0
b is the molar volume of bulk water. The value of ( 0 0

e b  ) iscalculated [29] to be -2.9, -3.3 and -3.5 cm3mol-1 at 293.15, 298.15 and 303.15 Krespectively. The 0 ( )v elect values can be calculated [40] from the intrinsic partial molarvolumes of the amino acids, 0 (int)v [41,42] and experimentally determined 0
v values,as follows

0 0 0( min ) (int) ( )v v va oacid electric    (9)
0 00.7
(int) ( )

0.634v v cryst  (10)Where, 0 ( )v cryst (= mol wt/density) is the crystal molar volume, 0.7 is the packingdensity for the molecules in an organic crystal, and 0.634 is the packing density for arandom packing sphere. The values of nH in table 6 for the amino acids are follows theorder nH(L-isoleucine)>nH(L-alanina)>nH(glycine)The observed decreasing tendency of nH for glycine and L-alanine (Table 8) supportsthe overall solute–solvent interaction of the amino in aq. 18C6 solutions [43]. However,a slight increase of nH for L-isoleucine indicates that the increase in the interaction of
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hydrophobic groups of L-isoleucine with those of the 18C6 does not reduce theelectrostriction of water molecules to it, but leads to a slight increase in the solvationnumber, (nH).
4.3.2 Viscosity B-coeffcient:The effects of solute−solvent interactions on the solution viscosity can beinferred from the B-coefficient [21,29]. The viscosity B-coefficient is an important toolto provide information concerning the solvation of the solutes and their effects on thestructure of the solvent. It is evident that the values of the B coefficient (Table 9) arepositive, thereby suggesting the presence of strong solute−solvent interactions, andstrengthened with an increase in the number of hydrophobic groups  of amino acidsand with the increase of mass fraction of 18C6 in the solvent mixture. This interactionis strengthened with rise in temperature and thus the values of B-coefficient increaseswith increase in temperature. This observation is in a well agreement with the resultsobtained from apparent molar volume values discussed earlier. The B-coefficient valuesof amino acids follow the sequence,L-glycine < L-alanine < L-isoleucine.Thus from this trend it is obvious that the B-coefficients reflect the net structural effectsof the charged groups and the hydrophobic CH2–groups of the amino acids. As B-coefficients vary linearly with the number of carbon atoms of the alkyl chain (nc), thesetwo effects can be determined as follows

23( , ) ( )cB B NH COO n B CH   (11)The regression parameters, i.e., the zwitterionic group contribution 3( , )B NH COO  , and
2( )B CH group contribution, to B-coefficients are scheduled in Table 5. It shows thatboth the 3( , )B NH COO  and 2( )B CH values increase with increasing molality of 18C6in ternary solutions, indicating that the zwitterionic and CH2– group enhances thestructure to solute–solvent interaction in the aqueous crown solutions. Thehydrophobic side chain contributions to B-coefficients, 2( )B CH , have also been derivedusing the same procedure as that of 0

V (R) and are tabuated in Table 6, which showsthat B(R) values are positive and greater for L-isoleucine than L-alanine in all the
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experimental condition. This order is due to the greater structure-breaking tendencyand these findings are in line with our volumetric results discussed earlier.
4.3.3 Refractive index measurements for molecular interactionThe refractive index of a molecule denotes its capability to refract light as itpasses through one medium to another. According to Deetlefs et al. 2006 [44] thegreater the refractive index of a molecule is, the more the light is refracted [45]. A moredense solution i.e., a more tightly packed substance has a higher refractive index.Therefore, refractive index values increases with increase in amino acids concentrationto the given solvent system [46]. Among the three amino acids, higher molar refractionvalues (table 3 and 9) in case of L-isoleucine suggests solute cosolute (18C6) interactionis higher for L-isoleucine than that of other two amino acids and solute-solventinteraction predominates over solute-solute interaction (Figure 2). These findingsabout compactness of the system in relating to the interactions are in good agreementwith the results found from density and viscosity measurements.
Thermodynamic influence: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 andare comparable for all the solvent composition for each amino acids and are tabulatedin Table 10. This may be due to the fact that amino acids –cosolute (18C6) interactionsoccurs in the ground state and are almost same as in the transition state [47,48]. Inother words, the solvation of amino acids in the transition state is also favourable interms of free energy. The 0 #

2 values of the amino acids were found to increases fromglycine to L-isoleucine at a given temperature (Table 10). This indicates that thesolvation of the amino acids in the ground state becomes favourable for the investigatedamino acids. Positive activation enthalpy (∆H*) values of the mixtures are suggestingthat the formation of activated species for the solution becomes difficult as the amountof 18C6 in the mixtures increases. The negative value of T∆S*, which increase withincreasing concentration of amino acids, for all the studied mixtures, suggest that thenet order of the system decreases as the concentration of amino acid in the mixtureincreases[33]. Therefore, the possibility of the interaction is favourable with the rise in
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temperature as well as the molality of 18C6 for glycine to L-isoleucine. The ∆H* and
∆S*quantities contain contributions from the following processes: (i) non-covalentinteractions between amino acids and 18C6 (H-bonding, van der Waals forces,hydrophobic and electrostatic interactions and steric effects) (ii) dehydration (releaseof water molecules) of the 18C6 during the molecular interactions (iii) hydration of theinteracted species (amino acids and 18C6) by the surrounding water molecules.
4.4 ConclusionIn summary, wide study on volumetric, viscometric and refractometricinvestigations of three simple amino acids in aq.18C6 reveals that the overallmolecular interaction of amino acids with co solutes follows the order : glycine< L-alanine< L-isoleuine. Therefore, this behavior suggests that although ion-ion orhydrophilic-hydrophilic group interactions are predominant for glycine and L-alanine,ion-hydrophobic or hydrophobic-hydrophobic group interactions are predominant forL-isoleucine in aq.18C6 solutions. The size and number of carbon atoms of the alkylgroups of the amino acids also play an important role in determining the solvationconsequences on the selected solvent systems.
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Tables:

Table1. Experimental values of density (ρ), viscosity (η), refractive index (nD)

different mass fractions of aqueous 18-crown-6 at different temperatures.

Aqueous      18C6mixture ρ×10-3/kg∙m-3 η/mP∙s nD
293.15Ka 298.15Ka 303.15Ka 293.15Ka 298.15Ka 303.15Ka 298.15KaW1=0.001 0.99832 0.99712 0.99572 1.28 1.18 0.91 1.3320W2=0.003 0.99836 0.99720 0.99581 1.30 1.20 0.93 1.3326W3=0.005 0.99843 0.99727 0.99593 1.32 1.22 0.95 1.3329

a Standard uncertainties u are: u(ρ) = 5×10-5 g∙cm-3, u(η) = 0.003mP∙s, u(nD) =0.0003and u(T) =0.01K.
Table 2. Experimental values of density (ρ), viscosity (η), refractive index (nD) of

glycine, L-alanine and L-isoleucine  in different mass fractions of aqueous 18-

crown-6 at different temperatures.

Molality/mol kg-1 ρ×10-3/kg∙m-3 η/mP∙s nD
GlycineT/ Ka 293.15 298.15 303.15 293.15 298.15 303.15 298.15W1=0.0010.0100 0.99867 0.99749 0.99608 1.29 1.22 0.92 1.33220.0251 0.99931 0.99811 0.99672 1.33 1.22 0.93 1.33270.0401 0.99999 0.99875 0.99739 1.34 1.25 0.95 1.33300.0552 1.00065 0.99942 0.99809 1.35 1.29 0.97 1.33360.0703 1.00129 1.00012 0.99878 1.37 1.32 1.01 1.33400.0855 1.00195 1.00086 0.99955 1.39 1.35 1.03 1.3346W1=0.0030.0100 0.99871 0.99764 0.99630 1.30 1.209 0.935 1.3329
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0.0251 0.99933 0.99822 0.99682 1.33 1.222 0.949 1.33340.0401 0.99996 0.99887 0.99750 1.35 1.248 0.964 1.33390.0552 1.00061 0.99955 0.99818 1.37 1.266 0.981 1.33440.0703 1.00128 1.00031 0.99889 1.39 1.290 0.999 1.33490.0855 1.00198 1.00105 0.99971 1.41 1.320 1.018 1.3354W1=0.0050.0100 0.99880 0.99761 0.99625 1.326 1.230 0.956 1.33340.0251 0.99945 0.9983 0.99697 1.350 1.255 0.975 1.33390.0401 1.00012 0.99902 0.99765 1.370 1.280 0.990 1.33440.0552 1.00085 0.99981 0.99835 1.395 1.311 1.010 1.33490.0703 1.00165 1.00058 0.99907 1.420 1.330 1.030 1.33550.0855 1.00246 1.00131 1.00012 1.450 1.350 1.050 1.336L-alanineW1=0.0010.0100 0.99863 0.99743 0.99603 1.290 1.190 0.930 1.33220.0251 0.99908 0.99788 0.99648 1.310 1.210 0.950 1.33250.0401 0.99957 0.99838 0.99697 1.340 1.240 0.975 1.33290.0552 1.00009 0.99889 0.99748 1.370 1.270 1.000 1.33330.0703 1.00062 0.99942 0.99801 1.395 1.290 1.030 1.33380.0855 1.00117 0.99998 0.99857 1.425 1.315 1.050 1.3343W1=0.0030.0100 0.99867 0.99751 0.99612 1.310 1.210 0.940 1.33250.0251 0.99912 0.99796 0.99658 1.330 1.230 0.955 1.33290.0401 0.99962 0.99845 0.99709 1.360 1.255 0.975 1.33320.0552 1.00014 0.99896 0.99761 1.390 1.280 0.995 1.33370.0703 1.00068 0.99950 0.99816 1.420 1.320 1.025 1.33420.0855 1.00123 1.00007 0.99872 1.450 1.340 1.050 1.3346W1=0.0050.0100 0.99874 0.99758 0.99625 1.330 1.230 0.956 1.33320.0251 0.99918 0.99805 0.99671 1.355 1.260 0.975 1.3335
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0.0401 0.99968 0.99857 0.99723 1.390 1.290 0.995 1.33390.0552 1.00021 0.99912 0.99781 1.420 1.320 1.020 1.33440.0703 1.00075 0.99968 0.99839 1.450 1.350 1.045 1.33490.0855 1.00129 1.00021 0.99899 1.480 1.380 1.070 1.3354L-isoleucineW1=0.0010.0100 0.99857 0.99738 0.99599 1.290 1.190 0.933 1.33260.0251 0.99896 0.99778 0.99643 1.320 1.220 0.950 1.33290.0401 0.99935 0.9982 0.99689 1.350 1.250 0.980 1.33330.0552 0.99975 0.99864 0.99737 1.380 1.274 1.010 1.33360.0703 1.00015 0.99908 0.99788 1.416 1.310 1.040 1.33410.0855 1.00056 0.99954 0.99842 1.450 1.340 1.070 1.3346W1=0.0030.0100 0.99863 0.99748 0.99610 1.320 1.220 0.950 1.33280.0251 0.99908 0.99794 0.99658 1.334 1.250 0.980 1.33310.0401 0.99956 0.99846 0.99712 1.375 1.290 1.010 1.33350.0552 1.00006 0.99899 0.99771 1.415 1.320 1.040 1.33410.0703 1.00059 0.99957 0.99832 1.450 1.355 1.070 1.33450.0855 1.00113 1.00016 0.99898 1.490 1.395 1.100 1.3349W1=0.0050.0100 0.99872 0.99757 0.99624 1.330 1.230 0.956 1.33350.0251 0.99923 0.99808 0.99678 1.360 1.270 0.975 1.33380.0401 0.99979 0.99869 0.99739 1.400 1.300 1.010 1.33420.0552 1.00039 0.99933 0.99806 1.430 1.330 1.030 1.33470.0703 1.00103 0.99997 0.99882 1.460 1.370 1.060 1.33530.0855 1.00175 1.00078 0.99964 1.520 1.410 1.090 1.3357
a Standard uncertainties u are: u(ρ) = 5×10-5 g∙cm-3, u(η) = 0.003mP∙s, u(nD) =0.0003and u(T) =0.01K.
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Table 3. Apparent molar volume ( V ), ( 1) /r m   and molar refraction (
M

R ) of

glycine, L-alanine, L-isoleucine in different mass fractions of aqueous 18-crown-6

at different temperatures.Molality/mol kg-1
ϕV ×106

/ m3 mol-1
(ηr-1)/√m/kg1/2mol-1/2

M
R

/m3 mol-1
T/ Ka 293.15 298.15 303.15 293.15 298.15 303.15 298.15GlycineW1=0.0010.0100 40.1341 40.1771 40.2293 0.011 0.022 0.0275 15.44650.0251 35.5297 35.5724 35.2207 0.247 0.315 0.2870 15.45810.0401 33.3761 34.4191 33.4632 0.331 0.370 0.3393 15.46090.0552 32.7614 33.3479 32.1165 0.428 0.400 0.3842 15.47580.0703 32.6964 32.3059 31.4761 0.455 0.450 0.4135 15.48180.0855 32.4186 31.1597 30.1402 0.594 0.492 0.4500 15.4955W1=0.0030.0100 40.1325 39.1741 39.2260 0.0154 0.0537 0.0749 15.47480.0251 36.3296 34.3662 34.8159 0.1408 0.1289 0.1157 15.48600.0401 35.1276 33.4136 32.9581 0.2032 0.1822 0.1994 15.49690.0552 34.2170 32.4335 32.1136 0.2451 0.2330 0.2336 15.50740.0703 33.4105 30.7275 31.2007 0.2605 0.2792 0.2822 15.51670.0855 32.5351 29.8595 29.3105 0.2887 0.3229 0.3412 15.5262
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W1=0.0050.0100 38.1267 38.1687 38.2174 0.045 0.063 0.082 15.49470.0251 34.3239 33.9627 33.6068 0.144 0.166 0.181 15.50580.0401 32.8716 31.4057 32.2011 0.189 0.210 0.245 15.51570.0552 31.1189 28.9673 31.1970 0.242 0.268 0.317 15.52440.0703 29.1157 27.8603 30.3363 0.286 0.317 0.340 15.53770.0855 27.7017 27.6160 25.8812 0.337 0.359 0.364 15.5473L-alanineW1=0.0010.0100 59.1911 59.2636 59.3483 0.078 0.085 0.220 18.33290.0251 58.7888 58.8595 58.9423 0.148 0.161 0.278 18.33930.0401 57.9373 57.7563 58.0886 0.234 0.254 0.357 18.35010.0552 57.0039 57.0726 57.3354 0.299 0.324 0.421 18.36080.0703 56.3275 56.3953 56.6180 0.338 0.351 0.498 18.37600.0855 55.6541 55.6031 55.7994 0.387 0.391 0.527 18.3907W1=0.0030.0100 59.1887 59.2587 59.3428 0.077 0.083 0.108 18.34650.0251 58.7864 58.8548 58.5353 0.146 0.158 0.170 18.35790.0401 57.6846 58.0024 57.3302 0.230 0.229 0.241 18.36390.0552 56.8195 57.2503 56.5999 0.295 0.284 0.297 18.3795
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0.0703 56.0390 56.3908 55.7522 0.348 0.377 0.385 18.39450.0855 55.4162 55.4806 55.1446 0.395 0.399 0.441 18.4040W1=0.0050.0100 59.1845 59.2545 59.3315 0.076 0.063 0.82 18.38020.0251 59.1829 58.0485 58.1266 0.168 0.166 0.207 18.38620.0401 57.9310 56.7449 56.8213 0.265 0.236 0.286 18.39670.0552 56.8156 55.6054 55.1326 0.322 0.313 0.349 18.41150.0703 56.0351 54.8111 54.1676 0.371 0.377 0.401 18.42620.0855 55.5301 54.6510 53.3070 0.414 0.431 0.448 18.4413L-isoleucineW1=0.0010.0100 106.9797 106.1056 105.2505 0.078 0.085 0.253 27.15220.0251 106.3787 105.7044 103.8445 0.197 0.214 0.278 27.16360.0401 106.2285 105.1027 102.9908 0.273 0.296 0.384 27.18180.0552 105.9780 104.4645 102.2376 0.332 0.339 0.468 27.19200.0703 105.8349 104.0998 101.3767 0.400 0.415 0.539 27.21700.0855 105.6245 103.6279 100.4653 0.453 0.463 0.602 27.2414W1=0.0030.0100 104.9722 104.0915 103.2325 0.154 0.167 0.215 27.16430.0251 103.1692 102.4870 101.4250 0.165 0.263 0.340 27.1740
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0.0401 101.9672 100.5816 99.4668 0.288 0.374 0.429 27.18950.0552 101.0566 99.5332 97.6638 0.377 0.425 0.503 27.21940.0703 100.1070 98.2179 96.3465 0.435 0.487 0.567 27.23320.0855 99.3747 97.2488 94.9035 0.500 0.555 0.624 27.2466W1=0.0050.0100 102.9616 102.0787 101.2119 0.076 0.182 0.063 27.25390.0251 99.9569 99.6721 98.2398 0.191 0.269 0.166 27.26300.0401 97.9538 96.5636 95.6895 0.302 0.387 0.315 27.27790.0552 96.3149 94.6037 93.4531 0.354 0.453 0.358 27.29870.0703 94.8060 93.4838 90.8842 0.400 0.483 0.436 27.32640.0855 92.8870 90.7536 88.5132 0.518 0.605 0.653 27.3379
a Standard uncertainties u are u(T) =0.01K
Table 4. Limiting apparent molar volume ( 0

V ) and experimental slope (SV*) and

limiting molar refraction (RM0) of amino acids in different mass fractions of

aqueous 18-crown-6 at different temperatures.

Aq. solventmixtutre 0
V ×106/ m3 mol-1

*
VS/ m3·mol- 3/2 ·kg1/2

RM0/m3mol-1T= 293.15Ka 298.15Ka 303.15Ka 293.15Ka 298.15Ka 303.15Ka 298.15KaGlycineW1=0.001 43.41 43.42 43.89 -10.05 -10.78 -16.50 15.41W1=0.003 43.94 43.98 44.05 -13.69 -13.86 -16.89 15.44W1=0.005 44.10 44.13 44.21 -20.27 -24.18 -26.59 15.46
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L-alanineW1=0.001 60.55 60.63 60.66 -14.90 -15.22 -16.41 18.29W1=0.003 60.71 60.73 60.88 -15.53 -18.21 -16.92 18.31W1=0.005 60.93 60.96 60.97 -21.48 -24.06 -27.26 18.34L-isoleucineW1=0.001 107.50 107.60 107.71 -6.641 -13.24 -24.05 27.09W1=0.003 107.81 107.89 108.02 -28.89 -36.14 -43.85 27.11W1=0.005 108.11 108.20 108.31 -50.87 -57.84 -65.39 27.19
a Standard uncertainties u are: u(T) =0.01K.
Table 5. Contributions of zwitter ionic group (NH3+, COO- ), CH2 group, and the

other alkyl chains to the limiting apparent molar volume, 0
V and the viscosity B-

coefficient for amino acids in different mass fraction of  aqueous 18-crown-6 at

293.15,298.15 and 303.15K respectively.

Groups 0
V ×106/ m3 mol-1 B/ kg·mol-1T/ Ka 293.15 298.15 303.15 293.15 298.15 303.15W1=0.001NH3+,COO- 26.27 26.21 27.12 1.040 1.080 1.070(CH) 8.57 8.60 8.38 0.150 0.141 0.155Gly(CH2) 17.14 17.21 16.77 0.301 0.283 0.310(CH3) 25.71 25.80 25.14 0.452 0.423 0.465Ala(CH3CH-) 34.28 34.42 33.54 0.602 0.570 0.621Isoleu(EtMeCH-) 81.23 81.39 80.59 0.885 0.847 0.862W1=0.003NH3+,COO- 27.17 27.23 27.24 1.050 1.060 1.070(CH) 8.39 8.37 8.40 0.160 0.162 0.181Gly(CH2) 16.77 16.75 16.82 0.321 0.324 0.363(CH3) 25.17 25.11 25.20 0.482 0.486 0.545Ala(CH3CH-) 33.54 33.50 33.64 0.651 0.651 0.722
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Isoleu(EtMeCH-) 80.84 80.66 80.78 0.892 0.950 1.010W1=0.005NH3+,COO- 27.27 27.29 27.45 1.140 1.160 1.200(CH) 8.41 8.42 8.38 0.162 0.189 0.180Gly(CH2) 16.83 16.84 16.76 0.325 0.359 0.360(CH3) 25.23 25.26 25.14 0.486 0.567 0.540Ala(CH3CH-) 33.66 33.67 33.52 0.652 0.767 0.719Isoleu(EtMeCH-) 80.84 80.31 80.26 1.032 1.104 1.111
a Standard uncertainties u are: u(T) =0.01K.

Table 6. Contribution of the Alkyl Chain Group (R) to Standard Partial Molar

Volume, 0
V (R) and Viscosity B-Coefficient B(R) in Different Aqueous 18C6

Solutions at 293.15-303.15K

Massfractions 0
V (R) ×106/ m3 mol-1 B(R)/ kg·mol-1T= 293.15Ka 298.15Ka 303.15Ka 293.15Ka 298.15Ka 303.15KaL-alanineW1=0.001 17.14 17.21 16.77 0.301 0.303 0.310W1=0.003 16.77 16.75 16.83 0.321 0.324 0.363W1=0.005 16.83 16.83 16.76 0.324 0.379 0.360L-isoleucineW1=0.001 64.09 64.18 63.82 0.584 0.590 0.591W1=0.003 63.56 63.91 66.97 0.562 0.623 0.735W1=0.005 64.01 64.07 67.10 0.704 0.716 0.752

a Standard uncertainties u are: u(T) =0.01K.
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Table 7. Contribution of Transfer Volumes, 0
V from 0

V ×106(aqueous)for amino

acids in different Aqueous 18C6 solutions at 293.15K- 303.15 K.Amino acidGroups 0
V ×106(aqueous)/ m3 mol-1

0
V ×106/ m3 mol-1T= 293.15Ka 298.15Ka 303.15KaW1=0.001NH3+,COO- 25.91 0.36 0.30 1.21(CH) 8.64 -0.07 -0.04 -0.26Gly(CH2) 17.28 -0.14 -0.03 -0.51(CH3) 25.92 -0.21 -0.12 -0.78Ala(CH3CH-) 34.56 -0.28 -0.14 -0.80Isoleu(EtMeCH-) 81.83 -0.60 -0.44 -1.30W1=0.003NH3+,COO- 25.91 1.26 1.32 1.33(CH) 8.64 -0.25 -0.27 -0.24Gly(CH2) 17.28 -0.51 -0.53 -0.46(CH3) 25.92 -0.75 -0.81 -0.72Ala(CH3CH-) 34.56 -1.02 -1.06 -0.92Isoleu(EtMeCH-) 81.83 -1.29 -1.40 -1.50W1=0.005NH3+,COO- 25.91 1.36 1.38 1.54(CH) 8.64 -0.23 -0.22 -0.30Gly(CH2) 17.28 -0.45 -0.44 -0.52(CH3) 25.92 -0.68 -0.65 -0.77Ala(CH3CH-) 34.56 -0.90 -1.06 -1.04Isoleu(EtMeCH-) 81.83 -1.39 -1.52 -1.57

a Standard uncertainties u are: u(T) =0.01K.
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Table 8. Solvation number (Sn) of the amino acids at different mass fractions of

aqueous 18C6.Massfractions Solvation Number(Sn)Glycine L-alanine L-isoleucineT/ Ka 293.15 298.15 303.15 293.15 298.15 303.15 293.15 298.15 303.15W1=0.001 2.8 2.5 2.2 3.0 2.6 2.4 3.9 3.4 3.2W1=0.003 2.6 2.3 2.2 2.9 2.5 2.3 3.8 3.3 3.1W1=0.005 2.6 2.2 2.1 2.8 2.4 2.3 3.7 3.2 3.0
a Standard uncertainties u are: u(T) =0.01K.
Table 9. Viscosity B- and A- coefficient of amino acids in different mass fractions

of aqueous 18-crown-6 at different temperaturesAq. solventmixtutre B/ kg mol-1
A/ kg1/2 mol-1/2

T= 293.15Ka 298.15Ka 303.15Ka 293.15Ka 298.15Ka 303.15Ka
GlycineW1=0.001 1.341 1.367 1.381 0.032 0.049 0.052W1=0.003 1.380 1.387 1.389 0.066 0.070 0.090W1=0.005 1.468 1.508 1.559 0.079 0.089 0.094L-alanineW1=0.001 1.642 1.650 1.691 0.045 0.083 0.090W1=0.003 1.701 1.711 1.752 0.076 0.087 0.092W1=0.005 1.792 1.887 1.919 0.088 0.098 0.135L-isoleucine
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W1=0.001 1.925 1.927 1.932 0.063 0.100 0.118W1=0.003 1.942 2.010 2.124 0.085 0.104 0.123W1=0.005 2.172 2.224 2.311 0.146 0.153 0.175
a Standard uncertainties u are u(T) =0.01K
Table 10. Thermodynamic derived parameters of the amino acids at different

mass fractions of aqueous 18C6.

Temp/K 0
V (purewater)/ m3 mol-1 Δµ10#/KJ·mol-1 Δµ20#/KJ·mol-1 Δµ0#/KJ·mol-1 T∆S0#/kJ·mol-1 ∆H0#/KJ·mol-1Glycine+ W1=0.001(18C6)293.15 18.016 60.41 70.19 65.30 -16.28 49.02298.15 18.039 61.24 71.57 66.40 -16.41 49.99303.15 18.062 61.61 71.68 66.59 -16.79 49.80Glycine+ W1=0.003(18C6)293.15 18.016 60.44 70.91 65.69 -16.35 49.34298.15 18.039 61.28 71.81 66.54 -16.36 50.18303.15 18.062 61.65 71.92 66.70 -16.43 50.27Glycine+ W1=0.005(18C6)293.15 18.016 60.47 72.14 66.30 -16.46 49.84298.15 18.039 61.31 72.51 66.91 -16.49 50.42303.15 18.062 61.69 72.62 67.15 -16.57 50.58L-alanine+ W1=0.001(18C6)293.15 18.016 60.41 72.81 66.61 -16.74 49.87298.15 18.039 61.24 72.87 67.05 -16.83 50.22303.15 18.062 61.61 73.95 67.78 -16.75 51.03L-alanine + W1=0.003(18C6)293.15 18.016 60.44 73.29 66.86 -16.91 49.90
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298.15 18.039 61.28 74.04 67.66 -17.03 50.63303.15 18.062 61.65 74.15 67.90 -17.15 50.75L-alanine + W1=0.005(18C6)293.15 18.016 60.47 73.86 67.16 -17.26 49.91298.15 18.039 61.31 74.14 67.72 -17.49 50.23303.15 18.062 61.69 74.55 68.12 -17.63 50.49L-isoleucine+ W1=0.001(18C6)293.15 18.016 60.41 74.86 67.63 -17.71 49.92298.15 18.039 61.24 74.95 68.09 -17.75 50.34303.15 18.062 61.61 75.06 68.33 -17.81 50.52L-isoleucine+ W1=0.003(18C6)293.15 18.016 60.44 75.55 67.99 -17.83 50.16298.15 18.039 61.28 75.86 68.77 -17.86 50.91303.15 18.062 61.65 76.57 69.11 -17.94 51.17L-isoleucine+ W1=0.005(18C6)293.15 18.016 60.47 77.63 69.02 -17.97 51.05298.15 18.039 61.31 77.76 69.53 -18.21 51.32303.15 18.062 61.69 77.81 70.09 -18.28 51.81
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Figures:

Figure 1: Transfer volume (
0
V ) of amino acids varying with increasing

temperatures (T/K) with increasing concentrations of 18C6 (0.001, 0.002 &0.003

mass fraction).

Figure 2. Plot of limiting molar refraction ( 0
MR ) for glycine, L-alanine and L-

isoleucine in different mass fractions (w1) of aq. 18C6 at 298.15 K
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Schemes:

Scheme1. Molecular structures of solute and co-solute.

Scheme 2. Plausible solute –solvent interaction in the studied ternary mixtures.
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CHAPTER - V
SUPRAMOLECULAR ASSEMBLY OF IONIC LIQUID WITH CYCLIC

OLIGOSACCHARIDE IN AQUEOUS ENVIRONMENTS

5.1 IntroductionAlpha Cyclodextrin(α-CD) is a cyclic oligosaccharide having six glucopyranose unitsbounded by (1–4) connections establishing a abbreviated narrowed structure, which hashydrophobic interior and hydrophilic frames[1]. The molecular structures of the studiedcyclodextrin is represented in Scheme 1.Their whole molecular shape is that of a truncatedcone, with a hydrophobic hollow and a polar interface, categorized by hydroxylated,hydrophilic frames (a narrower, primary border and a wider, secondary border). Thisgeometry gives CD a highly adaptable ability to form inclusion [2] complex with differentkinds of organic solutes that makes them suitable in food industry, as drug carriers, and asadsorbents for parting techniques, to cite a few related applications [3-5].The studied surface active ionic liquid (IL),1-methyl-3-octylimidazolium chloride asa part of green solvents at room temperature, is attractive because of their exceptionalproperties, such as non-volatile nature, huge liquid range, capability of dissolving adiversity of chemicals, extraordinary thermal stability and their potential as “designersolvents” and “green” replacements[6-8], and as well as bio-catalysts. Additionally, theyhave many other appropriate properties, such as easy recyclability, a wide electrochemicalpotential window etc., creating them essential as unique solvents in organic synthesis,chemical separations and so on [9-13]. The molecular structure of the studied ionic liquid isdenoted in Scheme 2.In sight of the above and in extension of our earlier study[14-17], we have tried todetermine the nature of formation of inclusion complex(IC) of IL  inside into the α-cyclodextrin in w1=0.001, 0.003, 0.005 mass fraction of aq. α-cyclodextrin environments aliterature survey exposes that no work has been carried out in the present systems.
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5.2 Experimental Section:

5.2.1 MaterialsThe investigated IL and α-cyclodextrin were procured and purchased from Sigma-Aldrich, Germany. The mass fraction purity of IL and α-cyclodextrin were ≥ 0.97 and ≥0.96respectively.
5.2.2 Apparatus and procedureThe solubility of the chosen cyclodextrin and ionic liquid in aqueous cyclodextrinhas been checked and confirmed that the studied compounds are freely soluble in aqueousmedium. Aqueous binary solution of IL was prepared by mass dilution at 298.15 K [17].The surface tension experiments were finished by platinum ring detachmentmethod by a Tensiometer (K9, KRŰSS; Germany) at the studied temperature [14].UV-visible spectra were noted by JASCO V-530 UV/VIS Spectrophotometer, with anuncertainty of wavelength resolution of ±2 nm. The measuring temperature was heldconstant by a thermostated.Specific conductance values of the investigational solutions were taken by MettlerToledo Seven Multi conductivity meter [17].NMR spectra were informed as chemical shift 1H NMR spectra, noted at 300 MHzusing Bruker ADVANCE 300 MHz and instrument at 298.15K.
5.3 Results and Discussion

5.3.1. Surface tension:Surface tension (γ) measurement provides significant clue about formation of IC aswell as stoichiometry of the host-guest assembly [18]. Surface tension of the aqueoussolution of IL shows extraordinary change with growing concentration of α-CD (Fig 1).Surface tension value increases with increasing concentration due to the presence of sidechain hydrophobic group with the cyclodextrin. Surface tensions with correspondingconcentration of IL in different mass fraction of aq. α-CD have been reported for studied IL.The surface tension curve against concentration (molality) apparently shows a break point
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in surface tension at a certain concentration, that is, the γ values increases withcorresponding concentration, reach a definite point (break point), and then becomeapproximately balanced, which obviously indicates the formation of inclusion complex. Thevalues of surface tension at the break point are represented in Table 1. The probability offormation of inclusion complex can be predicted from surface tension study, where theformation of inclusion complex has been bearing out from the break point in the curve ofsurface tension vs concentration. The single, double, etc. break in the surface tension curveindicates1:1, 2:1 and so on stoichiometry (Scheme 3) of host-guestin the γ vs. conc. curve.The above mention IL, hence, form soluble 1:1 complex with the cyclodextrin in which thehydrophobic long chain of IL included in the hydrophobic cavity of cyclodextrin(Scheme 4).The geometrically allowed suitable hydrophobic cavity of α-CD from the wider rim caneasily encounter suitable guest molecule. The hydrophilic part of the IL remains outsideand can make H-bonds with the hydrophilic rim of cyclodextrin and also surrounded bywater molecules. This is also in connection with the data from conductance measurement,discussing underway, definitely establish that α-CD has the appropriate structure for theformation of inclusion complex with the studied IL.
5.3.2.a: Ultraviolet spectroscopy: Job plotUV-visible study confirms the formation of inclusion complex in aqueous media.Job’s method of continuous variation was applied to recognize the stoichiometry of thehost-guest assembly by using UV-visible spectroscopy [19]. Here the solution of IL andcyclodextrin were  mixed  at various concentration  ratios R =  [IL]/([IL] + [CD]) takingthe total concentration [IL] + [CD] constant and the mole fraction of the IL varies in therange 0–1 (Table 2).The stoichiometry for each complex was determined by  plotting  ΔA ×
R vs R (where  ΔA is  the  absorbance change of  the IL without  and  withcyclodextrin)[20](Fig 2). Absorbance values were measured at 210 nm for IL at 298.15 Kfor the solutions. The R values in which the plot represents the maximum deviationprovides the stoichiometry of the inclusion complex (R = 0.5 for 1:1 complexes; R = 0.33 for1:2 complexes; R = 0.66 for 2:1 complexes). In our study, the plots of IL+α-CD, at R = 0.46suggesting inclusion complex having molar ratio 1:1.
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5.3.2.b: Ultraviolet spectroscopy: association constantThe association constants Ka for different IL-cyclodextrin systems have beenestimated by spectroscopic methods on the basis of changes of molar absorptivity of the ILwhen complexed into the cyclodextrin molecules. The reason is the changes in the polarityof the atmosphere of the IL when it drives from the polar aqueous environment to theapolar cavity of cyclodextrin.  Changes in absorption intensity of IL (210 nm), was studiedas a function of concentration of cyclodextrin to define the value of Ka (Table 3). Using thereliable Benesi–Hildebrand method for 1:1 host-guest complex the double reciprocal plothas been drawn (Fig 3) [21,22].
1∆ = 1∆ [ ] ∙ 1[ ] + 1∆ [ ]

5.3.3 Conductivity study

Conductivity measurement [23] method used to elucidate not only whetherinclusion can occur but also the stoichiometry of the inclusion complex (IC) formed [24].The conductivity of different α-CD concentrations in aqueous IL were dignified at 250C, andthe need of the conductivity on α-CD concentration is shown in Fig 4.The studied IL showsconsiderable κ values because of having their charged structures. As α-CD was added to theaqueous solution of IL, the κ values was observed to show decreasing trend probablybecause of encapsulation of the IL molecules inside into the cavity of α-CD. After a certainconcentration of α-CD a break was found in each of the conductivity curves (Fig 4),indicating the formation of IC. The values of κ and corresponding concentrations of α-CD ateach break have been shown in Table 4, which reveal that the ratio of the concentrations ofa IL and α-CD at the break point was found to be approximately 1:1, suggesting the host-guest ratio to be equimolar [25]. This finding is supported by the surface tension curvesabove.
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5.3.4 NMR studyIn the NMR spectra we have found the chemical shift of the guest and α-CD moleculedue to the interaction of the α-CD with the guest molecule [26]. In aromatic compounds thespectral variations that can be observed upon inclusion is the diamagnetic shielding of thearomatic guest with the interacting atoms of the host molecule [27]. In the structure ofcyclodextrin the H3 and H5 hydrogens are situated inside the conical cavity, particularly, theH3 are placed near the wider rim whereas H5 are placed near the narrower rim ofcyclodextrin molecule. The other H1, H2 and H4 hydrogens are located at the exterior part ofthe cyclodextrin molecule[28] (Scheme 5).During inclusion the signals of H3 and H5 of cyclodextrin show considerable upfieldshift (Δδ) (Fig5). Therefore when a guest molecule arrives into the hollow of cyclodextrin itrelates with the H3 and H5 protons, ensuing in the upfield chemical shift of these protons[14]. In our recent work the molecular interfaces of IL with cyclodextrin have beenstudied by 1H NMR spectra by taking 1:1 molar ratio of the IL and cyclodextrin in D2O at298.15 K. After inclusion the upfield change of chemical shift values of the H3 and H5protons of cyclodextrin have been listed in Table 5. As found from the chemical shifts,interaction of the H3 with the aromatic guest was much higher than that of the H5, provingthe guest entered through the wider rim of α-CD (Scheme 6).
Structural influence of CyclodextrinThe most notable feature of cyclodextrin molecule (cavity diameter of α-CD is 4.7-5.3Å) provides a micro environment into which appropriately sized non-polar moietyenters and form strong inclusion complex [14] (Scheme 1). But, no covalent bonds arebroken or formed throughout formation of the inclusion complex [29]. The main dynamicforce in aqueous solution is that the marginally apolar cyclodextrin cavity is employed bywater molecules [30] which are dynamically unfavoured, thus can be readily replaced bymore hydrophobic side chain group of IL which is less polar than water, to achieve anapolar–apolar association and decrease of cyclodextrin ring strain resulting in a morestable lower energy state [4]. One or two cyclodextrin molecules can entrap one or more IL
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molecules; therefore, the plausible host:guest ratio of the inclusion is 1:1, 1:2, 2:1, and 2:2,or even more complicated association complex (Scheme 3). However, the simplest andmost common case of host:guest ratio is 1:1 by the core of molecular encapsulation by α-CDhas been observed from surface tension and related studies discussed overhead.Based on these α-cyclodextrin the selected IL can classically complex with aliphatic,aromatics side chains. Hence, the positive interfaces occurred to form the inclusioncomplex by• The movement of polar water molecules from the apolar cavity of cyclodextrin.• A reduction of the repulsive interactions between the hydrophobic group of IL and theaqueous environment.• An increase in the hydrophobic-hydrophobic interactions as the inclusion of IL takesplace into the apolar cavity of cyclodextrin.
5.4 ConclusionBased on surface tension and conductance data it was supported that an inclusioncomplex between studied IL and α-CD was formed. In NMR study, the changes in thechemical shift corresponding to H5 and H3 protons of host and guest establish theformation of IL–α-CD inclusion complex in aqueous solution. The Job plot of the UV-Visspectrum proves also the inclusion complex formation in aqueous solution.The resultspoint out that α -CD and IL finally form steady inclusion complex (IC) with a 1:1stoichiometry. They both are promoting to each other owing to hydrophobic andhydrophilic interactions among them.
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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 aqueous α-cyclodextrin at 298.15Kamass fraction (w) conc (m)x104 γ /mNm-1IL

w1=0.001 4.7 58.59
w1=0.003 4.0 58.72
w1=0.005 3.3 59.05

a Standard uncertainties u are: u(T) =0.01K
bw1 is the mass fractions of α-cyclodextrin in aqueous mixture.
Table 2: Data for the Job plot performed by UV-Vis spectroscopy for aqueous- α-CD systemIL(mL) α-CD(mL) IL(µM) α-CD(µM) [IL]/([IL]+[α-CD]) Absorbance(A) ΔA ΔA[IL]/([IL]+[α-CD])0.0 3.0 0 300 0.0 0.00 0.45 0.0000.3 2.7 30 270 0.1 0.04 0.40 0.0400.6 2.4 60 240 0.2 0.07 0.37 0.0750.9 2.1 90 210 0.3 0.12 0.32 0.0981.2 1.8 120 180 0.4 0.17 0.28 0.1121.5 1.5 150 150 0.5 0.23 0.22 0.1101.8 1.2 180 120 0.6 0.27 0.18 0.1082.1 0.9 210 90 0.7 0.31 0.13 0.0962.4 0.6 240 60 0.8 0.35 0.09 0.0752.7 0.3 270 30 0.9 0.37 0.08 0.0723.0 0.0 300 0 1.0 0.45 0.00 0.000
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Table 3: Data for the Benesi-Hildebrand double reciprocal plot performed by UV-

Vis spectroscopy for aqueous IL -α-CD system

Temp/Ka

[IL]/µm [α-CD]/µm Ao A ΔA 1/[ α-CD]/m-1 1/ΔA Intercept Slope Ka/m-1

298.15
50 30

0.046
0.1641 0.1178 0.0333 8.5

1.0682 229.12 4662.18
50 40 0.1885 0.1422 0.0250 7.050 50 0.2136 0.1673 0.0200 6.050 60 0.2554 0.2091 0.0167 4.850 70 0.2903 0.2440 0.0143 4.1

aStandard uncertainties in temperature (T) = 0.01 K.
Table 4. Values of Specific conductance at the break point (κ) with corresponding

concentration of IL in different mass fraction of aqueous α-cyclodextrin at 298.15Ka

mass fraction (w) conc (m) x104 κ /S.m-1IL
w1=0.001 4.8 1.43
w1=0.003 4.3 1.50
w1=0.005 3.7 1.56

a Standard uncertainties u are: u(T) =0.01K
Table 5. Change in chemical shifts (ppm) of the H3 and H5 protons of the
cyclodextrin host molecule when complexed with ionic liquid guest molecule in D2O
at 298.15 K Change in chemical shiftIonic LiquidH3 H5
α-cyclodextrin                              0.237                                                                        0.062
aStandard uncertainties in temperature u are: u(T) = 0.01 K.
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Figures:

Figure 1. Plot of surface tension of ionic liquid corresponding to the added conc.

of aq. α-cyclodextrin

Figure 2. Job plot of IL-cyclodextrin systems at λmax (nm) = 210 and at 298.15 K.
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Figure 3. Benesi-Hildebrand double reciprocal plot for the effect of α-CD on the
absorbance of IL at 210 nm at 298.15 K.

Figure 4. Plot of conductance of ionic liquid corresponding to the added conc. of aq.
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Figure 5. 1H NMR spectra of α-CD and 1:1 molar ratio of α-CD & IL in D2O at 298.15K
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Schemes:

Scheme 1: The molecular structure of α-CD

Scheme 2: The molecular structure of IL

1 :1                  1 :2                       2 :1                                 2 :2

Scheme 3: Different possibilities of Host-guest ratio for inclusion complex
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Scheme 4: Schematic of the convincing mechanism for 1 : 1 inclusion complexes' with
insight into α-cyclodextrin with the titled ionic liquid

Scheme5. (a) Stereo-chemical configuration of α-cyclodextrin, (b) truncated conical
structure of α-cyclodextrin

Restricted inclusion
through narrower rim

Feasible inclusion
through wider rim

Cyclodextrin

IL

Scheme 6: The feasible and restricted inclusion of host:guest molecule
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CHAPTER - VI

FOUNDATION OF GOUT PAIN IN HUMAN BODY AND ITS SOLUTION: A

PHYSICOCHEMICAL STUDY

6.1. Introduction:Gout is a very painful experience in our modern era. The underlying cause of goutis due to the crystallization of uric acid, often related to relatively high levels in the blood ofhuman body. This can occur for number of reasons, including diet, genetic predisposition,or underexcretion of urate, the salts of uric acid. The remedial methods are both lifestylechanges and medications can decrease uric acid levels. Doctors generally advice to reduceintake of food such as meat and seafood, limiting alcohol and consuming citrus fruits [1].Citric acid is one of the major ingredients of citrus fruits. The chemistry of solutions dealswith solutes and solvents and how solutes interact with solvents as they move about insolutions. So that we choose this biologically active compound, citric acid as a solute andaqueous uric acid as a solvent to examine the interaction between these two. Studies on theapparent molar volumes and viscosity B-coefficients of electrolytes at infinite dilutionprovide valuable information regarding solute-solute, solute-solvent and solvent-solventinteractions [2]. The addition of solute could break or make the structure of a liquid [3-5]as viscosity being a property of the solution depending upon the intermolecular forces, thestructural aspects of the liquid can be inferred from the viscosity of solutions at differentconcentrations and temperatures.Citric acid, C6H8O7 (CA), i.e. 2-hydroxypropane -1, 2, 3-tricarboxylic acid, is atribasic, environmentally suitable and versatile chemicals. As it occurs in metabolism ofalmost all living beings, its interactions in an aqueous solution is of great value to thebiological scientists. In the Pharmaceutical industry, citric acid is used as stabilizer invarious formulations, as a drug component and as anticoagulant in blood for transfusionsand also used as an acidifier in many pharmaceuticals. Citric acid can be used as flavouringand preservative in food and beverages, specially soft drinks [6]. Citric acid exists ingreater than trace amounts in variety of vegetables, most notably citrus fruits.Uric acid is a heterocyclic compound with the molecular formula C5H4N4O3 (UA), i.e.7,9-Dihydro-1H –purine-2,6,8 (3H)-trione. It is a diprotic acid. It was first isolated fromkidney stones in 1776 by Scheele [7]. Uric acid is deprotonated at a nitrogen atom and uses
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a tautomeric keto/hydroxyl group as an electron-withdrawing group to increase the pKavalue while most organic acids are deprotonated by the ionization of a polar hydrogen-to-oxygen bond. In general, the water solubility of uric acid is low. This low solubility issignificant for the etiology of gout. Uric acid is a strong reducing agent and potentantioxidant. In humans, over half the anti oxidant capacity of blood plasma comes from uricacid [8].To the best of our knowledge, the studies in the present ternary solution systemshave not been reported earlier. Therefore, in present study we have endeavoured to makecertain nature of solute-solute, solute-solvent and solvent-solvent interactions of citric acidin w1=0.00001, 0.00002 and 0.00003 mass fraction of aqueous uric acid mixture atdifferent temperatures to explain various interactions prevailing in the ternary systemsunder investigation.
6.2. Experimental Section:

6.2.1 Source and purity of Materials:Citric acid monohydrate (CA) was purchased from Himedia. Uric acid (UA) waspurchased from s.d. fine chem. Limited. The mass fractions purity of both were ≥0.99. Thereagents were always placed in the desiccators over P2O5 to keep them in dry atmosphere.These chemicals were used as received without further purification. The provenance andpurity of the chemical used has been depicted in table 1.
6.2.2 Apparatus and Procedure:Solubility of the uric acid in water (deionized, triply distilled water with a specificconductance of 1.10-6 S.cm-1) and the citric acid in aqueous uric acid had been checkedprecisely, prior to start of the experimental work and seen that citric acid soluble in allproportion of aqueous uric acid solution. The mother solutions of citric acid were preparedby mass (Mettler Toledo AG-285 with uncertainty 0.0003g) and then the working solutions(six sets) were prepared by mass dilution. The conversions of molarity into molality [9]had been done using density values of respective solutions and adequate precautions weretaken to reduce evaporation losses during mixing and throughout the experiment.The densities (ρ) of the solutions were measured by means of vibrating u-tubeAnton Paar digital density meter (DMA 4500M) with a precision of ±0.00005 g.cm-3
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maintained at ±0.01 K of the desired temperature. It was calibrated by passing deionized,triply distilled water and dry air [10].The viscosities (η) were measured using a Brookfield DV-III Ultra ProgrammableRheometer with fitted spindle size-42. The detail description has already been describedearlier [11].Refractive index (nD) was measured with the help of a Digital Refractometer MettlerToledo. The light source was LED, λ=589.3nm. The refractometer was calibrated twiceusing distilled water and calibration was checked after every few measurements [12a]. Theuncertainty of refractive index measurement was ±0.0002 units.The pH values of the experimental solutions were measured by a Mettler Toledo SevenMulti pH meter [12b]. The measurements were made in a thermostated water bathmaintaining the temperature at 298.15K, 303.15K and 308.15K with the uncertainty 0.01K.
6.3. Result and Discussion:The physical parameters of binary mixtures in different mass fractions(w1=0.00001, 0.00002, 0.00003) of aqueous uric acid (UA) solutions at three differenttemperatures (298.15 K, 303.15 K and 308.15 K) have been reported in table 2. Theexperimental measured values of density, viscosity of citric acid (CA) as a function ofconcentration (molality), in different mass fractions of aqueous uric acid mixture at threeabove mentioned temperatures have been listed in table 3. According to the pH data ofternary solution citric acid in different mass fraction of aqueous uric acid is found withinthe range of 5-6; which is clear that the citric acid is exists as H++H2Cit- form (scheme 1) internary solutions.
6.3.1 Apparent molar volume:Volumetric properties, like, apparent molar volume (φV) and limiting apparentmolar volume (φV0) consider important tools for understanding of interactions taking placein solution systems. The apparent molar volume can be regarded to be the sum of thegeometric volume of the central solute molecule and changes in the solvent volume due toits interaction with the solute around the peripheral or co-sphere. Therefore, the apparentmolar volumes (φV) have been determined from the solutions densities using the suitableequation [13] and the values are given in table 4.
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φV = M/ρ – 1000 (ρ – ρ0)/mρρ0 (1)where M is the molar mass of the solute, m is the molality of the solution, ρ and ρ0 are thedensity of the solution and aqueous uric acid mixture respectively.The values of (φV) are positive and large for all the systems, signifying strong solute-solvent interactions. The apparent molar volumes (φV) are found to decrease withincreasing concentration (molality, m) of citric acid in same mass fraction of aqueous uricacid at same temperature. It is also found that apparent molar volumes (φV) increase withboth increasing temperature as well as mass fraction of aqueous uric acid solution andvaried linearly with √m and could be least-squares fitted to the Masson equation [14] fromwhere limiting molar volume, φV0 (infinite dilution partial molar volume) have beenestimated and the values have been represented in table 5.
φV = φV0 + SV*√m (2)where φV0 is the apparent molar volume at infinite dilution, SV* is the experimental slope. Atinfinite dilution each solute molecule is surrounded only by the solvent molecules andremains infinite distant from each other. As a consequence, that φV0 is unaffected by solute-solute interaction and it is a measure only of the solute-solvent interaction.An inspection of table 5 and fig 1 shows that φV0 are large and positive for all citricacid at all the studied temperatures, suggesting the presence of strong solute-solventinteraction. Comparing φV0 and SV* values show that the magnitude of φV0 is greater than

SV*, suggesting that solute-solvent interactions dominates over the solute-soluteinteractions in all solutions at all studied temperature. Moreover, SV* values are negative atall temperatures and the values decreases with increasing temperature which indicatesdiminishing force of solute-solute interaction.The variation of φV0 with temperature are fitted to a polynomial of the following
φV0 = a0 + a1 T + a2 T2 (3)where T is the temperature in K and a0, a1 and a2 are the empirical coefficients dependingon the solute, mass fraction of cosolute uric acid.  Values of coefficients of the aboveequation for the citric acid in aqueous uric acid mixtures are reported in table 6.The limiting apparent molar expansibilities, φE0, can be evaluated by the followingequation,

φE0= (δφV0/δT)P = a1 + 2a2T (4)
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The limting apparent molar expansibilities, φE0, change in magnitude with the change oftemperature. The values of φE0 for different solutions of studied citric acid at (T=298.15,303.15 and 308.15 K) are reported in table 7.All the values of φE0 shown in the table 7 are positive for citric acid in aqueous uricacid and studied temperature. This fact helps to explain the absence of caging or packingeffect for the citric acid in solution [15].The long-range structure-making and breaking capacity of the solute in mixedsystem can be determined by examining the sign of (δφE0/δT)P developed by Hepler [16].
(δφE0/δT)P = (δ2φV0/δT2)P = 2a2 (5)The positive sign or small negative of (δφE0/δT)P signifies the molecule is a structure-maker; otherwise, it is a structure-breaker [17]. The perusal of table 7 shows that,

(δφE0/δT)P values of citric acid are all positive under investigation. It shows the moresymmetric rearrangement of the interacting molecules (citric acid and uric acid) with theformation of H-bonding, van der waal forces, dipole-dipole interactions etc. The plausiblesites of different interactions playing in the ternary solution are shown in scheme 2. Thissymmetric arrangement is signifies the molecules of citric acid and uric acid is definitelyinteracting with structure–making tendency in all of the studied solution systems. Thetable 7 also showing the positively magnitude of (δφE0/δT)P values in of citric acid is slightamount greater (0.0006-0.0008) for w1=0.00002 than other two mass fraction; depictingthis structure–making tendency for w1=0.00002 is more than other two mass fraction.
6.3.2 Viscosity:The experimental viscosity data for studied systems are listed in table 3. Therelative viscosity (ηr) has been calculated using Jones-Dole equation [18].

(η/η0 – 1)/√m = (ηr -1)/√m= A + B √m (6)Where ηr = η/η0 is the relative viscosity, η and η0 are the viscosities of ternary solutions(citric acid + aqueous uric acid) and solvent (aqueous mixture of uric acid) respectively and
m is the molality of citric acid in ternary solutions.  Where A is known as Falkenhagencoefficient [19] as it is determined by the ionic attraction theory of Falkenhagen-Vernonand B is empirical constants known as viscosity B- coefficients, which are specific to solute-solute and solute-solvent interactions respectively. The values of A- and B- coefficients areestimated by least-square method by plotting (ηr -1)/√m against √m and reported in table
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4. It is observed from table 4 the values of the A-coefficient are found to decrease withincrease in temperature. This fact indicates the presence of very weak solute-soluteinteraction and also in excellent agreement with those obtained from SV* values.The valuable information about the solvation of the solvated solutes and theireffects on the structure of the solvent in the local vicinity of the solute molecules insolutions has been obtained from viscosity B-coefficient [20]. It is found from table 4 andfig 3; the values of B-coefficient are positive and much higher than A-coefficient whichsignifies solute-solvent interaction is dominant over solute-solute interaction. It is alsoobserved that the value of viscosity B-coefficient increases with increasing temperatureand also increases with an increase in mass fraction of aqueous uric acid mixture whichsuggests that solute-solvent interaction is strengthened with rise in temperature as well asmass fraction of aqueous uric acid mixture. These results are in good agreement with thoseobtained from φV0 values.It is observed from table 4 that the values of the B-coefficient of citric acid increaseswith temperature, i.e., the dB/dT values are positive. From table 8, the small positive dB/dTvalues for the citric acid behaves behave almost as structure-maker.The free energy of activation of viscous flow per mole of solvent, ∆μ10≠ as proposedby Eyring and co-workers [21] could be calculated from the following equation:
η0 = (hNA/ V10) exp(∆μ10≠/RT) (7)Where h, NA and V10 are the Planck’s constant, Avogadro’s number and partial molarvolume of the solvent respectively. The equation (7) can be rearranged as follows we get

∆μ10≠ =RT ln (η0 V10/ hNA) (8)Feakins et al.[22-24] suggested that if equations (6) and (8) are obeyed, then
B = (V10 – V20) + V10 [(∆μ10≠ - ∆μ20≠)/RT] (9)where V20 is the limiting partial molar volume (φV0) of the solute and ∆μ20≠ is the ionicactivation energy per mole of solute at infinite dilution . Rearranging the equation (9) weget

∆μ20≠ = ∆μ10≠ + (RT/ V10)[B - (V10 – V20)] (10)From table 8, it is evident that ∆μ20≠ values are all positive and much larger than ∆μ10≠,suggesting that interaction between solute (citric acid) and solvent (aqueous uric acidmixture) molecules in the ground state is stronger than in the transition state. According tofree energy terms the salvation of solute in the transition state is unfavourable.
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The entropy of activation (∆S20≠) [23] for the solution has been calculated using relation:
∆S20≠ = - d(∆μ20≠)/dT (11)where ∆S20≠ has been obtained from the negative slope of the plots of ∆μ20≠ against T byusing a least-squares treatment.The enthalpy of activation (∆H20≠)[23] has been obtained from the relation:

∆H20≠ = ∆μ20≠ + T∆S20≠ (12)The values of ∆S20≠ and ∆H20≠ are also reported in table 8.It is evident from table 8, that ∆μ10≠ is practically constant at all the mass fraction ofthe aqueous uric acid mixture, suggesting that ∆μ20≠ is mainly dependent on the viscositycoefficients and (V10 – V20) terms. Positive ∆μ20≠ values at all studied temperature andsolvent composition suggests that the process of viscous flow becomes difficult as thetemperature and mass fraction of aqueous uric acid mixture increases. Therefore, theformation of transition state becomes lee favourable. Feakins et al.[23] proposed that, ∆μ20≠

> ∆μ10≠ for solutes having positive B-coefficients and indicates a stronger solute –solventinteractions, thereby suggesting that the formation of transition state is accompanied bythe rupture and distortion of the intermolecular forces in the solvent structure [23,25]. Thenegative values of both ∆S20≠ and ∆H20≠ suggest that the formation of transition state isassociated with bond-making and an increase in order. Although a detailed mechanism forthis is not easily advanced, it may be suggested that the slip-plane is in the disordered state[23, 26]. According to Feakins et al. model, as ∆μ20≠ > ∆μ10≠, the solute (citric acid) behavesas structure makers. This again supports the behaviour of dB/dT for the solute in aqueousuric acid mixture.Furthermore, it is attractive to observe that there is linear correlation betweenviscosity B-coefficients of the studied citric acid with the limiting apparent molar volumes(φV0) in different mass fraction of aqueous uric acid solutions (shown in figure 5). From theabove fact it means
B = A1 + A2 φV0 (13)The coefficients A1 and A2 are listed in table 9. As both viscosity B-coefficient and limitingapparent molar volume define the solute-solvent interaction in solution. The linearvariation of viscosity B-coefficient and limiting apparent molar volume (φV0) reflects thepositive slope (or A2).It is evident from this study, that there is a strong interaction between citric acidand uric acid and it becomes stronger with rise in temperature. As molecules of uric acid
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are engaged with the citric acid’s molecules, the accumulation among the uric acidmolecules becomes less effective. Therefore, the process of crystallization and depositionof uric acid gets hampered in presence of citric acid (Scheme 3). The above fact suggeststhat the relief of painful effect of gout can be achieved by consumption of more citrus fruitsand by making warmth the affected area.As we know that the gout is the disease occurred due to the crystallization of uricacid in the joint of human body.  Therefore the interaction of citric acid with uric acid inaqueous solution at human body temperature (37oC) is important. We have obtained thederived parameters like, limiting apparent molar volume (φV0), viscosity B-coefficient, andpresented in table 5. The tables clearly indicates that the limiting apparent molar volume(φV0), viscosity B-coefficient is increases with increasing mass fraction of uric acid as wellas citric acid, which indicates the positive effect of hampering in crystallization anddeposition of uric acid in joint of the human body, as a result presence of citric acid reliefthe painful effect of gout. The effect also evidence from the values of free energy ofactivation (∆μ10≠ and (∆μ20#), entropy (∆S20≠) and enthalpy (∆H20≠) (table 8). The positivevalues and increasing order of free energy of activation and negative magnitude anddecreasing degree of entropy (∆S20≠) and enthalpy (∆H20≠) also suggesting the positiveeffect for pain relief of gout in presence of citric acid.
6.3.3 Refractive Index:The measurement of refractive index is also a suitable method for investigating themolecular interaction existing in solution. The molar refraction (RM) can be evaluated fromthe Lorentz-Lorenz relation [27]. The refractive index of a substance is defined as the ratio
co/c, where c and co is the velocity of light in the medium and in vacuum respectively.Stated more simply that the refractive index of a compound describes its ability to refractlight as it passes from one medium to another and thus, the higher the refractive index of acompound, the more the light is refracted [28]. As stated by Deetlefs et al.[29] therefractive index of a substance is higher when its molecules are more tightly packed or ingeneral when the compound is denser. Hence, a perusal of table 10 we found that therefractive index and the molar refraction are higher for the studied citric acid in all themass fraction of aqueous uric acid, indicating to the fact that the molecules are more tightlypacked in the solution.
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The Limiting molar refraction (RM0) estimated from the following equation (14) andpresented in table 10.
RM = RM0 + RS √m (14)Accordingly, we found that the higher values of refractive index and RM0 whichrepresenting the fact that the molecules of citric acid are more tightly packed and greatersolute-solvent interaction with uric acid molecules or more solvated in solution. This isalso in good agreement with the results obtained from apparent molar volume andviscosity B-coefficients discussed above.All the above derived parameters suggest that there is strong interaction between citricacid (solute) and uric acid (solvent) and these increases with rise in temperature. Thesolute-solvent interaction is much greater than the solute-solute and solvent-solventinteractions.

6.4. Conclusion:It is evident from this study, that there is a strong interaction between citric acidand uric acid and it becomes stronger with rise in temperature. As molecules of uric acidare engaged with the citric acid’s molecules, the accumulation among the uric acidmolecules becomes less effective. Therefore, the process of crystallization and depositionof uric acid gets hampered in presence of citric acid (Scheme 3). The above fact suggeststhat the relief of painful effect of gout can be achieved by consumption of more citrus fruitsand by making warmth the affected area.
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Tables:

Table 1: Source and purity of the chemicals

Chemical name Source mass fraction

purity

Purification

methodCitric acid monohydrate Himedia ≥0.99 Used as procuredUric acid sd fine chem Ltd ≥0.99 Used as procured
Table 2: Experimental values of density (ρ), viscosity (η) and pH at three different

temperatures ( 298.15 K, 303.15 K and 308.15 K) and refractive index (nD) at 298.15

K  of different mass fraction (w1) of aq. uric acid mixtures*

*Standard uncertainties u are: u (ρ) =5×10-5kg∙m-3, u (η) =0.003 mP∙s, u (nD) =0.0002, u(pH) = 0.01 and u (T) =0.01K,

Aq. Uric acid

Mixture (w1)

Temperature

(K)
ρ×10-3

/kg∙m-3

η

/mP∙s
nD

pH

0.00001 298.15 0.99698 0.90 1.3316 6.58303.15 0.99558 0.82 6.50308.15 0.99401 0.73 6.41
0.00002 298.15 0.99704 0.90 1.3321 6.60303.15 0.99566 0.83 6.52308.15 0.99407 0.75 6.43
0.00003 298.15 0.99712 0.91 1.3327 6.63303.15 0.99573 0.84 6.53308.15 0.99414 0.76 6.44



Foundation of Gout....Physicochemical Study

Communicated in Journal of Chemical Thermodynamics 193

Table 3: Experimental values of density (ρ) and viscosity (η) and pH of citric acid in

different mass fractions of aqueous uric acid mixture (w1) at three different

temperatures*

molality

/mol∙kg-1

ρ×10-3

/kg∙m-3

η

/mP∙s
pH

molality

/mol∙kg-1

ρ×10-3

/kg∙m-3

η

/mP∙s
pH

molality

/mol∙kg-1

ρ×10-3

/kg∙m-3

η

/mP∙s
pHw1=0.00001T = 298.15 K T = 303.15 K T = 308.15 K0.0100 0.99721 0.91 6.51 0.0101 0.99576 0.83 6.43 0.0101 0.99417 0.74 6.350.0252 0.99789 0.92 6.42 0.0252 0.99647 0.84 6.34 0.0253 0.99481 0.75 6.250.0404 0.99896 0.93 6.32 0.0404 0.99751 0.85 6.25 0.0405 0.99577 0.75 6.160.0556 1.00021 0.93 6.23 0.0557 0.99874 0.86 6.16 0.0558 0.99711 0.76 6.070.0709 1.00149 0.94 6.14 0.0710 1.00004 0.86 6.07 0.0712 0.99842 0.77 5.980.0863 1.00303 0.95 6.06 0.0864 1.00155 0.87 5.98 0.0866 0.99994 0.77 5.90w1=0.00002T = 298.15 K T = 303.15 K T = 308.15 K0.0100 0.99723 0.92 6.53 0.0101 0.99579 0.84 6.45 0.0101 0.99418 0.76 6.370.0252 0.99791 0.93 6.44 0.0252 0.99652 0.85 6.36 0.0253 0.99482 0.77 6.270.0404 0.99898 0.94 6.34 0.0404 0.99755 0.86 6.27 0.0405 0.99580 0.77 6.180.0556 1.00025 0.95 6.25 0.0557 0.99878 0.87 6.18 0.0558 0.99714 0.78 6.090.0709 1.00153 0.96 6.16 0.0710 1.00009 0.88 6.09 0.0712 0.99845 0.79 6.000.0863 1.00307 0.97 6.08 0.0864 1.00159 0.88 6.00 0.0865 0.99997 0.80 5.92w1=0.00003T = 298.15 K T = 303.15 K T = 308.15 K0.0100 0.99726 0.92 6.56 0.0101 0.99582 0.85 6.48 0.0101 0.99420 0.77 6.390.0252 0.99795 0.93 6.47 0.0252 0.99654 0.86 6.39 0.0253 0.99484 0.78 6.290.0404 0.99903 0.95 6.37 0.0404 0.99758 0.87 6.30 0.0405 0.99583 0.78 6.200.0556 1.00029 0.96 6.28 0.0557 0.99882 0.88 6.20 0.0558 0.99718 0.79 6.110.0709 1.00158 0.97 6.19 0.0710 1.00014 0.89 6.12 0.0712 0.99849 0.80 6.020.0863 1.00312 0.98 6.10 0.0864 1.00164 0.90 6.03 0.0865 1.00001 0.81 5.94* Standard uncertainties u are: u (ρ) =5×10-5 kg∙m-3, u (η) =0.003 mP∙s and u (T) =0.01K
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Table 4: Apparent molar volume (φV) and (ηr-1)/√m of citric acid in different mass

fraction (w1) of aqueous uric acid mixtures at three different temperatures*

molality

/mol∙kg-1

φV×106

/m3mol-1

(ηr-1)/√m

/kg1/2mol -1/2

molality

/mol∙kg-1

φV×106

/m3mol-1

(ηr-1)/√m

/kg1/2mol -1/2

molality

/mol∙kg-1

φV×106

/m3mol-1

(ηr-1)/√m

/kg1/2mol -1/2w1=0.00001T = 298.15 K T = 303.15 K T = 308.15 K0.0100 188.21 0.1169 0.0101 192.59 0.0833 0.0101 194.91 0.06810.0252 174.27 0.1420 0.0252 175.40 0.1206 0.0253 179.13 0.10330.0404 161.13 0.1655 0.0404 162.61 0.1440 0.0405 167.14 0.12730.0556 151.87 0.1826 0.0557 153.36 0.1631 0.0558 154.63 0.14760.0709 146.15 0.2019 0.0710 147.08 0.1778 0.0712 148.03 0.16840.0863 139.38 0.2181 0.0864 140.53 0.1913 0.0866 141.22 0.1823w1=0.00002T = 298.15 K T = 303.15 K T = 308.15 K0.0100 191.71 0.1258 0.0101 197.60 0.0850 0.0101 200.33 0.07670.0252 175.86 0.1568 0.0252 176.51 0.1240 0.0253 181.21 0.11110.0404 162.12 0.1800 0.0404 163.60 0.1499 0.0405 167.89 0.13920.0556 152.23 0.2021 0.0557 154.08 0.1719 0.0558 155.30 0.16130.0709 146.43 0.2251 0.0710 147.49 0.1897 0.0712 148.45 0.18310.0863 139.61 0.2380 0.0864 140.99 0.2054 0.0865 141.60 0.2044w1=0.00003T = 298.15 K T = 303.15 K T = 308.15 K0.0100 196.71 0.1271 0.0101 202.50 0.0889 0.0101 205.85 0.08110.0252 177.45 0.1619 0.0252 178.70 0.1304 0.0253 183.21 0.12140.0404 162.86 0.1891 0.0404 164.72 0.1597 0.0405 168.88 0.14940.0556 152.94 0.2105 0.0557 154.62 0.1840 0.0558 155.78 0.17450.0709 146.85 0.2313 0.0710 147.77 0.2027 0.0712 148.87 0.19740.0863 139.95 0.2580 0.0864 141.21 0.2250 0.0865 141.97 0.2245* Standard uncertainties u are: u (T) =0.01K, the accuracy of φV is 1.75×10-6 m3 mol-1and (ηr-1)/√m is 0.005 kg1/2mol -1/2
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Table 5: Limiting apparent molar volume (φV0), experimental slope (SV*), viscosity A-

and B-coefficient of Citric acid in different mass fraction (w1) of aqueous uric acid

mixtures at three different temperatures*

Aq. Uric acid

Mixture (w1)
T (K)

φV0 ×106

/ m3 mol-1

SV*×106

/m3·mol- 3/2 ·kg1/2

B

/ kg·mol-1

A

/ kg1/2·mol-1/2

0.00001 298.15 213.7 -255.9 0.525 0.061303.15 218.4 -269.7 0.555 0.030308.15 223.3 -282.4 0.592 0.008310.15 225.68 -289.12 0.61 -0.01
0.00002 298.15 218.3 -272.5 0.591 0.060303.15 224.1 -290.3 0.621 0.024308.15 230.1 -306.9 0.656 0.007310.15 233.03 -315.60 0.67 -0.01
0.00003 298.15 224.4 -294.4 0.661 0.058303.15 230.6 -314.2 0.695 0.019308.15 237.0 -332.0 0.725 0.006310.15 240.13 -341.57 0.74 -0.01* Standard uncertainties values of u are: u (T) =0.01K

Table 6: Values of various coefficients and standard deviation of equation-3 for citric

acid in different aqueous uric acid solutions*

Aq. Uric acid

Mixture

(w1)

a0 ×106

/ m3 mol-1

a1×106

/ m3 mol-1K-1

a2 ×106

/ m3 mol-1K-2
σ

0.00001 294.9 -1.465 0.0043 0.00020.00002 233.9 -1.245 0.0047 0.00030.00003 216.2 -1.165 0.0041 0.0001Average standarddeviation 4.2 0.013 0.0003
* Standard uncertainties values of u are: u (T) =0.01K
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Table 7: Limiting apparent molar expansibilities (φE0) for citric acid in different

mass fraction of aqueous uric acid (w1) at 298.15, 303.15 and 308.15 K*

Aq. Uric acid

Mixture

(w1)

φE0×106/ m3 mol-1 K-1
(δφE0/δT)P×106

/ m3 mol-1 K-2

T=298.15 K T=303.15 K T=308.15 K0.00001 1.099 1.142 1.185 0.00860.00002 1.498 1.544 1.590 0.00940.00003 1.280 1.321 1.362 0.0082* Standard uncertainties  values of u are: u (T) =0.01K
Table 8: Values of V10, (V10–V20), ∆μ10≠, ∆μ20≠, T∆S20≠ and ∆H20≠ and standard deviation

(σ ) for citric acid in different mass fraction (w1) of aqueous uric acid mixture at

different temperatures*

T/ K
V10.106/m3.mol-1 (V10–V20).106/m3.mol-1 ∆μ10≠/KJ.mol-1 ∆μ20≠/KJ.mol-1 T∆S20≠

/ KJ.mol-1 ∆H20≠/KJ.mol-1w1=0.00001 298.15 18.05 -195.64 9.18 108.12 -406.37 -298.25
303.15 18.08 -200.32 9.11 114.4 -413.19 -298.79
308.15 18.11 -205.19 8.97 121.75 -420.01 -298.26
310.15 18.13 -207.56 8.92 125.07 -423.42 -298.35w1=0.00002 298.15 18.05 -200.25 9.19 117.85 -416.81 -298.96
303.15 18.08 -206.02 9.14 124.43 -423.8 -299.37
308.15 18.11 -212 9.04 131.83 -430.79 -298.96
310.15 18.13 -214.92 9.01 135.26 -434.29 -299.03w1=0.00003 298.15 18.05 -206.35 9.21 128.32 -426.06 -297.74
303.15 18.08 -212.52 9.17 135.68 -433.2 -297.52
308.15 18.11 -218.89 9.08 142.61 -440.35 -297.79
310.15 18.13 -222.01 9.05 146.22 -443.92 -297.76σ 0.03 7.22 0.08 10.85 10.57 0.65* Standard uncertainties values of u are: u (T) =0.01K,
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Table 9: Values of dB/dT, A1 , A2 coefficients and standard deviation (σ ) for the citric

acid in different mass fraction of aqueous uric acid (w1) at 298.15 K, 303.15 K and

308.15 K*

Aq. Uric acid

Mixture

(w1)

dB/dT A1 A2 σ

0.00001 0.006 -0.968 0.007 0.00030.00002 0.006 -0.612 0.005 0.00020.00003 0.006 -0.477 0.005 0.0002Average standarddeviation 0.001 0.015 0.001
* Standard uncertainties  values of u are: u (T) =0.01K

Table 10: Refractive Index (nD), Molar Refraction (RM) and Limiting Molar Refraction

(RM0) citric acid in different mass fraction of aqueous uric acid solutions at 298.15 K*

molality

/mol∙kg-1
nD

RM×106

/ m3 mol-1

RM0×106

/ m3 mol-1

w1=0.000010.1000 1.3319 43.2210.1225 1.3322 43.2240.2000 1.3327 43.234 43.200.2345 1.3332 43.2390.2646 1.3337 43.2430.2915 1.3343 43.247
w1=0.000020.1000 1.3323 43.2670.1225 1.3326 43.2710.2000 1.3331 43.285 43.240.2345 1.3337 43.2930.2646 1.3342 43.3000.2915 1.3348 43.304
w1=0.00003
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0.1000 1.3331 43.3590.1225 1.3335 43.3750.2000 1.3342 43.413 43.300.2345 1.3349 43.4310.2646 1.3355 43.4510.2915 1.3362 43.466*Standard uncertainties u are: u (nD) =0.0002 and u (T) =0.01K
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Figures:

Figure 1: Plot of φV0 as a function of different mass fraction (w1) of aqueous uric

acid solutions, (♦)T= 298.15 K; (■)T= 303.15 K and  (▲)T= 308.15 K

Figure 2: Plot of φV0 as a function of temperature (T/K) of different mass fraction

(w1) of aqueous uric acid solutions, (♦) w1=0.00001; (■) w1=0.00002 and (▲)

w1=0.00003
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Figure 3: Plot of B as a function of different mass fraction (w1) of aqueous uric acid

solutions, (♦) T= 298.15 K; (■) T= 303.15 K and (▲) T= 308.15 K

Figure 4: Plot of B as a function of temperature (T/K) of different mass fraction

(w1) of aqueous uric acid solutions, (♦) w1=0.00001; (■) w1=0.00002 and (▲)

w1=0.00003
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Figure 5: Plot of B against φV0 of different mass fraction (w1) of aqueous uric acid

solutions, (♦) w1=0.00001; (■) w1=0.00002 and (▲) w1=0.00003

Figure 6: Plot of molar refractive index (RM) against square root of concentration

(√m) for citric acid in mass fraction (w1) of aqueous uric acid solution, (♦)

w1=0.00001; (■) w1=0.00002 and (▲) w1=0.00003
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Figure 5: Plot of B against φV0 of different mass fraction (w1) of aqueous uric acid

solutions, (♦) w1=0.00001; (■) w1=0.00002 and (▲) w1=0.00003

Figure 6: Plot of molar refractive index (RM) against square root of concentration

(√m) for citric acid in mass fraction (w1) of aqueous uric acid solution, (♦)

w1=0.00001; (■) w1=0.00002 and (▲) w1=0.00003
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Schemes:
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Scheme 3. Deposition of uric acid in joints in absence of citric acid (top) and in

presence of citric acid (bottom)
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CHAPTER - VII

STUDY OF COMPLEXATION OF IONIC LIQUID INSIGHT INTO CROWN ETHERS IN

AQUEOUS ENVIRONMENTS BY PHYSICOCHEMICAL TECHNIQUES

7.1 Introduction:Crown ethers (CEs) belong to the family of macrocyclic compounds which drawattention since their discovery in 1967, particularly in the research area of host–guestand coordination chemistry [1,2]. CEs can form complexes with diverse molecules intotheir cavity through various interactions with multiple oxygen atoms [3]. CEs are usefulas phase transfer catalysts, photo-switching devices, drug carriers, etc.[4,5]. Theseunique cyclic molecules are important for molecular recognition of suitable substratesby hydrogen bonds and ionic interactions [6]. These studies of complexations arenoteworthy for a better understanding of the mechanism of biological transfer ofmolecules [7,8]. It is known that the imidazolium cation can form inclusion complexeswith crown-ether-type hosts via H-bonding [8]. 1, 3-disubstituted imidazolium salts areknown to form inclusion complex with large CEs through intermolecular hydrogen-bond formation as demonstrated by different researchers [9-11]. In 1,3-disubstitutedimidazolium salts, all protons on the imidazolium ring are fairly acidic as the positivecharge is delocalized over the entire imidazolium ring [12,13]. The acidic protons areattractive in supramolecular chemistry for the formation of hydrogen-bonds with theelectron pair on the oxygen atoms, which is responsible for the stability of the complexformed [14,15]. Imidazolium salts are important not only in organometallic chemistry,but also in organic chemistry and material science as ionic liquids (ILs) due to theirexceptional chemical, physical, and electrical properties [16-19].In the present work we have studied the inclusion complex formation of 1-ethyl-3-methylimidazolium tosylate [EMIm]Ts with  15-crown-5 (15-C-5)  and 18-crown-6(18-C-6) in aqueous medium (scheme 1).  The complexations have been explained by1H NMR study, the formation constants have been evaluated from conductivity studyand the stoichiometries have been derived from surface tension study.
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7.2. Experimental Section

7.2. 1. Source and Purity of Samples15-Crown-5, 18-Crown-6 and 1-ethyl-3-methylimidazolium tosylate werepurchased from Sigma-Aldrich, Germany and used as it was. Mass fraction purity of 15-Crown-5, 18-Crown-6 and 1-ethyl-3-methylimidazolium tosylate were 0.98, ≥ 0.99 and≥ 0.98 respectively.
7.2. 2. Apparatus and procedureSolubilities of 15-Crown-5, 18-Crown-6 and 1-ethyl-3-methylimidazoliumtosylate were precisely checked in triply distilled and degassed water and observed thatthese were freely soluble in water. All the stock solutions were prepared by mass(weighed by Mettler Toledo AG-285 with uncertainty 0.0003g) at 298.15 K. Sufficientprecautions were made to decrease evaporation losses during mixing.Conductivities of the solutions were studied by Mettler Toledo Seven Multiconductivity meter having uncertainty 1.0 µSm-1. The study was carried out by usingOmniset thermostat water bath at 298.15 K with uncertainty ±0.01 K. HPLC grade waterwas used with specific conductance 6.0 µS m-1. The conductivity cell was calibratedusing 0.01M aqueous KCl solution.Surface tensions of the solutions were determined by platinum ring detachmenttechnique using a Tensiometer (K9, KRŰSS; Germany) with an accuracy of ±0.1 mN∙m−1.Temperature of the system was maintained by Brookfield TC-550 water bath at298.15±0.01 K through a double-wall glass vessel holding the solution.NMR spectra were recorded in D2O unless otherwise stated. 1H NMR spectrawere recorded at 300 MHz using Bruker Avance 300 MHz instrument. Signals arequoted as δ values in ppm using residual protonated solvent signals as internalstandard (D2O : δ 4.79 ppm). Data are reported as chemical shift.
7.2. 3. 1H NMR data

15-Crown-5: 1H NMR (300 MHz, D2O): δ = 3.53 (20H, s, OCH2).
18-Crown-6: 1H NMR (300 MHz, D2O): δ = 3.55 (24H, s, OCH2).
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[EMIm]Ts: 1H NMR (300 MHz, D2O): δ = 1.17-1.32 (3H, t), 2.20 (3H, s), 3.68 (3H, s),3.93-4.04 (2H, q), 7.15-7.26 (3H, m), 7.47-7.50 (2H, d), 8.42-8.48 (2H, d).
15-Crown-5 + [EMIm]Ts: 1H NMR (300 MHz, D2O): δ =1.14-1.29 (3H, t), 2.20 (3H, s),3.59 (20H, s, OCH2), 3.60 (3H, s), 3.89-4.00 (2H, q), 7.05-7.15 (3H, m), 7.47-7.50 (2H, d),8.42-8.48 (2H, d).
18-Crown-6 + [EMIm]Ts: 1H NMR (300 MHz, D2O): δ =1.15-1.30 (3H, t), 2.20 (3H, s),3.58 (20H, s, OCH2), 3.62 (3H, s), 3.90-4.01 (2H, q), 7.07-7.16 (3H, m), 7.47-7.50 (2H, d),8.42-8.48 (2H, d).
7.3. Result and Discussion

7.3.1. Conductivity study illustrates complexation process and their formation

constantsConductivity studies have been reported to evaluate the interactions between[EMIm]Ts with  15-C-5  and  18-C-6 in aqueous medium at 298.15 K and the values arepresented in the table 1. The formation constants (log Kf) of the complexes are found inthe order ([EMIm]Ts+15-C-5)>([EMIm]Ts+ 18-C-6) and shown in table 2. Theconductivity (κ) of imidazolium salt in aqueous medium was examined as a function ofCE/IL mole ratio and the resulting plots at are shown in figure 1 [20,21]. In both casesthere are gradual decreases in the conductivity with increase in the CE concentrations.This behaviour indicates that the complexed imidazolium cation is less mobile than thecorresponding free imidazolium cation in aqueous solution [22]. In figure 1 addition ofthe CE solution to the imidazolium salt solution causes a continuous decrease in κ whichcommence at a mole ratio greater than one, indicating the formation of a stable 1:1complex [23]. The stability of these complexes depends mainly on the strength of thebonds between acidic protons of the imidazolium ring and oxygen atoms of crown ether(Scheme 2) [24].The following mathematical treatment was done to calculate the formationconstant. The 1:1 complexation of IL with CE can be expressed by the followingequilibrium [25]
fK

M C MC   (1)
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The corresponding equilibrium constant, fK is given by
[ ] ( )

[ ][ ] ( ) ( )f

MC f MC
K

M C f M f C

 

   (2)
where [MC+], [M+], [C] and f represent the equilibrium concentrations of the complex,free cation, free ligand and the activity coefficients of the species indicated, respectively.In the dilute conditions the activity coefficient of uncharged macrocycle, f (C), can bereasonably assumed as unity [26]. The use of the Debye-Hückel limiting law, leads to theconclusion that f (M+) ∼ f (MC+), so the activity coefficients in Equation (2) cancel out[27]. The formation constant in terms of the conductivity (κ), can be expressed as,

= [ ][ ][ ] = ( )( )[ ] (3)
where [ ] = − ( )( ) (4)

Here, κM is the conductivity of the cation before addition of ligand, κMC is theconductivity of the complexed ion, κobs is the conductivity of the solution duringtitration, CC is the analytical concentration of the macrocycle added and MC is theanalytical concentration of the salt. The complex formation constant, fK , and theconductivity of the complex, κMC were evaluated by using Equations (3) and (4).The data shown in table 2 indicates that formation constant log fK forimidazolium cation with 15-C-5 is higher than with 18-C-6 at 298.15K might be due tomore close and compact structure of the host and the guest in case of former than thelater [28].
7.3.2. Surface tension study explains the complexation as well as their

stoichiometric ratioSurface tension (γ) measurement provides significant indication about formationof inclusion complex as well as stoichiometry of the host-guest assembly [29,30]. Thevalues of surface tension at different mole ratio of CE/IL are listed in table 3. In thepresent work [EMIm]Ts shows surfactant like activity, thus γ of the [EMIm]Ts solutionshows decreasing trend with increasing concentration of CEs. In this work as CEs are
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added in IL solution the imidazolium group binds to the oxygen atoms of the CE and theformation of inclusion complex takes place [31,32]. As a result charged portion of the ILform complex with CE, the effect of hydrophobic chains increases i.e., surface tension ofthe solution decreases slowly.  At a certain concentration of [EMIm]Ts and CE, a singlebreak was observed  in the surface tension curve (figure 2). The single break  point  insurface  tension  curve  not  only  indicates  the  formation  of  complex between[EMIm]Ts and CE but also about its stoichiometry, i.e., appearance of single break pointin the plot indicates 1:1 stoichiometry of the complex [33]. The value of γ at the breakpoint and corresponding concentrations of both CEs and [EMIm]Ts have been listed intable 4, which again shows that the ratio of concentrations of the host and guest at thebreak point is almost 1:1, indicating the stoichiometries of the complexes as 1:1 [34].
7.3. 3. 1H NMR study confirms complexation phenomenonThe complexation of imidazolium salt with crown ethers were investigated by 1HNMR spectroscopy in D2O  at 298.15 K. The 1H NMR spectra of 15-C-5, [EMIm]Ts and 1:1molar mixture of the two are shown in figure 3. Comparison of the 1H NMR spectra infigure 3 reveals that the  signals  for  hydrogen  atoms  of  the  imidazolium  ion wereshifted toward upfield, because of shielding by the electrons from oxygen of CE, whichsupports  the  complex formation through H-bond formation involving [(C–H)Imidazolium……O-Crown] interaction [35]. Signals  for  the –OCH2 protons  ofcrown  ether  were  found  to  be  downfield shifted relative to those signals for the freecomponent, because of donation of electrons toward the imidazolium component [29].In case of complex of 18-C-6 (figure 4), upfield shift for the signals of imidazoliumprotons and downfield shift of the CE protons were observed. The changes in chemicalshifts suggest that  host-guest  complexation  between  crown  ethers  and  imidazoliumsalt exists  in  both  the complexes [36,37]. The blue arrows show the upfield chemicalshift of the imidazolium protons, the red arrow show downfield chemical shift of the CEprotons and the green arrows show unshifted signals of the tosylate moiety. Based ondifferent interactions and 1H NMR chemical shifts data  for  the  two  complexes,plausible scheme has been  proposed  and  represented in scheme 2. In  the  complexesthe imidazolium ring can penetrate into the hollow circular based cavity of themacrocycle 15-C-5 or 18-C-6 forming strong  H-bonding  but  the  substituents in  the1,3  position  point  away from the cavity of the crown ethers [38]. Thus  detailed 1H
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NMR  spectral  studies  indicate  that  hydrogen  bonding interactions [(C–H)Imidazolium……O-Crown] results in strong inclusion complex formation supportingthe data obtained from conductivity and surface tension measurements.
7.3. 4. Typical features of interactions in complexation processInclusion complex  formation between CEs and imidazolium  ion  involvesdifferent possible modes of interactions [39]. The most important one is the hydrogenbonding interaction  between  oxygen  atom  of  crown  ethers  (O-Crown)  and  acidicC–H  protons  of imidazolium  ion  [(C–H)Imidazolium]  for  [(C–H)Imidazolium……O-Crown]–interaction [40]. Apart  from  H-bonding,  induced  dipole–dipole  interactionbetween  imidazolium  ion  and  O-Crown having δ- charge could also contribute to theoverall stability of the complex formation[41]. However,  this  induced  dipole–dipoleinteraction  is  expected  to  be  weaker  as compared to hydrogen bonding interactionas discussed [42]. The  stability  constants  (logKf)  for  1:1  complexation  weremeasured  in aqueous solution  by  conductivity study  and  are  presented  in table  2.In  both  the  complexes H-bonding  to  the  ether oxygen  atoms  is  obviouslyresponsible for complexation [29]. This has been shown by the suitable plausiblemechanism (scheme 2). There may be possibility of ion-dipole interactions betweenpositive N atom of imidazolium  cation  and  ether  oxygen  atom [42]. The stabilityconstant for the complex with 18-C-6 is slightly lower than that of the complex with 15-C-5 (table 2). The more compact and close structure of the later seems to increase thestrength of H-bonding in the complex explaining the higher stability constant.
7.4. ConclusionThe conductivity data communicates the complex formation of crown etherswith IL molecule, which are consistent with the surface tension measurements and 1HNMR spectra. The studied complexes are mainly stabilised by hydrogen bonds and ion-dipole interactions play only a secondary role.  Larger  formation  constant  value  forcomplex with 15-C-5 compared  to that with 18-C-8 determined  by  conductivitystudy  indicates  that  imidazolium cation  form  stable  complex  with  15-C-5 comparedto 18-C-8 in aqueous solution.  The  1:1 complexation  of  the  imidazolium  based  ILby  different  crown  ethers  is  driven  by favourable stabilised interactions. This studyalso  helps  to  get  important  information  about the  other  host-guest  systems having
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crown ethers. This complexation study of imidazolium ion provide  further  informationon  the  nature  of  the  complexation between  positively  charged  organic  guests  andmacrocyclic  polyethers. This  study  is also  significant  for  the  understanding  of  thevital role  of  imidazolium  cation  in  the design and construction of supramolecularhost-guest materials.
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Tables:

Table 1. Data for the mole ratio against specific conductivity of aqueous 15-

crown-5 and 18-crown-6 with 1-ethyl-3-methylimidazolium tosylate at 298.15Ka

MoleRatio(CE/IL)
κmS m-1

15-crown-5 18-crown-60.00 1.83 1.830.10 1.71 1.730.20 1.57 1.640.30 1.49 1.540.40 1.42 1.460.50 1.34 1.390.60 1.25 1.340.70 1.17 1.280.80 1.12 1.220.90 1.06 1.171.00 1.01 1.131.10 0.95 1.091.20 0.89 1.051.30 0.85 1.011.40 0.82 0.971.50 0.79 0.941.60 0.76 0.901.70 0.74 0.881.80 0.72 0.861.90 0.71 0.852.00 0.70 0.84
a Standard uncertainties intemperature (T) = 0.01 K.
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Table 2. Values of formation constant of different crown ethers complexes in

aqueous solution at 298.15 KaCE-ILsystem log Kf/M-115-C-5-[EMIm]Ts 2.9618-C-6-[EMIm]Ts 2.89
a Standard uncertainties intemperature (T) = 0.01 K.

Table 3. Data for the mole ratio against surface tension of aqueous 15-crown-5

and 18-crown-6 with 1-ethyl-3-methylimidazolium tosylate at 298.15Ka

MoleRatio(CE/IL)
γmN m-1

15-crown-5 18-crown-60.00 76.8 76.80.10 76.4 76.50.20 76.1 76.20.30 75.7 75.90.40 75.4 75.60.50 75.0 75.40.60 74.7 75.10.70 74.3 74.80.80 74.0 74.50.90 73.8 74.31.00 73.6 74.11.10 73.5 74.01.20 73.4 73.91.30 73.3 73.81.40 73.2 73.71.50 73.1 73.61.60 73.0 73.5
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1.70 72.9 73.41.80 72.8 73.31.90 72.7 73.22.00 72.6 73.1
a Standard uncertainties intemperature (T) = 0.01 K.

Table 4. Values of surface tension (γ) at the break point with corresponding to

concentrations of IL and crown ethers in aqueous solution at 298.15 KConc of CE/mM Conc of IL/mM γ/mN·m-115-crown-5 5.02 4.98 73.618-crown-6 5.05 4.95 74.1
a Standard uncertainties in temperature (T) = 0.01 K.
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Figures:

Figure 1. Variation of conductivity of aqueous (a) 15-C-5 and (b) 18-C-6 with mole ratioof CE/IL at 298.15 K.

Figure 2. Variation of surface tension of aqueous (a) 15-C-5 and (b) 18-C-6 with moleratio of CE/IL at 298.15 K.
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Figure 3. 1H NMR Spectra of 15-C-5, [EMIm]Ts and 1:1 molar ratio of 15-C-5 +[EMIm]Ts in D2O in 298.15K.

Figure 4. 1H NMR Spectra of 18-C-6, [EMIm]Ts and 1:1 molar ratio of 18-C-6 +[EMIm]Ts in D2O in 298.15K.
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Schemes:

Scheme 1. Molecular structures of (a) 15-crown-5, (b) 18-crown-6 and (c) 1-ethyl-3-methylimidazolium tosylate.

Scheme 2. Schematic presentation of complex formation between (a) imidazoliumcation and 15-crown-5, (b) imidazolium cation and 18-crown-6.
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CHAPTER - VIII

EXTENSIVE STUDY ON MOLECULAR INTERACTIONS OF THREE ESSENTIAL AMINO

ACIDS INSIGHT INTO H2O+[BMPYRR]PF6 MEDIA

8.1 IntroductionIonic size, shape and charge of the ionic liquid, 1-butyl-1-methylpyrrolidiniumhexafluorophosphate, affect the interaction in aqueous medium. The specificity of ion-solvent interaction behaviour, especially in an aqueous medium has been emphasizedand its role in various biophysical processes has been recognized [1]. Ion–ion and ion–solvent interactions or the behaviour of amino acids can be informative depending onthe volumetric and transport properties of solutions. [bmpyrr]PF6–water binarymixtures are exhibited a wide range of viscosity and a high degree of hydrogen bondingeffect. The addition of [bmpyrr]PF6 could break or make the structure in solution, asviscosity being a property of the solution depending upon the intermolecular forces, thestructural aspects.The stabilisation or destabilisation of native conformations of biologicalmacromolecules is commonly related to several non-covalent interactions includinghydrogen bonding, electrostatic and hydrophobic interactions [2, 3]. These interactionsare affected by the surrounding solutes and solvent molecules; for this reason, thebehaviours of proteins are strongly influenced by the presence of solutes. However, dueto the complex conformational and configurational three-dimensional structures ofproteins, direct investigations of the solute–solvent effect on these biologicalmacromolecules are very challenging [4]. Therefore, for better understanding we aretaken three simple essential amino acids e.g., L-Serine, L-Proline, and L-Histidine withpolar uncharged side chain, special case, electrically charged side chain respectively aremodel compound of protein and peptide molecules; utterly used in synthesis of proteinmolecules in living organism. If we add an ionic liquid in the solution medium, howthese molecule are acting or functioning through the solute-solvent or ion-solventinteractions, let’s we examine the interactions quantitatively and qualitatively bymeasuring the derived parameters, viz., apparent molar volume, viscosity B-coefficient,group contribution supplemented, molar refraction from experimental data of density,viscosity, and refractive index respectively.
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To the best of our knowledge, the studies in the present ternary solution systemshave not been reported earlier. Therefore, in the present study, we have endeavoured tomake certain the nature of solute–solvent or ion-solvent interactions of L-Serine, L-Proline, and L-Histidine, in w1 = 0.001, 0.003, 0.005 mass fraction of aq. [bmpyrr]PF6binary mixtures at 298.15 K, to explain the various interaction occurring in the studiedternary solution systems.
8.2 Experimental Section

8.2.1 Source and purity of Materials

The titled compounds i.e., amino acids and [bmpyrr]PF6 of puriss grade wereprocured from Sigma-Aldrich, Germany and used as purchased. The mass fractionpurity of L-Serine, L-Proline, L-Histidine and [bmpyrr]PF6 were ≥0.99, ≥0.98, ≥0.99, and≥0.975 respectively.
8.2.2 Apparatus and Procedure

Solubility of the ionic liquid [bmpyrr]PF6 in water (deionized, triply distilledwater with a specific conductance of 1×10-6 S∙cm-1) and titled amino acids in aqueous[bmpyrr]PF6, have been checked precisely, prior to start of the experimental work, andseen that the selected amino acids unreservedly soluble in all proportion of aq.[bmpyrr]PF6. The mother solutions of amino acids were prepared by mass (MettlerToledo AG-285 with uncertainty 0.0003g), and then the working solutions (six set) wereprepared by mass dilution. The conversions of molarity into molality have been done[5] using density values of respective solutions and adequate precautions were taken toreduce evaporation losses during mixing and throughout the experiment.The densities (  ) of the solvents were measured by means of vibrating u-tubeAnton Paar digital density meter (DMA 4500M) with a precision of ±0.00005g cm-3maintained at ±0.01K of the desired temperature. It was calibrated by passingdeionized, triply distilled water and dry air [6].The viscosities (η) were measured using a Brookfield DV-III Ultra ProgrammableRheometer with fitted spindle size-42. The detail description has already beendescribed earlier [7].
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Refractive index was measured with the help of a Digital Refractometer MettlerToledo. The light source was LED, λ=589.3nm. The refractometer was calibrated twiceusing distilled water and calibration was checked after every few measurements [4].The uncertainty of refractive index measurement was ±0.0002 units.
8.3 Result and Discussion

The physical properties of binary mixtures in different mass fractions (w1=0.001,0.003, 0.005) of aq. [bmpyrr]PF6 solutions at 298.15K have been reported in Table 1.The experimental measured values of density, viscosity, refractive index of chosen threeamino acids (i.e., L-Serine, L-Proline, and L-Histidine) as a function of concentration(molarity), in different mass fractions of aq. [bmpyrr]PF6 mixture, have been listed inTable 2.
8.3.1 Apparent molar volume

Volumetric properties, like, apparent molar volume, V , and limiting apparentmolar volume, 0
V , regard a perceptive tools for understanding of interactions takingplace in solution systems. The apparent molar volume can be considered to be the sumof the geometric volume of the central solute molecule and changes in the solventvolume due to its interaction with the solute around the peripheral or co-sphere. Forthe consequence, the apparent molar volumes V have been determined from thesolutions densities using the suitable equation [3] and the values are given in Table 3.The values of V are positive and large for all the systems, suggesting strong solute-solvent interactions. The apparent molar volumes V were found to decreases withincreasing concentration (molarity, m) of amino acid in different mass fraction of aq.[bmpyrr]PF6. V , varied linearly with m and could be least-squares fitted to the Massonequation [8] from where limiting molar volume 0

V (infinite dilution partial molarvolume) have been estimated and the values have been represented in Table 4.
0 *      V V VS m    (1)
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The trend of variation of 0
V of selected amino acids follows the order
L-Serine ˂ L-Proline ˂ L-Histidine

The increase in 0
V for amino acids with increasing mass fraction (Fig. 1) suggest that inthese cases, both the ion-hydrophilic and ion-hydrophobic group interactions play amajor role. Due to these interactions, the electrostatic interaction to water moleculescaused by the charge centers of the amino acid will be reduced and a number ofpyrrolidinium or hexafluorophosphate ions are attached, which results in an increase inapparent molar volume. This trend can also be explained with the equation of Shahidiet. al. [9].

0
V vW v sV V V    (2)

In which the partial molar volume of the amino acid may be considered to be made upof the van der Waals volume (VvW), the volume associated with voids (Vv) or emptyspace, and the volume due to shrinkage (Vs,) that arises due to the electrostriction of thesolvent caused by the hydrophilic groups present in the amino acid. The presence of[bmpyrr]PF6 in water decreases the extent of electrostriction caused by the amino acid,which results in a decrease in shrinkage volume. Assuming that VvW and Vv are notsignificantly affected, an increase in 0
V , are results.It noted (Table 4 and Fig. 1) that 0

V of L-Proline is more than that of L-Serineowing to greater electrostriction. This is because the methylene groups provide anincreasing structure enforcing tendency and as a result, the water in the overlappingcospheres is more structured than in the bulk. When this water relaxes to the bulk,there is a decrease in volume. But, in amino acids, the interactions increase with theaddition of CH2 groups, and consequently there is a net increase in volume.The results can be rationalizing on the basis that the partial molar volume isobserved to increase with the increasing molar mass and size of the amino acid. The 0
Vfor glycine, L-alanine, L-valine has been studied earlier [3]. When one H of glycine isreplaced by a -CH2OH (L-Serine), -CH2CH2CH2- (L-Proline), (L-Histidine)
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groups, there is a massive change in 0
V , this should increase by virtue of its increasedside chain group effect as well as size. L-Serine has a hydrophilic polar unchargedalcoholic –CH2OH group which interacts with the hexafluorophosphate ion with H-bond,as a result its 0

V increases with concentration. L-Proline is the special case of aminoacid, contain cyclic group including zwitterionic NH2 group, which is found to be higher
0
V value than L-Serine.  Thus, the structure-enhancing behavior of L-Proline has been

observed. If -H of glycine are replaced by group (L-Histidine), the increase in thepartial molar volume should be more, relative to L-Serine and L-Proline owning togreater effect of electrically charged side chain group, as it observed.  The maximumvalues of 0
V for L-Histidine in the series of studied amino acids can be attributed to itsgreat effect of more electronegative nitrogen atom, which is responsible for making theH-bond with pyrrolidinium or hexafluorophosphate ions and as well as largest size andmass.

8.3.2 Viscosity

The viscosity of the aq. [bmpyrr]PF6 binary mixtures increases with an increasein employed concentration (w1=0.001, 0.003, and 0.005) (Table 1), which can beattributed to the structure-making influence of [bmpyrr]PF6 with water molecules, in itsvicinity. The viscosity of the ternary solution (amino acid+aq. [bmpyrr]PF6) increaseswith the increasing molality (Table 2). The viscosity B-coefficient is depend [10] on thesize and shape of the solute molecules indicates the solute-solvent interactions. The B-coefficients of all the amino acids studied were positive (Table 4) and increased with themass fraction of [bmpyrr]PF6 (Fig. 2) which may be considered to arise due toincreasing amino acid-[bmpyrr]PF6 interaction as well as increase in solvation.
Contributions of the zwitterion, CH2 groups and other alkyl of the amino acids to

0
V   and viscosity B-coefficientThe entire group present in the amino acids affect to a great extent in interactionwith pyrrolidinium or hexafluorophosphate ions, occurring in the solution systems. Thegroup contributions of zwitterion, -CH, -CH2, and other side chain group to limiting
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molar volume and viscosity B-coefficient, have been estimated in the same way asdescribed by Ekka et. al. [3] and reported in Table 5. The contribution of (NH3+, COO-) to
0
V   is larger than that of the CH2- group and decreases with the increase in the massfraction (w1) of aq. [bmpyrr]PF6, that designated the interactions of polar head groups(NH3+, COO-) of amino acids are stronger; and the strength  decreases with increase inmass fraction of aq. [bmpyrr]PF6. The contribution of -CH2 group increases withincrease in mass fraction of aq. [bmpyrr]PF6, suggesting that the -CH2 group pretend the+I effect. For a particular mass fraction (w1=0.001), contribution of (NH3+, COO-) groupsfor L-Serine is less significant than side chain –CH2OH, which advocated that theuncharged polar –CH2OH group are greater contributed through the H-bonding (Scheme1). Again, the -CH2 group contribution has been found to the same trend suggesting thatthe -CH2 group pretend the +I effect, as a result interaction are more fascinating. In caseof L-Proline, the (NH3+, COO-) group acting a major role in the interactions. For L-Histidine, contribution of both zwitterions (NH3+, COO-) and groups are foundto be greater and increases with increase in mass fraction of [bmpyrr]PF6; thatproposed both the groups strongly affect with the  hydrophilic as well as hydrophobicsolvation. This is due to the greater fascinating of H-bonding of two nitrogen atoms inimidazole side chain with solvent molecules. Scheme 1

Hydration and solvation numbersThe hydration numbers (nH) have also been estimated in the same way asdescribed by Ekka et. al. [3] Solvation numbers Sn have been calculated from the relation
0

n VS B /  [11]. Sn is indicating of the formation of a primary solvation sphere around asolute and if the range 0 to 2.5 for Sn indicates unsolvated solutes in the solution [11]. Adecrease in hydration number (nH) on addition of [bmpyrr]PF6 (Table 6) is due to thedecrease in the electrostriction of water. The scrutiny of Sn values given in Table 2indicated that the amino acids are solvated and its salvation increases at higherconcentration of [bmpyrr]PF6 in the studied solutions. Such trends in Sn values are dueto the fact that [bmpyrr]PF6 itself interacts with amino acids and thus increasessolvation (Scheme 1).
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Moreover, it is interesting note have been observed (Fig. 3) that B-coefficientsare linearly variation with limiting partial molar volumes 0
V for the amino acids in aq.[bmpyrr]PF6 solution. This correlation is not unexpected, as both the viscosity B-coefficient and the partial molar volume reflect the solute–solvent interactions in thesolutions. The positive slope shows the linear variation of B-coefficient with limitingapparent molar volumes 0

V . A similar correlation has also been found for α-amino acidsin different solvents [12].
8.3.3 Refractive index

The refractive index and molar refraction is also a convenient method forinvestigating the molecular interaction existing in solution. The molar refraction ( MR )can be evaluated from the Lorentz-Lorenz relation [13]. The refractive index of asubstance is defined as the ratio co/c, where c and co is the speed of light in the mediumand in vacuum. Stated more simply that the refractive index of a compound describes itsability to refract light as it moves from one medium to another and thus, the higher therefractive index of a compound, the more the light is refracted [14]. As stated byDeetlefs et al.[15] the refractive index of a substance is higher when its molecules aremore tightly packed or in general when the compound is denser. Hence, a perusal ofTable 2 and Table 3 we found that the refractive index and the molar refraction arehigher for the studied amino acids in all the mass fraction of [bmpyrr]PF6, indicating tothe fact that the molecules are more tightly packed in the solution.The Limiting molar refraction ( 0
MR ) estimated from the following [4] andpresented in Table 4.

0  M M SR R R m (4)Accordingly, we found that the higher values of refractive index, and 0
MR (Fig.  4), whichrepresenting the fact that the amino acids are more tightly packed and greater ion-solvent interaction with [bmpyrr]PF6 molecules or more solvated in solution. This isalso in good agreement with the results obtained from apparent molar volume andviscosity B-coefficients discussed above.
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8.4 Conclusion

The present study quantifies experimentally the ion-solvent interactions, solvationbehaviour and solution structure of the three amino acids as a function of concentrationin aq. [bmpyrr]PF6. It is no doubt that the ion-solvent interaction is dominant over theinteraction of ion or solute itself. The work also provided the qualitative andquantitative statement that the ion-solvent interaction or ion-solvation behaviour arehigher for L-Histidine than L-Proline, which is in turn greater than L-Serine; and theseion-solvation is strengthen with increasing mass fraction of [bmpyrr]PF6 in aqueousmedia. The parameters resolute by the chemical analysis of different equationsimproved with experimental data sustain the same culmination discussed and explainedin this study demanding the uniqueness of the work.
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Tables:

Table 1. Experimental values of density (ρ), viscosity (η), refractive index (nD),

and pH of different mass fraction (w1) of aq. [bmpyrr]PF6 mixtures at 298.15 K*

Aq. [bmpyrr]PF6 ρ×10-3/kg∙m-3 η/mP∙s nD pH
w1 = 0.001 0.99709 0.900 1.3322 5.98
w1 = 0.003 0.99726 0.904 1.3325 5.81
w1 = 0.005 0.99742 0.910 1.3329 6.26

* Standard uncertainties u are: u(ρ) =5×10-5 kg∙m-3, u(η) =0.003 mP∙s, u(nD) =0.0002,
u(pH) =0.01, and u(T) =0.01K
Table 2. Experimental values of density (ρ), viscosity (η), refractive index (nD),

and pH of selected amino acids in different mass fraction (w1) of aq. [bmpyrr]PF6

mixtures at 298.15 K*molality/mol∙kg-1 ρ×10-3/kg∙m-3 η/mP∙s nD pH molality/mol∙kg-1 ρ×10-3/kg∙m-3 η/mP∙s nD pHGlycine L-Serine
w1 = 0.001 w1 = 0.0010.0100 0.99744 0.901 - - 0.0100 0.99753 0.902 1.3323 6.000.0251 0.99800 0.902 - - 0.0251 0.99820 0.905 1.3326 5.900.0402 0.99858 0.904 - - 0.0402 0.99888 0.908 1.3330 6.010.0553 0.99918 0.906 - - 0.0553 0.99957 0.911 1.3333 5.960.0704 0.99979 0.908 - - 0.0705 1.00026 0.915 1.3337 5.880.0855 1.00041 0.910 - - 0.0857 1.00095 0.918 1.3341 5.94
w1 = 0.003 w1 = 0.0030.0100 0.99761 0.906 - - 0.0100 0.99769 0.906 1.3327 6.050.0251 0.99816 0.908 - - 0.0251 0.99835 0.910 1.3330 6.040.0402 0.99873 0.910 - - 0.0402 0.99902 0.913 1.3333 5.960.0553 0.99931 0.912 - - 0.0553 0.99971 0.917 1.3336 5.990.0704 0.99990 0.914 - - 0.0705 1.00039 0.920 1.3339 5.94
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0.0855 1.00050 0.916 - - 0.0857 1.00109 0.924 1.3342 5.96
w1 = 0.005 w1 = 0.0050.0100 0.99776 0.913 - - 0.0100 0.99784 0.913 1.3332 6.270.0251 0.99829 0.915 - - 0.0251 0.99848 0.916 1.3335 6.140.0402 0.99885 0.918 - - 0.0402 0.99913 0.920 1.3338 6.220.0553 0.99942 0.920 - - 0.0553 0.99978 0.924 1.3341 6.250.0704 1.00000 0.923 - - 0.0705 1.00044 0.928 1.3344 6.210.0855 1.00059 0.925 - - 0.0857 1.00111 0.932 1.3347 6.08L-Proline L-Histidine
w1 = 0.001 w1 = 0.0010.0100 0.99742 0.903 1.3324 6.98 0.0100 0.99766 0.906 1.3325 7.480.0251 0.99792 0.907 1.3327 6.94 0.0251 0.99852 0.913 1.3331 7.580.0402 0.99842 0.911 1.3330 6.54 0.0403 0.99938 0.919 1.3339 7.620.0554 0.99893 0.915 1.3332 6.43 0.0555 1.00025 0.925 1.3346 7.620.0706 0.99944 0.919 1.3335 6.47 0.0707 1.00111 0.932 1.3353 7.600.0858 0.99995 0.923 1.3338 6.49 0.0860 1.00199 0.939 1.3359 7.60
w1 = 0.003 w1 = 0.0030.0100 0.99758 0.907 1.3328 6.41 0.0100 0.99782 0.911 1.3329 7.520.0251 0.99808 0.911 1.3331 6.28 0.0251 0.99867 0.918 1.3335 7.540.0402 0.99858 0.915 1.3334 6.42 0.0403 0.99953 0.925 1.3342 7.550.0554 0.99909 0.919 1.3337 6.22 0.0555 1.00039 0.932 1.3348 7.560.0706 0.99960 0.924 1.3340 6.16 0.0707 1.00126 0.939 1.3354 7.580.0858 1.00011 0.928 1.3343 6.43 0.0860 1.00213 0.946 1.3361 7.59
w1 = 0.005 w1 = 0.0050.0100 0.99774 0.914 1.3333 5.95 0.0100 0.99797 0.917 1.3335 7.550.0251 0.99823 0.918 1.3337 6.02 0.0251 0.99881 0.925 1.3341 7.520.0402 0.99873 0.922 1.334 5.88 0.0403 0.99966 0.932 1.3347 7.570.0554 0.99923 0.926 1.3343 5.91 0.0554 1.00052 0.939 1.3353 7.520.0706 0.99974 0.931 1.3346 5.94 0.0707 1.00138 0.946 1.3358 7.590.0858 1.00219 0.936 1.3349 6.15 0.0859 1.00225 0.953 1.3363 7.54

* Standard uncertainties u are: u(ρ) =5×10-5 kg∙m-3, u(η) =0.003 mP∙s, u(nD) =0.0002,
u(pH) =0.01, and u(T) =0.01K
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Table 3. Apparent molar volume (ϕV), (ηr-1)/√m, and molar refraction (RM) of

selected amino acids in different mass fraction (w1) of aq. [bmpyrr]PF6 mixtures

at 298.15K*

Aq. solventmixture ϕV ×106/m3 mol-1 (ηr-1)/√m/kg1/2mol -1/2 RM/m3 mol-1 Aq. solventmixture ϕV ×106/ m3 mol-1 (ηr-1)/√m/kg1/2mol -1/2 RM/m3 mol-1Glycine L-Serine
w1 = 0.001 w1 = 0.0010.0100 40.19 0.011 - 0.0100 61.07 0.022 21.6290.0251 38.78 0.017 - 0.0251 60.71 0.035 21.6320.0402 37.93 0.022 - 0.0402 60.44 0.046 21.6410.0553 37.18 0.027 - 0.0553 60.25 0.054 21.6440.0704 36.61 0.032 - 0.0705 60.02 0.063 21.6520.0855 36.12 0.038 - 0.0857 59.85 0.068 21.661
w1 = 0.003 w1 = 0.0030.0100 40.18 0.020 - 0.0100 62.26 0.027 21.6490.0251 39.18 0.027 - 0.0251 61.66 0.042 21.6520.0402 38.43 0.033 - 0.0402 61.21 0.051 21.6550.0553 37.90 0.038 - 0.0553 60.80 0.061 21.6580.0704 37.46 0.043 - 0.0705 60.51 0.068 21.6610.0855 37.05 0.047 - 0.0857 60.20 0.076 21.664
w1 = 0.005 w1 = 0.0050.0100 41.18 0.031 - 0.0100 63.35 0.033 21.6750.0251 40.37 0.036 - 0.0251 62.89 0.044 21.6790.0402 39.42 0.043 - 0.0402 62.55 0.056 21.6830.0553 38.81 0.048 - 0.0553 62.27 0.065 21.6860.0704 38.31 0.053 - 0.0705 62.06 0.075 21.6890.0855 37.87 0.058 - 0.0857 61.84 0.083 21.693L-Proline L-Histidine
w1 = 0.001 w1 = 0.0010.0100 82.37 0.033 23.704 0.0100 98.69 0.071 31.9550.0251 82.17 0.049 23.712 0.0251 98.45 0.091 31.9800.0402 82.02 0.061 23.719 0.0403 98.26 0.107 32.022
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0.0554 81.91 0.071 23.720 0.0555 98.12 0.120 32.0550.0706 81.81 0.079 23.727 0.0707 98.00 0.134 32.0880.0858 81.72 0.087 23.735 0.0860 97.87 0.148 32.112
w1 = 0.003 w1 = 0.0030.0100 82.96 0.036 23.726 0.0100 99.47 0.082 31.9850.0251 82.60 0.050 23.734 0.0251 99.07 0.100 32.0100.0402 82.33 0.062 23.741 0.0403 98.77 0.117 32.0430.0554 82.14 0.071 23.749 0.0555 98.54 0.130 32.0680.0706 81.95 0.083 23.756 0.0707 98.33 0.146 32.0920.0858 81.82 0.091 23.763 0.0860 98.16 0.158 32.125
w1 = 0.005 w1 = 0.005

0.0100 83.35 0.041 23.755 0.0100 100.36 0.081 32.0320.0251 82.94 0.055 23.769 0.0251 99.86 0.104 32.0580.0402 82.64 0.067 23.776 0.0403 99.46 0.120 32.0830.0554 82.43 0.077 23.784 0.0554 99.15 0.135 32.1070.0706 82.20 0.087 23.791 0.0707 98.88 0.149 32.1230.0858 82.05 0.098 23.798 0.0859 98.63 0.161 32.138
* Standard uncertainties u are: u(T) =0.01K

Table 4. Limiting apparent molar volume (ϕV0), experimental slope (SV*), viscosity

A- and B-coefficient, and limiting molar refraction (RMO) of selected amino acids in

different mass fraction (w1) of aq. [bmpyrr]PF6 mixtures at 298.15 K*

Aq.[bmpyrr]PF6 ϕV0×106/m3 mol-1 SV*×106/m3·mol- 3/2 ·kg1/2 B/ kg·mol-1 A/ kg1/2·mol-1/2 RMO/m3 mol-1Glycine
w1 = 0.001 42.21 -21.14 0.138 -0.004 -
w1 = 0.003 42.61 -22.61 0.141 0.004 -
w1 = 0.005 43.02 -17.68 0.144 0.014 -L-Serine
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w1 = 0.001 61.70 -6.29 0.243 -0.003 21.60
w1 = 0.003 63.35 -10.73 0.254 0.001 21.64
w1 = 0.005 64.14 -7.86 0.261 0.005 21.66L-Proline
w1 = 0.001 82.70 -3.36 0.280 0.005 23.68
w1 = 0.003 83.54 -5.92 0.285 0.006 23.70
w1 = 0.005 84.02 -6.78 0.291 0.009 23.73L-Histidine
w1 = 0.001 99.11 -4.20 0.393 0.029 31.85
w1 = 0.003 100.15 -6.83 0.398 0.039 31.90
w1 = 0.005 101.27 -8.98 0.414 0.040 31.97
*Standard uncertainties u are: u(T) =0.01K

Table 5. Contributions of zwitter ionic group (NH3+, COO−), CH2 group, end group

and the other alkyl chains to the limiting apparent molar volume, 0
V and viscosity

B-coefficient for amino acids in different mass fraction of aq. [bmpyrr]PF6

respectively at 298.15K*

Groups 0
V ×106 /m3 mol-1 B/ kg·mol-1

w1=0.001 w1=0.003 w1=0.005 w1=0.001 w1=0.003 w1=0.005L-SerineNH3+, COO− 25.89 25.31 25.24 0.048 0.045 0.043-CH- 8.20 8.67 8.86 0.045 0.048 0.050-CH2- 16.39 17.34 17.71 0.090 0.096 0.100-CH2OH 27.62 29.37 30.05 0.150 0.161 0.168L-ProlineNH3+, COO− 21.72 21.83 22.05 0.083 0.084 0.084-CH- 10.28 10.41 10.45 0.028 0.029 0.030-CH2- 20.56 20.82 20.90 0.055 0.057 0.060-[CH2]3- 50.70 51.30 51.52 0.170 0.173 0.177L-Histidine
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NH3+, COO− 35.18 35.42 35.54 0.119 0.120 0.118-CH- 3.55 3.62 3.71 0.008 0.009 0.011-CH2- 7.10 7.23 7.41 0.016 0.017 0.02160.38 61.12 62.03 0.266 0.270 0.286
53.28 53.89 54.62 0.250 0.253 0.265

*Standard uncertainties u are: u(T) =0.01K
Table 6. Hydration number (nH), and solvation number (Sn) of chosen amino acids

in different mass fraction of aq. [bmpyrr]PF6 respectively at 298.15K*

Aq. sol. mix nH Sn

w1 0.001 0.003 0.005 0.001 0.003 0.005L-Serine 3.53 3.03 2.79 3.94 4.01 4.07L-Proline 2.93 2.68 2.53 3.39 3.41 3.46L-Histidine 6.74 6.43 6.09 3.97 3.97 4.09
*Standard uncertainties u are: u(T) =0.01K
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Figures:

Figure 1. Plot of limiting molar volume (ϕV0) vs mass fraction for L-Serine (⧫), L-Proline(▲), L-Histidine (●) in aq. [bmpyrr]PF6 respectively

Figure 2. Plot of viscosity B-coefficient vs mass fraction for L-Serine ( ), L-Proline

(▲), L-Histidine (●) in aq. [bmpyrr]PF6 respectively
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Figure 3. Plot of viscosity B-coefficient vs limiting molar volume (ϕV0) for L-Serine (⧫),L-Proline (▲), L-Histidine (●) in aq. [bmpyrr]PF6 respectively

Fig. 4. Plot of limiting molar refraction vs mass fraction for L-Serine (⧫), L-Proline (▲),L-Histidine (●) in aq. [bmpyrr]PF6 respectively
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Scheme:

Scheme 1: The schematic representation of plausible interaction as well as

solvation of ions of [bmpyrr]PF6 with three investigated  amino acids
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CHAPTER-IX

PHYSICOCHEMICAL STUDY OF AN IONIC LIQUID IN DIVERSE

SEQUENTIAL ALKANOLS WITH THE MANIFESTATION OF SOLVATION

CONSEQUENCE

9.1. Introduction:Ionic liquids (ILs) are molten salts made of an anion an organic cation and werediscovered the first IL, the ethylammonium nitrate in 1914 by Paul Walden, but theirsystematic study begun with the present century[1]. One or both the ions are large andthe cation is usually organic and has low degree of symmetry. For this reason, anion-cation interactions are weak and hence their melting points are below 100°C and usuallybelow room temperature; however, if the size of the cation is too large, the van derWaals’ forces will increase the fusion temperature [1]. Due to their ionic nature, all ILshave peculiar properties such as good solvents for organic and inorganic compoundincluding some metal salts lack of vapour pressure, electrical conductivity and highthermal and electrochemical stability. All these characteristics make ionic liquidspromising compounds for being used for batteries[2-4], organic synthesis, extractionand alloy electrodeposition[5], as well as potential “green solvent” replacements forvolatile organic compounds (VOCs)[1].Among the numerous proposed industrial applications of ionic liquids (ILs), theiruse to improve electrochemical process is one of the most interesting. To do that, it isnecessary to know the physicochemical properties (mainly density, viscosity, electricalconductivity, refractive index) of binary mixture of IL and molecular solvent.To the best of our knowledge, the studies of the present binary solution systemshave not been reported earlier. Therefore, in present study, volumetric, viscometric,conductometric and refractometric studies have been carried for an IL, [BTMA]Cl in 1-Hexanol, 1-Heptanol and 1-Octanol. These solvents have useful applications in cosmetic,medicinal industry.
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9.2. Experimental Section:

9.2.1 Source and purity of Materials:The studied IL, [BTMA]Cl puriss grade was procured from Sigma-Aldrich, Germanyand used as purchased as the purity assay of the salt was ≥97.0%. All the solvents ofanalytical grade were procured from sd. Fine Chemicals. The purities of solvents were≥99.5%. The solvents were dried using standard methods.
9.2.2 Apparatus and Procedure:A stock solutions of IL and 1-Alkanol were prepared by mass (Mettler Toledo AG-285 with uncertainty ±0.0003 g) and then working solutions were obtained by massdilution.  The conversions of molarity into molality[6] had been done using densityvalues of respective solutions and adequate precautions were taken to reduceevaporation losses during mixing and throughout the experiment.  The uncertaintymolality of the solutions is evaluated to ±0.0001 mol.kg-1.The conductance measurements were carried out in a Systronic-308conductivity bridge of accuracy ±0.01%, using a dip-type immersion conductivity cell,CD-10, having a cell constant of approximately 0.1± 0.001 cm-1. Measurements weremade in a water bath maintained within T= (298.15 ± 0.01) K and the cell wascalibrated by the method proposed by Lind et al. [7]. The conductance data werereported at a frequency of 1 kHz and the accuracy was ±0.3%.The densities of the solvents and experimental solutions (  ) were measured bymeans of vibrating u-tube Anton Paar digital density meter (DMA 4500M) with aprecision of ±0.00005g cm-3 maintained at ±0.01K of the desired temperature. It wascalibrated by triply-distilled water and passing dry air [8].The viscosities were measured using a Brookfield DV-III Ultra ProgrammableRheometer with spindle size-42 fitted to a Brookfield digital bath TC-500. Theviscosities were obtained using the following equation

η = (100 / RPM) × TK × torque × SMCwhere, RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque constantand spindle multiplier constant respectively. It was calibrated against the standardviscosity samples supplied with the instrument, water and aqueous CaCl2 solutions [9].Temperature of the experimental solution was maintained ± 0.01K using Brookfield



Physicochemical Study.....Solvation Consequence

Published in Indian Journal of Advances in Chemical Sciences 241

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 precisionof 0.3%.Refractive index was measured by means of Mettler Toledo digital refractometer.The light source was LED, λ= 589.3 nm. The calibration of refractometer was done twiceusing triply distilled water and being checked after every few measurements. Theuncertainty of refractive index measurement was ± 0.0002 units [10].
9.3. Result and Discussion:The solvent- properties are given in Table 1. The concentrations and molarconductances (Λ) of IL in 1-Hexanol, 1-Heptanol and 1-Octanol at298.15 K temperatureare given in Table 2. The molar conductance (Λ) has been obtained from the specificconductance (κ) value using the following equation.

Λ = (1000 κ) / c                                                                    (1)Linear conductance curve (Λ versus √c) were obtained for the electrolyte, [BTMA]Cl in1-Hexanol extrapolation of √c = 0 evaluated the starting limiting molar conductance forthe electrolyte.
9.3.1 Ion-pair FormationThe ion-pair formation in case of conductometric study of [BTMA]Cl in 1-Hexanol is  analysed by using the Fuoss conductance equation[11]. With a given set ofconductivity values (cj, j; j = 1…….n), three adjustable parameters, i.e., 0, KA and Rhave been derived from the Fuoss equation. Here, 0 is the limiting molar conductance,
KA is the observed association constant and R is the association distance, i.e., themaximum centre to centre distance between the ions in the solvent separated ion-pairs.There is no precise method [12] for determining the R value but in order to  treat thedata in our system, R value is assumed to be, R = a + d, where a is the sum of  thecrystallographic radii of the ions and d is the average distance corresponding to theside of a cell occupied by a solvent molecule. The distance, d is given by [13],

 1/  3
d  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 isthe association distance, RX is the relaxation field effect, EL is the electrophoretic countercurrent, k is the radius of the ion atmosphere, ε is the relative permittivity of the solventmixture, e is the electron charge, c is the molarity of the solution, kB is the Boltzmannconstant, KS is the association constant of the contact-pairs, KR is the associationconstant of the solvent-separated pairs,  is the fraction of solute present as unpairedion,  is the fraction of contact pairs, f is the activity coefficient, T is the absolutetemperature and β is twice the Bjerrum distance.The computations were performed using the program suggested by Fuoss. Theinitial 0 values for the iteration procedure are obtained from Shedlovsky extrapolationof the data [14]. Input for the program is the no. of data, n, followed by ε, η (viscosity ofthe solvent mixture), initial 0 value, T, ρ (density of the solvent mixture), mole fractionof 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.In practice, calculations are performed by finding the values of 0 and α whichminimize the standard deviation, δ, whereby
2 2[ ( ) ( )] / ( ) (9)j jcal obs n m    for a sequence of R values and then plotting δ against R, the best- fit R corresponds tothe minimum of the δ–R versus R curve. So, an approximate sum is made over a fairlywide range of R values using 0.1 increment to locate the minimum but no significantminima  is found in the δ - R curves, thus R values is assumed to be R = a + d, with termshaving usual significance. Finally, the corresponding limiting molar conductance (Λo),association constant (KA), co-sphere diameter (R) and standard deviations ofexperimental Λ (δ) obtained from Fuoss conductance equation for [BTMA]Cl in 1-Hexanol at 298.15 K is given in Table 3.The standard Gibbs free energy change of solvation, ΔGo, for [BTMA]Cl in 1-Hexanol is given by the following equation[15],
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o
AG  RTlnK   (10)It is observed from the Table 4 that the value of the Gibbs free energy is entirelynegative for 1-Hexanol and it can be explained by considering the participation ofspecific covalent interaction in the ion-association process. The variation of equivalentconductance with square root of concentrations for 1-Hexanol has been shown in Figure1. The ionic conductances λ0± (for [BTMA]+ cation and [Cl]- anion) in solvent 1-Hexanol  was calculated using tetrabutylammonium tetraphenylborate (Bu4NBPh4) as a“reference electrolyte” . Table 5 shows the value of ionic conductances λ0± and ionicWalden product (λ0±) (product of ionic conductance and viscosity of the solvent) alongwith Stokes’ radii (rs) and Crystallographic Radii (rc) of [BTMA]Cl in 1-Hexanol at 298.15K temperature.

9.3.2 Triple-ion FormationBut for the electrolyte in 1-Heptanol and 1-Octanol, a deviation in theconductance curves were obtained and show a decrease in conductance values up to acertain concentrations reach a minimum and then increase, indicating triple-ionformation.The conductance data for the electrolyte in 1-Heptanol and 1-Octanol have beenanalysed using the classical Fuoss-Kraus equation [16] for triple-ion formation,
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 (14)In the above equations, Λ0 is the sum of the molar conductance of the simple ions atinfinite dilution; Λ0T is the sum of the conductances of the two triple ions [BTMA]2+Cl-and BTMA+(Cl)2-. KP ≈ KA and KT are the ion-pair and triple-ion formation constants. Tomake equation (11) applicable, the symmetrical approximation of the two possibleconstants of triple ions equal to each other has been adopted [17] and Λ0 values for the
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studied electrolytes have been calculated. Λ0T is calculated by setting the triple ionconductance equal to 2/3Λ0 [18].The ratio Λ0T/Λ0 was thus set equal to 0.667 during linear regression analysis ofequation (11). Limiting molar conductance of triple-ions (Λ0T), slope and intercept of Eq.(11) for [BTMA]Cl in 1-Heptanol and 1-Octanol at 298.15 K are given in Table 6. Aperusal of Table 6 and Figures 2 and 3 shows that the limiting molar conductance (Λ0)of [BTMA]Cl is higher in 1-Heptanol than in 1-Octanol.Linear regression analysis of equation (11) for the electrolytes with an averageregression constant, R2 = 0.9653, gives intercepts and slopes. These permit thecalculation of other derived parameters such as KP and KT listed in Table 7. It isobserved that Λ passes through a minimum as c increases. The KP and KT values predictthat major portion of the electrolyte exists as ion-pairs with a minor portion as triple-ions (neglecting quadrupoles). Here, the value of log (KT/KP) is found to be higher in 1-Octanol than in 1-Heptanol. This shows that 1-Octanol has higher tendency to formtriple ion than 1-Heptanol.At very low permittivity of the solvent (ε˂10)	electrostatic	ionic	interactions	are	very large. So the ion-pairs attract the free +ve and -ve ions present in the solutionmedium as the distance of the closest approach of the ions become minimum as a resultthe possibility of higher aggregation through hydrogen bonding increases in lowpermittivity media[19,20]. This results in the formation of triple-ion, which acquire thecharge of the respective ions in the solution [21] i.e.,M+ + A- ↔ M+∙∙∙∙∙∙∙∙A- ↔ MA          (ion-pair)                                             (15)MA + M+ ↔ MAM+ (triple-ion)                                            (16)MA + A- ↔ MAA- (triple-ion)                                             (17)where M+ and A- are respectively [BTMA]+ and Cl-. The effect of ternary association thusremoves some non-conducting species, MA, from solution, and replaces them withtriple-ions which increase the conductance manifested by non-linearity observed inconductance curves for the electrolyte in 1-Heptanol and 1-Octanol.Furthermore, the ion-pair and triple-ion concentrations, cP and cT respectively ofthe electrolyte have also been calculated at the minimum conductance concentration of[BTMA]Cl in 1-Heptanol and 1-Octanol using the following relations [22]:
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α = 1 / (KP1/2⋅c1/2)                                                               (18)
αT = ( KT/ KP1/2) c1/2 (19)
cP = c(1- α-3αT)                                                                  (20)
cT = (KT / KP1/2) c 3/2 (21)Here α and αT are the fractions of ion-pairs and triple-ions present in the salt-solutionsrespectively and are given in Table 8. Thus, the values of CP and CT given in Table 8indicate that the ions are mainly present as ion-pairs even at high concentration and asmall fraction existing as triple-ions.

9.3.3 Apparent molar volume:Volumetric properties, like, apparent molar volume (φV) and limiting apparentmolar volume (φV0) consider important parameter for understanding of interactionstaking place in solution systems. The apparent molar volume can be considered to bethe sum of the geometric volume of the central solute molecule and changes in thesolvent volume due to its interaction with the solute around the peripheral or co-sphere. Therefore, the apparent molar volumes (φV) have been calculated from thesolutions densities using the suitable equation [23] and the values are given in Table 10.
φV = M/ρ – 1000 (ρ – ρ0)/mρρ0 (22)where M is the molar mass of the solute, m is the molality of the solution, ρ and ρ0 arethe density of the solution and pure solvent respectively.The values of (φV) are positive and large for all the systems, indicating strongsolute-solvent interactions. The apparent molar volumes (φV) are found to decreasewith increasing concentration (molality, m) of IL in same solvent at a particulartemperature.  It is also found that apparent molar volumes (φV) increase with increasingtemperature and varied linearly with √m and could be least-squares fitted to theMasson equation [24] from where limiting molar volume, φV0 (infinite dilution partialmolar volume) have been estimated and the values have been represented in Table 11.

φV = φV0 + SV*√m (23)where φV0 is the apparent molar volume at infinite dilution, SV* is the experimentalslope. At infinite dilution each solute molecule is bounded only by the solvent molecules
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and remains infinite distant from each other. As a result, that φV0 is unaffected by solute-solute interaction and it is a measure only of the solute-solvent interaction.An inspection of Table 11 and fig 4 shows that φV0 are large and positive for IL,[BTMA]Cl at all the studied temperatures and highest in case of 1-Octanol. Thisindicates the presence of strongest solute–solvent interactions in 1-Octanol and theextent of interactions increases from 1-Hexanol to 1-Octanol. Comparing φV0 and SV*values show that the magnitude of φV0 is greater than SV*, suggesting that solute-solventinteractions dominates over the solute-solute interactions in all solutions at all studiedtemperature. Moreover, SV* values are negative at all temperatures and the valuesdecreases with increasing temperature which indicates deteriorating force of solute-solute interaction.The variation of φV0 with temperature are fitted to a polynomial of the following
φV0 = a0 + a1 T + a2 T2 (24)where T is the temperature in Kelvin scale and a0, a1 and a2 are the empiricalcoefficients depending on the solute, solvent. Values of coefficients of the aboveequation for the [BTMA]Cl in different solvent systems are reported in Table 12.The limiting apparent molar expansibilities, φE0, can be evaluated by thefollowing equation,
φE0= (δφV0/δT)P = a1 + 2a2T (25)The limting apparent molar expansibilities, φE0, change in magnitude with the change oftemperature. The values of φE0 for different solutions of studied IL at (T=298.15, 303.15and 308.15 K) are reported in Table 13.All the values of φE0 shown in the Table 13 are positive for [BTMA]Cl in all thesolvents and studied temperature. This fact helps to explain the absence of caging orpacking effect for the [BTMA]Cl in solution [25].The long-range structure-making and breaking capacity of the solute in mixedsystem can be determined by examining the sign of (δφE0/δT)P developed by Hepler[26].
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(δφE0/δT)P = (δ2φV0/δT2)P = 2a2 (26)The positive sign or small negative of (δφE0/δT)P signifies the molecule is astructure-maker; otherwise, it is a structure-breaker [27]. The perusal of Table 13shows that, (δφE0/δT)P values of [BTMA]Cl are all positive under examination. Thissignifies the IL, [BTMA]Cl is definitely structure–makers in all of the solutions.
9.3.4 Viscosity:The experimental viscosity data for studied systems are listed in table 9. Therelative viscosity (ηr) has been calculated using Jones-Dole equation [28].

(η/η0 – 1)/√m = (ηr -1)/√m= A + B √m (27)Where ηr = η/η0 is the relative viscosity, η and η0 are the viscosities of binary solutions(IL +1-alkanol) and solvent (1-alkanol) respectively and m is the molality of [BTMA]Cl inbinary solutions.  Where A is known as Falkenhagen coefficient [29] as it is determinedby the ionic attraction theory of Falkenhagen-Vernon and B is empirical constantsknown as viscosity B- coefficients, which are specific to solute-solute and solute-solventinteractions respectively. The values of A- and B- coefficients are evaluated by least-square method by plotting (ηr -1)/√m against √m and reported in Table 10. It isobserved from Table 10 the values of the A-coefficient are found to decrease with rise intemperature. This fact indicates the presence of very weak solute-solute interaction andalso in excellent agreement with those obtained from SV* values.The valuable information about the solvation of the solute and its effect on thestructure of the solvent in the local vicinity of the solute molecules in solutions has beenobtained from viscosity B-coefficient [30]. It is found from Table 11 and Fig 5; the valuesof B-coefficient are positive and much higher than A-coefficient which signifies solute-solvent interaction is leading over solute-solute interaction. It is also observed that thevalue of viscosity B-coefficient increases with increasing temperature and also increasesfrom 1-Hexanol to 1-Octanol. These results are in good agreement with those obtainedfrom φV0 values.It is observed from Table 11 that the values of the B-coefficient of [BTMA]Clincreases with temperature, i.e. the dB/dT values are positive. From Table 15, the smallpositive dB/dT values for the [BTMA]Cl behaves  almost as structure-maker.
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The free energy of activation of viscous flow per mole of solvent, ∆μ10≠ as proposed byEyring and co-workers [31] could be calculated from the following equation:
η0 = (hNA/ V10) exp(∆μ10≠/RT) (28)Where h, NA and V10 are the Planck’s constant, Avogadro’s number and partial molarvolume of the solvent respectively. The equation (28) can be rearranged as follows weget

∆μ10≠ =RT ln (η0 V10/ hNA) (29)Feakins et al. [32-34] suggested that if equations (27) and (28) are obeyed, then
B = (V10 – V20) + V10 [(∆μ10≠ - ∆μ20≠)/RT] (30)where V20 is the limiting partial molar volume (φV0) of the solute and ∆μ20≠ is the ionicactivation energy per mole of solute at infinite dilution . Rearranging the equation (30)we get

∆μ20≠ = ∆μ10≠ + (RT/ V10)[B - (V10 – V20)] (31)From Table 7, it is evident that ∆μ20≠ values are all positive and much larger than ∆μ10≠,suggesting that interaction between solute (IL) and solvent (1-Alkanol) molecules in theground state is stronger than in the transition state. According to free energy terms thesolvation of solute in the transition state is unfavourable.The entropy of activation (∆S20≠) [33] for the solution has been calculated usingrelation:
∆S20≠ = - d(∆μ20≠)/dT (32)where ∆S20≠ has been obtained from the negative slope of the plots of ∆μ20≠ against T byusing a least-squares treatment.The enthalpy of activation (∆H20≠) [33] has been obtained from the relation:

∆H20≠ = ∆μ20≠ + T∆S20≠ (33)The values of ∆S20≠ and ∆H20≠ are also reported in Table 14.
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It is evident from Table 14, that ∆μ10≠ is practically constant at all the solventssuggesting that ∆μ20≠ is mainly dependent on the viscosity coefficients and (V10 – V20)terms. Positive ∆μ20≠ values at all studied temperature and all solvent suggests that theprocess of viscous flow becomes difficult as we move from 1-Hexanol to 1-Octanol andwith rise in the temperature. Therefore, the formation of transition state becomes lessfavourable. Feakins et al. [33] proposed that, ∆μ20≠ > ∆μ10≠ for solutes having positive B-coefficients and indicates a stronger solute –solvent interactions, thereby suggestingthat the formation of transition state is accompanied by the rupture and distortion ofthe intermolecular forces in the solvent structure [33, 35]. The negative values of both
∆S20≠ and ∆H20≠ suggest that the formation of transition state is associated with bond-making and an increase in order. Although a detailed mechanism for this is not easilyadvanced, it may be suggested that the slip-plane is in the disordered state [33, 36].According to Feakins et al. model, as ∆μ20≠ > ∆μ10≠, the solute [BTMA]Cl  behaves asstructure makers. This again supports the behaviour of dB/dT for the solute in thesolvent systems.Furthermore, it is attractive to observe that there is linear correlation betweenviscosity B-coefficients of the studied IL, [BTMA]Cl with the limiting apparent molarvolumes (φV0) in different solvent systems. From the above fact it means

B = A1 + A2 φV0 (34)The coefficients A1 and A2 are listed in Table 15. As both viscosity B-coefficient andlimiting apparent molar volume define the solute-solvent interaction in solution. Thelinear variation of viscosity B-coefficient and limiting apparent molar volume (φV0)reflects the positive slope (or A2).
9.3.5  Refractive Index:The measurement of refractive index is also a suitable method for investigatingthe molecular interaction existing in solution. The molar refraction (RM) can becalculated from the Lorentz-Lorenz relation [37]. The refractive index of a substance isdefined as the ratio co/c, where c and co is the velocity of light in the medium and invacuum respectively. Stated more simply that the refractive index of a compounddescribes its ability to refract light as it passes from one medium to another and thus,
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the higher the refractive index of a compound, the more the light is refracted [38]. Asstated by Deetlefs et al.[39] the refractive index of a substance is higher when itsmolecules are more tightly packed or in general when the compound is denser.The Limiting molar refraction (RM0) estimated from the following equation (35)and presented in Table 16.
RM = RM0 + RS √m (35)Hence, a perusal of Table 16 we found that the refractive index and the molar refractionare higher for the studied [BTMA]Cl in all the solvent systems, indicating to the fact thatthe molecules are more tightly packed in the solution. It is also revealed that the[BTMA]Cl in 1-Octanol is more tightly packed and more solvated than 1-Heptanol and 1-Hexanol. This is also in good agreement with the results obtained from apparent molarvolume and viscosity B-coefficient and discussed above.

9.4. ConclusionThe extensive study of IL, [BTMA]Cl in 1-Hexanol, 1-Heptanol and 1-Octanolleads to the conclude  that, the IL is more associated in 1-Octanol than the other twosolvents (scheme 2). It can also be found that in the conductometric studies in 1-Heptanol and 1-Octanol the [BTMA]Cl mostly remains as triple-ions than ion-pairs butin 1-Hexanol the [BTMA]Cl remains as ion-pairs (scheme 3). There is more ion-solventinteraction in 1-Octanol than 1-Heptanol than 1-Hexanol. The experimental valuesobtained from the volumetric, viscometric and refractometric studies also suggest thatin solution the ion–solvent interaction is more than the ion–ion interaction due to thegreater covalent interaction (van der Waals’ interaction) between the hydrocarbon partof [BTMA]Cl and the  hydrocarbon chain of 1-Alkanols (scheme 1). As the length of thealkyl-chain decreases the extent of van der Waals’ force of attraction decreases hencethe extent of ion–solvent interaction of [BTMA]Cl is enhanced by the following order(scheme 2): 1-Octanol > 1-Heptanol > 1-Hexanol.



Physicochemical Study.....Solvation Consequence

Published in Indian Journal of Advances in Chemical Sciences 251

References[1]. P. Wasserscheid, T. Wetton, Ionic liquids in synthesis, 2nd ed. Wiley-Verlag,Weinheim, 2008.[2]. N. V. Plechkova, K. R. Seddon, Chem. Soc. Rev. 37 (2008) 123.[3]. F. Endres, S. Zein El Abedin, Phys. Chem. Chem. Phys. 8 (2006) 2101.[4]. P.	Wang,	S.	M.	Zakeeruddin,	 J.	E.	Moser,	M,	Grätzel, J. Phys. Chem. B. 107 (2003)13280.[5]. A. P. Abbott, C. A. Eardley, N. R. S. Farley, G. A. Griffith, A. Pratt, J. Appl.

Electrochem. 31 (2001) 1345.[6]. D. P. Shoemaker, C. W. Garland, Experiments in Physical Chemistry: McGraw-HillPublishers. New York. (1967).[7]. J. E. Lind Jr, J. J. Zwolenik, R. M. Fuoss, J. Am. Chem. Soc. 81 (1959) 1557.[8]. A. Bhattacharjee, M. N. Roy, Phys. Chem. Chem. Phys. 12 (2010) 1.[9]. D. Ekka, M. N. Roy, RSC Advances. 4 (2014) 19831.[10]. M. N. Roy, P. Chakraborti, D. Ekka, Mol. Phys. 112 (2014) 2215.[11]. R. M. Fuoss, J. Phys. Chem. 82 (1978) 2427.[12]. B. Per, Acta. Chem. Scan. 31 (1977) 869.[13]. B. S. Krumgalz, J. Chem. Soc. Faraday Trans. I. 79 (1983) 571.[14]. S. Gill, M. S. Chauhan, Z. Phys. Chem. NF. 140 (1984) 139.[15]. J. Barthel, M. B. Rogac, R. Neueder, J. Sol. Chem. 28 (1999) 1071.[16]. R.M. Fuoss, C.A. Kraus, J. Am. Chem. Soc. 55 (1933) 2387.[17]. Y. Harada, M. Salamon, S. Petrucci, J. Phys. Chem. 89 (1985) 2006.[18]. B. S. Krumgalz, J. Chem. Soc., Faraday Trans.I. 79 (1983) 571.[19]. Y. Miyauchi, M. Hojo, N. Ide, and Y. Imai, J. Chem. Soc., Faraday Trans. 88 (1992)1425.[20]. Z. Chen, M. Hojo, J. Phys. Chem. B. 101 (1997) 10896.[21]. M. Delsignore, H. Farber, S. Petrucci, J. Phys. Chem. 89 (1985) 4968.[22]. M. N. Roy, R. Chanda, A. Bhattacharjee, Fluid Phase Equilibria. 280 (2009) 76.[23]. D. Ekka, M. N. Roy, Amino Acids. 45 (2013) 755.[24]. D. O. Masson, Phil. Mag. 8 (1929) 218.



Physicochemical Study.....Solvation Consequence

252 Published in Indian Journal of Advances in Chemical Sciences

[25]. F. J. Millero, The Partial Molal Volumes of Electrolytes in Aqueous Solution. In:

Horne RA (ed) Water and Aqueous Solutions: Structure, Thermodynamics and

Transport Process. Wiley Interscience. New York, 1972.[26]. L. G. Hepler, Can. J. Chem. 47 (1969) 4613.[27]. M. N. Roy, V. K. Dakua, B. Sinha, Int. J. Thermophys. 28 (2007) 1275.[28]. G. Jones, D. Dole, J. Am. Chem. Soc. 51 (1929) 2950.[29]. J. D. Pandey, K. Mishra, A. Shukla, V. Mishran,  R. D. Rai, Thermochimica Acta. 117(1987) 245.[30]. F. J. Millero, Chem. Rev. 71(1971) 147.[31]. S. Glasstone, K. J. Laidler, H. Eyring, The Theory of Rate Process, McGraw-Hill, NewYork, 1941.[32]. D. Feakins, F. M. Bates, W. E. Waghorne, K. G. Lawrence, J. Chem. Soc., Faraday

Trans. 89 (1993) 3381.[33]. D. Feakins, D. J. Freemantle, K. G. Lawrence, J. Chem. Soc., Faraday Trans.1. 70
(1974) 795.[34]. A. Ali, S. Hyder, S. Sabir, D. Chand, A. K. Nain, J. Chem. Thermodyn. 38 (2006) 136.[35]. H. L. Friedman, C. V. Krishnan, Water: A Comprehensive Treatise, Plenum Press:New York, 1973.[36]. U. N. Dash, B. Samantaray, S. Mishra, J. Teach. Res. Chem. 11 (2005) 87.[37]. V. Minkin, O. Osipov, Y. Zhdanov, Dipole Moments In Organic Chemistry, PlenumPress, New York, 1970.[38]. M. Born and E. Wolf, Principles of Optics: Electromagnetic Theory of Propagation,

Interference and Diffraction of Light, Cambridge University Press, London, 7th Ed.
1999.[39]. M. Deetlefs, K. Seddon and M. Shara, Phys. Chem. Chem. Phys. 8 (2006) 642.



Physicochemical Study.....Solvation Consequence

Published in Indian Journal of Advances in Chemical Sciences 253

Tables:

Table 1: Experimental values of density (ρ), viscosity (η) at three different

temperatures ( 298.15 K, 303.15 K and 308.15 K); refractive index (nD) and

relative permittivity (ε) at 298.15 K  of different solvent systems*

*Standard uncertainties u are: u (ρ) =2×10-5 kg∙m-3, u (η) =0.003 mP∙s, u (nD) =0.0002and u (T) =0.01K
Table 2. The concentration (c) and molar conductance (Λ) of [BTMA]Cl in 1-

Hexanol, 1-Heptanol and 1-Octanol at 298.15 K.

c ·104/

mol·dm−3

Λ·104/

S·m2·mol−1

c ·104/

mol·dm−3

Λ·104/

S·m2·mol−1

c ·104/

mol·dm−3

Λ·104/

S·m2·mol−11-Hexanol 1-Heptanol 1-Octanol1.0153 31.22 0.8906 18.06 0.8934 14.941.4234 29.82 1.2048 16.78 3.3664 13.661.8547 27.57 1.6082 15.61 4.9587 12.482.2115 26.4 2.0023 14.72 5.9398 11.65

Solvent

Temperature

(K)
ρ×10-3

/kg∙m-3

η

/mP∙s
nD ε

1-Hexanol 298.15 0.81648 4.61 1.4161 13.3303.15 0.81340 4.05308.15 0.80976 3.95
1-Heptanol 298.15 0.81942 5.95 1.4221 6.1303.15 0.81572 5.12308.15 0.81217 4.29
1-Octanol 298.15 0.82237 7.62 1.4274 5.1303.15 0.81898 6.68308.15 0.81547 5.65
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2.7127 25.21 2.4885 13.87 7.5234 10.752.9235 24.12 2.7678 13.31 8.3302 10.193.3214 22.62 3.1851 12.64 9.1667 9.523.8456 21.15 3.5089 12.21 10.3584 9.094.1252 20.21 3.8682 11.57 11.4448 8.454.4451 19.64 4.1787 11.08 12.4613 7.964.6652 18.96 4.5847 10.4 13.3139 7.284.8424 18.14 4.83 10.02 14.4328 6.475.2436 17.35 5.2378 9.09 15.3593 5.975.4363 16.54 5.6238 8.98 16.3615 5.865.7211 15.87 5.8905 9.91 17.4811 6.79
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 [BTMA]Cl in 1-Hexanol at 298.15 K.

Solvent Λo·104/S·m2·mol−1 KA/ dm3mol-1 R/Å δ1-Hexanol 33.65 513.61 11. 21 2.11

Table 4. Walden product (Λo·) and Gibbs energy change (ΔG◦) of

Benzyltrimethylammonium chloride in 1-Hexanol at 298.15 K.

Solvent Λo··104/

S·m2·mol−1mPa

ΔG◦·10-4/

kJ·mol−11-Hexanol 155.13 -15.4221
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Table 5. Limiting Ionic Conductance (λ0±), Ionic Walden Product (λ0±) , Stokes’

Radii (rs), and Crystallographic Radii (rc) of [BTMA]Cl in 1-Hexanol at 298.15 K.

Solvent ion λ0±

(S·m2·mol−1)

λ0±

(S·m2·mol−1mPa)

rs (Å) rc(Å)

1-Hexanol BTMA+ 56.18 258.98 4.21 3.53Cl- 112.41 518.21 2.05 1.77
Table 6. The calculated limiting molar conductance of ion-pair (Λ0), limiting

molar conductances of triple ion Λ0T, experimental slope and intercept obtained

from Fuoss-Kraus Equation for [BTMA]Cl in 1-Heptanol and 1-Octanol at 298.15 K.

Solvent
Λ0·104

/S·m2·mol−1

ΛoT×104

/S·m2·mol−1

Slope×103 Intercept ×10-

21-Heptanol 42.39 28.28 3.74 -6.661-Octanol 54.65 36.45 8.81 -12.29
Table 7. Salt concentration at the minimum conductivity (Cmin) along with the ion-

pair formation constant (KP), triple ion formation constant (KT) for [BTMA]Cl  in

1-Heptanol and 1-Octanol at 298.15 K.

Solvent cmin·104/

mol·dm−3

log cmin KP. 102/

(mol·dm−3)−

1

KT. 103/

(mol·dm−3)−

1

KT / KP log KT / KP

1-Heptanol 5.34 0.7102 13.29 25.44 19.1 1.281-Octanol 5.56 0.7256 3.18 6.21 19.5 1.29
Table 8. Salt concentration at the minimum conductivity (cmin), the ion pair

fraction (α), triple ion fraction (αT), ion pair concentration (cP) and triple-ion

concentration (cT) for  [BTMA]Cl  in 1-Heptanol and 1-Octanol at 298.15 K.

Solvents

cmin·104/

mol·dm−

3

α · 10-3 α T · 102
cP ·10-3/

mol·dm−3

cT·10-2/

mol ·dm−3

1-Heptanol 5.15 11.18 16.56 11.28 12.541-Octanol 5.68 18.35 7.24 22.34 5.38
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Table 9: Experimental values of density (ρ) and viscosity (η) of [BTMA]Cl in

different solvent systems at three different temperatures*

molality

/mol∙kg-1

ρ×10-3

/kg∙m-3

η

/mP∙s

molality

/mol∙kg-1

ρ×10-3

/kg∙m-3

η

/mP∙s

molality

/mol∙kg-1

ρ×10-3

/kg∙m-3

η

/mP∙s1-HexanolT = 298.15 K T = 303.15 K T = 308.15 K0.0123 0.81691 4.77 0.0123 0.81377 4.17 0.0124 0.81006 3.580.0308 0.81760 4.91 0.0309 0.81439 4.29 0.0310 0.81059 3.680.0493 0.81833 5.04 0.0495 0.81508 4.41 0.0498 0.81117 3.780.0680 0.81908 5.16 0.0683 0.81580 4.52 0.0686 0.81181 3.870.0868 0.81987 5.28 0.0871 0.81659 4.62 0.0876 0.81249 3.970.1056 0.82068 5.39 0.1060 0.81738 4.73 0.1066 0.81321 4.071-HeptanolT = 298.15 K T = 303.15 K T = 308.15 K0.0122 0.81979 6.16 0.0123 0.81602 5.27 0.0123 0.81241 4.400.0306 0.82041 6.35 0.0308 0.81656 5.43 0.0309 0.81287 4.530.0492 0.82108 6.53 0.0494 0.81716 5.58 0.0496 0.81341 4.660.0678 0.82179 6.70 0.0681 0.81781 5.73 0.0684 0.81402 4.780.0865 0.82253 6.86 0.0869 0.81848 5.87 0.0873 0.81471 4.910.1053 0.82329 7.01 0.1058 0.81920 6.03 0.1063 0.81541 5.051-OctanolT = 298.15 K T = 303.15 K T = 308.15 K0.0122 0.82268 7.89 0.0122 0.81922 6.89 0.0123 0.81564 5.800.0305 0.82321 8.14 0.0307 0.81969 7.10 0.0308 0.81605 5.980.0490 0.82381 8.38 0.0492 0.82023 7.31 0.0494 0.81654 6.150.0675 0.82444 8.61 0.0678 0.82083 7.51 0.0682 0.81711 6.330.0862 0.82511 8.82 0.0866 0.82146 7.71 0.0870 0.81773 6.510.1049 0.82581 9.04 0.1054 0.82211 7.93 0.1059 0.81834 6.70* Standard uncertainties u are: u (ρ) =2×10-5 kg∙m-3, u (η) =0.003 mP∙s and u (T) =0.01K



Physicochemical Study.....Solvation Consequence

Published in Indian Journal of Advances in Chemical Sciences 257

Table 10: Apparent molar volume (φV) and (ηr-1)/√m of [BTMA]Cl in different

solvent systems at three different temperatures*

molality

/mol∙kg-1

φV ×106

/ m3 mol-

1

(ηr-1)/√m

/kg1/2mol -

1/2

molality

/mol∙kg-

1

φV ×106

/ m3

mol-1

(ηr-1)/√m

/kg1/2mol -

1/2

molality

/mol∙kg-

1

φV ×106

/ m3

mol-1

(ηr-1)/√m

/kg1/2mol -

1/21-HexanolT = 298.15 K T = 303.15 K T = 308.15 K0.0123 174.76 0.3133 0.0123 182.68 0.2670 0.0124 192.88 0.21890.0308 172.46 0.3711 0.0309 179.41 0.3372 0.0310 188.32 0.30260.0493 170.78 0.4200 0.0495 176.65 0.3994 0.0498 185.78 0.37250.0680 169.44 0.4575 0.0683 174.55 0.4441 0.0686 183.29 0.41570.0868 168.11 0.4934 0.0871 172.26 0.4768 0.0876 181.15 0.46480.1056 166.91 0.5207 0.1060 170.72 0.5156 0.1066 179.19 0.50901-HeptanolT = 298.15 K T = 303.15 K T = 308.15 K0.0122 181.34 0.3192 0.0123 190.74 0.2714 0.0123 199.08 0.22670.0306 178.19 0.3840 0.0308 186.40 0.3451 0.0309 194.16 0.31810.0492 175.97 0.4397 0.0494 183.51 0.4042 0.0496 190.47 0.38710.0678 174.02 0.4842 0.0681 181.05 0.4565 0.0684 187.22 0.43660.0865 172.39 0.5201 0.0869 179.30 0.4989 0.0873 183.96 0.48910.1053 171.05 0.5491 0.1058 177.45 0.5464 0.1063 181.70 0.54341-OctanolT = 298.15 K T = 303.15 K T = 308.15 K0.0122 188.10 0.3211 0.0122 197.43 0.2802 0.0123 206.86 0.24110.0305 184.84 0.3906 0.0307 192.20 0.3591 0.0308 199.06 0.33280.0490 182.02 0.4507 0.0492 188.58 0.4252 0.0494 194.91 0.39800.0675 180.03 0.5001 0.0678 185.66 0.4771 0.0682 191.14 0.46100.0862 178.20 0.5367 0.0866 183.47 0.5242 0.0870 188.12 0.51610.1049 176.59 0.5773 0.1054 181.77 0.5766 0.1059 186.30 0.5733* Standard uncertainties u are: u (T) =0.01K
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Table 11: Limiting apparent molar volume (φV0), experimental slope (SV*),

viscosity A- and B-coefficient of [BTMA]Cl in different solvent systemss at three

different temperatures*

Solvent
Temperature

(K)

φV0 ×106

/ m3 mol-

1

SV*×106

/m3·mol- 3/2

·kg1/2

B

/ kg·mol-

1

A

/ kg1/2·mol-

1/2

1-Hexanol 298.15 178.8 -36.46 0.980 0.202303.15 189.1 -56.43 1.161 0.137308.15 199.7 -62.81 1.341 0.068
1-Heptanol 298.15 186.6 -48.34 1.093 0.196303.15 197.3 -61.70 1.278 0.124308.15 208.3 -81.69 1.452 0.064
1-Octanol 298.15 194.1 -54.32 1.207 0.184303.15 205.2 -73.82 1.376 0.122308.15 216.6 -96.03 1.536 0.063* Standard uncertainties values of u are: u (T) =0.01K

Table 12: Values of various coefficients of equation-24 for [BTMA]Cl in different

solvent systems*

Solvent
a0 ×106

/ m3 mol-1

a1×106

/ m3 mol-1K-1

a2 ×106

/ m3 mol-1K-21-Hexanol 162.9654 -1.9146 0.00661-Heptanol 128.2303 -1.7123 0.00641-Octanol 93.1952 -1.5101 0.0062* Standard uncertainties values of u are: u (T) =0.01K
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Table 13: Limiting apparent molar expansibilities (φE0) for [BTMA]Cl in different

solvent systems at 298.15, 303.15 and 308.15 K*

Solvent φE0×106/ m3 mol-1 K-1
(δφE0/δT)P×106

/ m3 mol-1 K-2T=298.15 K T=303.15 K T=308.15 K1-Hexanol 2.02098 2.08698 2.15298 0.01321-Heptanol 2.10402 2.16802 2.23202 0.01281-Octanol 2.18696 2.24896 2.31096 0.0124* Standard uncertainties  values of u are: u (T) =0.01K
Table 14: Values of V10, (V10–V20), ∆μ10≠, ∆μ20≠, T∆S20≠ and ∆H20≠ for [BTMA]Cl in

different solvent systems at different temperatures*

Parameters 1-Hexanol 1-Heptanol 1-Octanol

T=298.15K 303.15K 308.15K T=298.15K 303.15K 308.15K T=298.15K 303.15K 308.15K

V10.106/m3.mol-1 124.93 125.40 125.96 141.56 142.21 142.83 158.08 158.73 159.42(V10–V20).106/m3.mol-1 -53.87 -63.70 -73.74 -45.04 -55.49 -65.47 -36.02 -46.47 -57.18
∆μ10≠/KJ.mol-1 18.03 18.02 17.95 18.97 18.93 18.80 19.86 19.87 19.78
∆μ20≠/KJ.mol-1 38.55 42.63 46.72 38.90 42.56 46.02 39.35 42.46 45.39
T∆S20≠

/ KJ.mol-1 -243.59 -247.67 -251.76 -211.98 -215.54 -219.09 -179.78 -182.80 -185.81
∆H20≠/KJ.mol-1 -205.04 -205.04 -205.04 -173.08 -172.98 -173.08 -140.43 -140.34 -140.43
* Standard uncertainties  values of u are: u (T) =0.01K
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Table 15: Values of dB/dT, A1 and A2 coefficients for the [BTMA]Cl in different

solvent systems at different temperatures at 298.15 K, 303.15 K and 308.15 K*

Solvent dB/dT A1 A21-Hexanol 0.0361 -2.107 0.0171-Heptanol 0.0359 -1.993 0.0161-Octanol 0.0329 -1.628 0.014* Standard uncertainties  values of u are: u (T) =0.01K
Table16: Refractive Index (nD), Molar Refraction (RM) and Limiting Molar

Refraction (RM0) [BTMA]Cl in different solvent systems at 298.15 K*

molality
/mol∙kg-1

nD
RM×106

/ m3 mol-1

RM0×106

/ m3 mol-11-Hexanol0.0123 1.4163 57.0720.0307 1.4168 57.0850.0493 1.4173 57.099 57.030.0679 1.4178 57.1120.0867 1.4184 57.1230.1055 1.4190 57.1341-Heptanol0.0122 1.4223 57.5920.0306 1.4227 57.6000.0492 1.4232 57.607 57.570.0678 1.4236 57.6130.0865 1.4241 57.6180.1053 1.4246 57.6241-Octanol0.0122 1.4277 58.0350.0305 1.4281 58.0430.0490 1.4285 58.050 58.010.0675 1.4289 58.0580.0861 1.4294 58.0630.1048 1.4299 58.071*Standard uncertainties u are: u (nD) =0.0002 and u (T) =0.01K
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Figures:

Figure 1. Plot of molar conductance (Λ) versus √C for [BTMA]Cl in 1-Hexanol at

298.15 K.

Figure 2. Plot of molar conductance (Λ) versus √C for [BTMA]Cl in 1-Heptanol at

298.15 K.
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Figure 3. Plot of molar conductance (Λ) versus √C for [BTMA]Cl in 1-Octanol at

298.15K.

Figure 4: Plot of φV0 as a function of temperature (T/K) in different solvent

systems
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Figure 3. Plot of molar conductance (Λ) versus √C for [BTMA]Cl in 1-Octanol at

298.15K.

Figure 4: Plot of φV0 as a function of temperature (T/K) in different solvent

systems
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Figure 3. Plot of molar conductance (Λ) versus √C for [BTMA]Cl in 1-Octanol at

298.15K.

Figure 4: Plot of φV0 as a function of temperature (T/K) in different solvent

systems
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Figure 5: Plot of B as a function of temperature (T/K) in different solvent systems

Figure 6: Plot of molar refractive index (RM) against square root of concentration

(√m) for [BTMA]Cl in different solvent systems, (♦) 1-Hexanol; (■) 1-Heptanol and

(▲) 1-Octanol.
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Figure 5: Plot of B as a function of temperature (T/K) in different solvent systems

Figure 6: Plot of molar refractive index (RM) against square root of concentration

(√m) for [BTMA]Cl in different solvent systems, (♦) 1-Hexanol; (■) 1-Heptanol and

(▲) 1-Octanol.
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Figure 5: Plot of B as a function of temperature (T/K) in different solvent systems

Figure 6: Plot of molar refractive index (RM) against square root of concentration

(√m) for [BTMA]Cl in different solvent systems, (♦) 1-Hexanol; (■) 1-Heptanol and

(▲) 1-Octanol.
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Schemes:

Scheme 1. Plausible sites of interactions between solute-solvent ([BTMA]Cl-1-

Alkanol)

[BTMA]Cl 1-Hexanol 1-Heptanol 1-Octanol

Scheme 2: Molecular structure of IL and solvents and Plausible Association of

ionic liquid in different solvents
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Scheme 3: Formation of Ion-pair (IL + 1-Hexanol) and triple-ion (IL + 1-Heptanol;

IL + 1-Octanol).



Concluding Remarks

267

CHAPTER-X

CONCLUDING REMARKSIn my research work, described in this thesis, I have tried to investigate thephysicochemical properties of some ionic liquids and biologically active solutes indifferent aqueous and non-aqueous industrially important liquid systemsrespectively in terms of diverse interactions such as solute-solute or ion-ion, solute-solvent or ion-solvent and solvent-solvent. Thermodynamic, transport, optical andspectroscopic properties of solutions help to examine the molecular interactions.Systematic study made on these properties has great importance in gaining a betterknowledge of these interactions. This study will find importance in Pharmaceutical,cosmetics, chemical industries.The volumetric, viscometric, conductometric, refractive index and surfacetension studies helped us to evaluate the extent of molecular interaction in  aparticular solutions quantitatively whereas the spectroscopic studies gave an insightinto the type of molecular occurring in a given systems.In Chapter IV, after a wide study on volumetric, viscometric andrefractometric investigations of  three simple amino acids in aq.18C6 reveals thatthe  overall molecular interaction of amino acids with co solutes follows the order :glycine< L-alanine< L-isoleuine. Therefore, this behavior suggests that although ion-ion or hydrophilic-hydrophilic group interactions are predominant for glycine andL-alanine, ion-hydrophobic or hydrophobic-hydrophobic group interactions arepredominant for L-isoleucine in aq.18C6 solutions.  The size and number of carbonatoms of the alkyl groups of the amino acids also play an important role indetermining the solvation consequences on the selected solvent systems.In Chapter V, the extensive study based on surface tension and conductancedata it was supported that an inclusion complex between studied IL and α-CD wasformed. In NMR study, the changes in the chemical shift corresponding to H5 and H3protons of host and guest establish the formation of IL–α-CD inclusion complex inaqueous solution. The Job plot of the UV-Vis spectrum proves also the inclusioncomplex formation in aqueous solution.The results point out that α -CD and IL finallyform steady inclusion complex (IC) with a 1:1 stoichiometry. They both are
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promoting to each other owing to hydrophobic and hydrophilic interactions amongthem. In Chapter VI, after a thorough investigation of interaction of Citric acid withUric acid reveals that there is a strong interaction between citric acid and uric acidand it becomes stronger with rise in temperature. As molecules of uric acid areengaged with the citric acid’s molecules, the accumulation among the uric acidmolecules becomes less effective. Therefore, the process of crystallization anddeposition of uric acid gets hampered in presence of citric acid. The above factsuggests that the relief of painful effect of gout can be achieved by consumption ofmore citrus fruits and by making warmth the affected area.In Chapter VII, reveals the conductivity data communicates the complexformation of crown ethers with IL molecule, which are consistent with the surfacetension measurements and 1H NMR spectra. The studied complexes are mainlystabilised by hydrogen bonds and ion-dipole interactions play only a secondary role.Larger  formation  constant  value  for  complex  with 15-C-5 compared  to  that with18-C-8 determined  by  conductivity  study  indicates  that  imidazolium cation  formstable  complex  with  15-C-5  compared  to  18-C-8   in  aqueous  solution.  The  1:1complexation  of  the  imidazolium  based  IL  by  different  crown  ethers  is  drivenby favourable  stabilised interactions. This study  also  helps  to  get  importantinformation  about the  other  host-guest  systems  having crown ethers. Thiscomplexation study of imidazolium ion provide  further  information  on  the  natureof  the  complexation between  positively  charged  organic  guests  and  macrocyclicpolyethers.  This  study  is also  significant  for  the  understanding  of  the  vital roleof  imidazolium  cation  in  the design and construction of supramolecular host-guestmaterials.In Chapter VIII, quantifies experimentally the ion-solvent interactions,solvation behaviour and solution structure of the three amino acids as a function ofconcentration in aq. [bmpyrr]PF6. It is no doubt that the ion-solvent interaction isdominant over the interaction of ion or solute itself. The work also provided thequalitative and quantitative statement that the ion-solvent interaction or ion-solvation behaviour are higher for L-Histidine than L-Proline, which is in turngreater than L-Serine; and these ion-solvation is strengthen with increasing mass
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fraction of [bmpyrr]PF6 in aqueous media. The parameters resolute by the chemicalanalysis of different equations improved with experimental data sustain the sameculmination discussed and explained in this study demanding the uniqueness of thework. In Chapter IX, disclose the extensive study of IL, [BTMA]Cl in 1-Hexanol, 1-Heptanol and 1-Octanol leads to the conclude  that, the IL is more associated in 1-Octanol than the other two solvents. It can also be found that in the conductometricstudies in 1-Heptanol and 1-Octanol the [BTMA]Cl mostly remains as triple-ionsthan ion-pairs but in 1-Hexanol the [BTMA]Cl remains as ion-pairs. There is moreion-solvent interaction in 1-Octanol than 1-Heptanol than 1-Hexanol. Theexperimental values obtained from the volumetric, viscometric and refractometricstudies also suggest that in solution the ion–solvent interaction is more than theion–ion interaction due to the greater covalent interaction (van der Waals’interaction) between the hydrocarbon part of [BTMA]Cl and the  hydrocarbon chainof 1-Alkanols. As the length of the alkyl-chain decreases the extent of van der Waals’force of attraction decreases hence the extent of ion–solvent interaction of [BTMA]Clis enhanced by the following order:1-Octanol > 1-Heptanol > 1-Hexanol.The proper understanding of the solute-solute and solute-solventinteractions may form the basis of explaining quantitatively the influence of solventsand the ions in solution and thus pave the way for real understanding of differentphenomena associated with solution chemistry.Excess and bulk properties are fundamentally important in understandingthe intermolecular interactions between dissimilar molecules and in developing thethermodynamic models. Furthermore, thermodynamic properties of solventmixtures, containing substances capable of undergoing specific interactions, exhibitsignificant deviation from ideality arising not only from difference in molecular sizeand shape but also due to structural changes. It has been found that the addition ofcompound could either break or make the structure of solvent. Because a solvent’sviscosity depends on the intermolecular forces, the structural aspects of the solvent
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can be inferred from the viscosity of solutions at different temperatures andconcentrations.Mixed solvents enable the variation of properties such as dielectric constantor viscosity, and therefore the solute-solute and solute-solvent interactions can bebetter studied. A number of conductometric and related studies of differentelectrolytes in nonaqueous solvents have been made for their optimal use in high-energy batteries and for understanding organic reaction mechanisms.Spectroscopic techniques such as NMR, UV-Visible are very useful to quantifythe host-guest chemistry. Nuclear magnetic resonance (NMR) is one of the mostpowerful spectroscopic techniques in analytical chemistry. It is an important tool forstudies of host-guest complexes, for elucidating the structure of various complexesexisting in the form of aggregates, ion pair or encapsulated system. By measuringchemical shifts (most commonly, proton) of different nuclei (host and guest) thebinding activity between host and guest has been recognized. UV-Visiblespectroscopy also helpful to understand the formation of inclusion complex,stoichiometry and association constant (using Benesi-Hildebrand method). Thereare various applications of Host-guest chemistry such as host-guest systems havebeen used to remove hazardous substances from the environment.However, it is necessary to remember that the molecular interactions arevery complex in nature. There are various forces existing in the molecule and it isnot really possible to separate them all. Nevertheless, if careful judgement isconsidered, valid conclusions can be drawn in many cases relating to the degree ofstructure and order of the system.To conclude it may be stated that diverse interactions studies of ionic liquidand biologically active solutes will be of immense helpful in understanding thenature of various interactions prevailing in varied solution environments.
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The density (ρ), viscosity (η) and refractive index (nD) of some biologically active molecules (glycine, L-
alanine, and L-isoleucine) have been determined in different mass fractions (w1 = 0.001, 0.003, 0.005) 
of aqueous 18-crown-6 (18C6) solutions at three different temperatures. The limiting apparent molar 
volumes (∅𝑉

° ), experimental slopes (𝑆𝑉
∗) have been found out from the Masson equation. A- and B-

coefficients have been obtained from the Jones−Dole equation. The Lorentz−Lorenz equation has been 
employed to measure molar refractions (𝑅𝑀). The standard volumes of transfer and solvation number 
of the amino acids have been considered for rationalizing various molecular interactions in the ternary 
solutions. Group contribution from charged end groups (NH3+, COO-), -CH2 and the alkyl groups of amino 
acids has been determined using a group additive approach. The results have been discussed in terms 
of ion-dipolar, hydrophilic-hydrophobic and hydrophobic-hydrophobic group interactions as well as 
thermodynamic parameters. 
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1. Introduction 

In Biological systems, macromolecular globular proteins have well 
characteristics physicochemical properties. Various non-covalent forces 
viz.  ionic and dipolar interactions, H-bonding and hydrophobic forces, etc. 
[1] play a decisive role to determine their stable structures. In aqueous 
solution, the process of denaturation of a globular protein involves a 
change from a marginally stable native state (folded conformation) to 
other denaturated state i.e., extended form [2, 3]. Therefore, the studies of 
these protein solvent interactions are difficult due to complexity in 
interactions of the large molecules. However, to understand these 
interactions we consider some simple amino acids which are treated as the 
model compounds for some specific purpose. Also, amino acids are 
commonly used in fertilizers, food technology and industry. 

On the other hand, macrocyclic polyethers [4] have been extensively 
used as interesting model compounds for the study of molecular effect on 
membrane permeability [5-8], due to their many similarities to cyclic 
antibiotics and biological transport agents. Considerable attention has 
been focused on the interactions between different protonated amines and 
macrocyclic ligands in order to study the molecular interaction on 
membrane permeability [9-11]. 18C6 can give better insight into the effect 
of electrostatic and hydrophobic interactions on the stability of proteins 
as the cyclic ether contains hydrophilic ethereal oxygen and hydrophobic 
ethylene moiety, expected to influence macromolecular conformations. 
Crown ethers are very important, especially in application on 
thermodynamic studies [12], solvent extraction of divalent and 
monovalent ions [13], selective synergistic solvent- extraction [14] and 
competitive complexation of some alkaline earths and transition metal 
ions [15]. Synthesis, characterization, crystal structure of some salts with 
18C6 are valuable [16] ones.  

In the present study, we have attempted to ascertain the nature of 
solute–solvent/cosolute interactions of amino acids (glycine, L-alanine, 
and L-isoleucine) in w1 = 0.001, 0.003, 0.005 mass fraction of aqueous 
18C6 binary mixtures at 293.15K, 298.15K, and 303.15K. 

  

 

2. Experimental Methods 

2.1 Source and Purity of Samples 

The studied amino acids (glycine, L-alanine, L-isoleucine) and 
cosolute18-crown-6 of puriss grade were procured from Sigma-Aldrich, 
Germany and used as purchased. The amino acids were used after 
recrystallization from (ethanol + water) mixture and dried over P2O5 in a 
desiccator for about 72 h before use. The mass fraction purity of 18-crown-
6 was ≥ 0.99. The 18C6 was dried from moisture at 373 K for 72 h, and 
then cooled and stored in a desiccator [17]. Freshly distilled conductivity 
water was used for the preparation of the 18C6 solution. The physical 
properties of different mass fractions of aqueous 18C6 solution are shown 
in Table 1. 
 
Table 1 Experimental values of density (ρ), viscosity (η), refractive index (nD) 
different mass fractions of aqueous 18-crown-6 at different temperatures 
 

Aqueous 

18C6  

mixture 

ρ×10-3/kg∙m-3 η /mPs nD 

 
293.15 

Ka 

298.15 

Ka 

303.15 

Ka 

293.15 

Ka 

298.15 

Ka 

303.15 

Ka 

298.15 

Ka 

W1=0.001 0.99832 0.99712 0.99572 1.28 1.18 0.91 1.3320 

W2=0.003 0.99836 0.99720 0.99581 1.30 1.20 0.93 1.3326 

W3=0.005 0.99843 0.99727 0.99593 1.32 1.22 0.95 1.3329 

a Standard uncertainties u are: u(ρ) = 5×10-5 gcm-3, u(η) = 0.02 mPs, u(nD) =0.0003 and 
u(T) =0.01 K. 

 
2.2 Apparatus and Procedure 

Aqueous binary solution of 18C6 was prepared by mass (Mettler Toledo 
AG-285 with uncertainty ±0.0003 g). Stock solutions of the amino acids 
were also prepared by mass and then working solutions were obtained by 
mass dilution. The conversion of molarity into molality was accomplished 
using experimental density values. All the solutions were prepared afresh 
before use. The uncertainty molality of the solutions is evaluated to 
±0.0001 molkg-3. 

The densities of the solutions (ρ) were measured by means of vibrating 
u-tube Anton Paar digital density meter (DMA 4500 M) with a precision of 
±0.00005 gcm-3 maintained at ±0.01. A density check or air/water 
adjustment was performed with triply distilled and degassed water and 
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with dry air at atmospheric pressure. Before each series of measurements, 
the density meter was calibrated with triple distilled and degassed water 
in the experimental temperature range [18].  

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 [19]. Temperature of the 
experimental solution was maintained ± 0.01K 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%.   

Refractive index was measured by means of Mettler Toledo digital 
refractometer. The light source was LED, λ= 589.3 nm. The calibration of 
refractometer was done twice using triply distilled water and being 
checked after every few measurements. The uncertainty of refractive 
index measurement was ± 0.0002 units. 

 
Table 2 Limiting apparent molar volume ( 0

V ) and B- coefficient and limiting molar 

refraction (RM0) of amino acids in different mass fractions of aqueous 18-crown-6 at 
different temperatures 
 

Aq. solvent 

mixtutre 

0

V ×106 

/ m3 mol-1 

*

VS
 

/m3mol- 3/2kg1/2 

RM0 

/m3 

mol-1 

T= 
293.15 

Ka 

298.15 

Ka 

303.15 

Ka 

293.15 

Ka 

298.15 

Ka 

303.15 

Ka 

298.15 

Ka 

Glycine 

W1=0.001 43.41 43.42 43.89 -10.05 -10.78 -16.50 15.41 

W1=0.003 43.94 43.98 44.05 -13.69 -13.86 -16.89 15.44 

W1=0.005 44.10 44.13 44.21 -20.27 -24.18 -26.59 15.46 

L-alanine 

W1=0.001 60.55 60.63 60.66 -14.90 -15.22 -16.41 18.29 

W1=0.003 60.71 60.73 60.88 -15.53 -18.21 -16.92 18.31 

W1=0.005 60.93 60.96 60.97 -21.48 -24.06 -27.26 18.34 

L-isoleucine 

W1=0.001 107.50 107.60 107.71 -6.641 -13.24 -24.05 27.09 

W1=0.003 107.81 107.89 108.02 -28.89 -36.14 -43.85 27.11 

W1=0.005 108.11 108.20 108.31 -50.87 -57.84 -65.39 27.19 
a Standard uncertainties u are: u(T) =0.01K. 
 
 

3. Result and Discussion 

3.1 Apparent Molar Volume (∅𝑉) 

Probing amino acids are highly soluble in all proportions of the aqueous 
18C6 solvent mixtures (Scheme 1). The physical properties of binary 
mixtures in different mass fractions (w1 = 0.001, 0.003, 0.005) of aqueous 
18C6 solutions at 293.15, 298.15 and 303.15 K are reported in Table 1. The 
measured experimental values of densities of studied amino acids in 
different mass fractions (w1 = 0.001, 0.003, 0.005) of aqueous 18-crown-6 
mixture at 293.15–303.15 K as a function of concentration (molality) are 
measured. Volumetric properties, such as, limiting apparent molar volume 
(∅𝑉

° ) are regarded as sensitive tools for the understanding of interactions 
in solutions [20]. The values of ∅𝑉

°  and 𝑆𝑉
∗  are reported in Table 2. At 

infinite dilution, each monomer of solute is surrounded only by the solvent 
molecules, and being infinite distant with other ones. Therefore, that ∅𝑉

°  is 
unaffected by solute–solute interaction and it is measure only of the 
solute–solvent interaction [21, 22]. The ∅𝑉

°  data are often entrenched with 
important information of solute hydrophobicity, solvation behavior, and 
solute–solvent interactions [23, 24] occurred in aqueous 18C6. The 
inspection of Table 2 shows that values of ∅𝑉

°  are large and positive for all 
the amino acids at all the investigated temperatures and molalities, 
suggesting the presence of strong solute–solvent interaction [25]. 
Furthermore, at each temperature, the values of ∅𝑉

°  increase with 
increasing number of hydrophobic alkyl groups (or size of alkyl group) 
from L-glycine to L-isoleucine. A similar increase in ∅𝑉

°  with increasing 
number of carbon atoms for amino acids in aqueous glycerol, at 298.15 K, 
was also reported by Banipal et al. 2001[26]. The behavior of ∅𝑉

°  for the 
present systems can be explained employing the co-sphere model, 
proposed by Friedman and Krishnan [27]. By using this model Mishra et 
al. 1983 [28] observed that an overlap of co spheres of two species cause 
in an increase or decrease in volume. The increase ∅𝑉

°   with increasing 
temperature may be attributed to the release of some solvation molecules 

from the loose solvation layers of the solutes in solution. A plausible 
mechanism of interaction between 18C6 and different amino acids as 
evident from the experimental observation is given in Scheme 2. The 
required values of ∅𝑉

°  and 𝑆𝑉
∗

 
for the amino acids in pure water are 

collected from the literature [29]. From Table 2, a quantitative comparison 
between ∅𝑉

°  and 𝑆𝑉
∗  values show that the magnitude of ∅𝑉

°   values is higher 
than 𝑆𝑉

∗ , suggesting that the solute–solvent interactions dominate over the 
solute–solute interactions in all solutions at the investigated 
temperatures. Furthermore, 𝑆𝑉

∗  values are negative at all temperatures, 
and the values increase with the increase of experimental temperatures 
which may be attributed to more violent thermal agitation at higher 
temperatures and   the pair-wise interaction [30-32] is restricted by the 
non-covalent interaction of the charged functional group of one amino acid 
molecule to the side chain of other amino acid molecules. 
 

 

Scheme 1 Molecular structures of solute and co-solute 

 

Scheme 2 Plausible solute –solvent interaction in the studied ternary mixtures 

 
3.1.1 Group Contributions of Amino Acids to (∅𝑉

° ) 

∅𝑉
°   values for amino acids containing alkyl part  can be represented as 

follows, 
 

C
0 0 0

V V 3 V 2(NH ,COO ) n (CH )    
                           

(1) 
 

Where, nc is the number of carbon atoms in the alkyl chain of the amino 
acid 0

V 3(NH ,COO )    and 0

V 2(CH )  are the zwitter ionic end group and 

methylene group contribution to ∅𝑉
° , respectively. The values of 

0

V 3(NH ,COO )    and 0

V 2(CH )  estimated by regression analysis and are 

listed in Table 3, where required values in pure solvent are collected from 
the literature [33]. By obtaining above values we can calculate the mean 
contribution of the ∅𝑉

°  (CH) and ∅𝑉
°  (CH3) values of the amino acids (Table 

3). 
 

0 0

V V 2(CH) 0.5 (CH )                              (2) 

0 0

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

 
From the table it is clear that contributions  of 0

V 3(NH ,COO )   to the ∅𝑉
°  

are higher than  CH2- group and increases with increase in  mass fraction 
of 18C6(cosolute) at  all investigated temperatures indicates that the 
interaction between cosolute and polar end groups (NH3+,COO-) of amino 
acids are much stronger than those between cosolute and CH2 
(hydrophobic)group [34].The side chain contribution to the partial molar 
volume of the amino acids can be derived by using the following equation  

 

0 0 0

V V V(R) (a minoacids) (glycine)   
                                   (4) 
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Where, ∅𝑉
°   (𝑅) defines the side chain contribution to ∅𝑉

°   of the respective 
amino acid relative to the H-atom of glycine. For this purpose, it is assumed 
that the volume contribution of the H-atom in glycine is insignificant. The 
results are given in Table 4. 
 
Table 3 Contributions of zwitter ionic group (NH3+, COO- ), CH2 group, and the other 
alkyl chains to the limiting apparent molar volume, ∅𝑉

°  and the viscosity B-coefficient 
for amino acids in different mass fraction of  aqueous 18-crown-6 
 

Groups 
0

V
×106 

/ m3 mol-1 

B 

/kgmol-1 

T/ Ka 293.15 298.15 303.15 293.15 298.15 303.15 

W1=0.001 

NH3+,COO- 26.27 26.21 27.12 1.040 1.080 1.070 

(CH) 8.57 8.60 8.38 0.150 0.141 0.155 

Gly(CH2) 17.14 17.21 16.77 0.301 0.283 0.310 

(CH3) 25.71 25.80 25.14 0.452 0.423 0.465 

Ala(CH3CH-) 34.28 34.42 33.54 0.602 0.570 0.621 

Isoleu(EtMeCH-) 81.23 81.39 80.59 0.885 0.847 0.862 

W1=0.003 

NH3+,COO- 27.17 27.23 27.24 1.050 1.060 1.070 

(CH) 8.39 8.37 8.40 0.160 0.162 0.181 

Gly(CH2) 16.77 16.75 16.82 0.321 0.324 0.363 

(CH3) 25.17 25.11 25.20 0.482 0.486 0.545 

Ala(CH3CH-) 33.54 33.50 33.64 0.651 0.651 0.722 

Isoleu(EtMeCH-) 80.84 80.66 80.78 0.892 0.950 1.010 

W1=0.005 

NH3+,COO- 27.27 27.29 27.45 1.140 1.160 1.200 

(CH) 8.41 8.42 8.38 0.162 0.189 0.180 

Gly(CH2) 16.83 16.84 16.76 0.325 0.359 0.360 

(CH3) 25.23 25.26 25.14 0.486 0.567 0.540 

Ala(CH3CH-) 33.66 33.67 33.52 0.652 0.767 0.719 

Isoleu(EtMeCH-) 80.84 80.31 80.26 1.032 1.104 1.111 

a Standard uncertainties u are: u(T) = 0.01 K 
 
Table 4 Contribution of the Alkyl Chain Group (R) to Standard Partial Molar Volume, 
∅𝑉

°  (𝑅)  and Viscosity B-Coefficient B(R) in Different Aqueous 18C6 Solutions 
 

Mass 

fractions 

0

V (R) ×106 

/ m3 mol-1 

B(R) 

/ kgmol-1 

T= 293.15Ka 298.15Ka 303.15Ka 293.15Ka 298.15Ka 303.15Ka 

L-alanine 

W1=0.001 17.14 17.21 16.77 0.301 0.303 0.310 

W1=0.003 16.77 16.75 16.83 0.321 0.324 0.363 

W1=0.005 16.83 16.83 16.76 0.324 0.379 0.360 

L-isoleucine 

W1=0.001 64.09 64.18 63.82 0.584 0.590 0.591 

W1=0.003 63.56 63.91 66.97 0.562 0.623 0.735 

W1=0.005 64.01 64.07 67.10 0.704 0.716 0.752 
a Standard uncertainties u are: u(T) = 0.01 K 

Table 5 Contribution of Transfer Volumes, ∆∅𝑉
°  from ∅𝑉

° ×106(aqueous)for amino 
acids in different Aqueous 18C6 solutions at 293.15 K - 303.15 K 
 

Amino acid 

Groups 

0

V ×106(aqueous) 

/ m3 mol-1 

0

V
 ×106 

/ m3 mol-1 

T=  293.15Ka 298.15Ka 303.15Ka 

W1=0.001 

NH3+,COO- 25.91 0.36 0.30 1.21 

(CH) 8.64 -0.07 -0.04 -0.26 

Gly(CH2) 17.28 -0.14 -0.03 -0.51 

(CH3) 25.92 -0.21 -0.12 -0.78 

Ala(CH3CH-) 34.56 -0.28 -0.14 -0.80 

Isoleu(EtMeCH-) 81.83 -0.60 -0.44 -1.30 

W1=0.003 

NH3+,COO- 25.91 1.26 1.32 1.33 

(CH) 8.64 -0.25 -0.27 -0.24 

Gly(CH2) 17.28 -0.51 -0.53 -0.46 

(CH3) 25.92 -0.75 -0.81 -0.72 

Ala(CH3CH-) 34.56 -1.02 -1.06 -0.92 

Isoleu(EtMeCH-) 81.83 -1.29 -1.40 -1.50 

W1=0.005 

NH3+,COO- 25.91 1.36 1.38 1.54 

(CH) 8.64 -0.23 -0.22 -0.30 

Gly(CH2) 17.28 -0.45 -0.44 -0.52 

(CH3) 25.92 -0.68 -0.65 -0.77 

Ala(CH3CH-) 34.56 -0.90 -1.06 -1.04 

Isoleu(EtMeCH-) 81.83 -1.39 -1.52 -1.57 
aStandard uncertainties u are: u(T) = 0.01 K. 

3.1.2 Group Contributions of Amino Acids to Standard Transfer Volume 
(∆∅𝑉

° ) 
 Partial molar transfer volume of the zwterionic end group and other 

hydrophobic alkyl chain groups of amino acids from water to aqueous 
18C6 have been done as follows 

 
0 0 0

3 3 3( ) ( )[ 18 6] ( )[ ]v v vNH COO NH COO inaqueous C NH COO inwater                    
      (5a) 

Or, 
0 0 0( ) ( )[ 18 6] ( )[ ]v v vR R inaqueous C R inwater     

          (5b) 
 

and reported in Table 5. The contribution of (NH3
+,COO-) is positive to∆∅𝑉

°  
and increases with increase in mass fraction of the cosolute. On the other 
hand contribution of side chain to∆∅𝑉

°  is negative for all the studied amino 
acids and their contribution decreases with increase in the number of 
hydrophobic side part. 
 

 

Fig. 1 Transfer volume (∆∅𝑉
° ) of amino acids varying with increasing temperatures 

(T/K) with increasing concentrations of 18C6 (0.001, 0.002 & 0.003 mass fraction) 

 
Standard transfer volume for amino acids, ∆∅𝑉

° , from pure water to 
18C6 is derived by  using the Eq.(6) and the results are shown in Fig. 1. 

 
∆∅𝑉

°  (amino acid)= ∅𝑉
°  (amino acid+aq.18C6) - ∅𝑉

°  (water)                 (6) 
 

 Solute–solvent interactions [35] among the amino acids with co solute 
can be explained by the co-sphere model developed by Friedman and 
Krishnan. According to this model the effect of overlap of the hydration co-
spheres between crown and amino acids bearing hydrophobic alkyl chain 
is destructive. Since amino acids exist predominantly as zwitterions in 
pure water and there is an overall increase in volume of water due to 
electrostriction, but the observed decreasing transfer volumes indicate 
that in the ternary solutions (amino acid and aq. 18C6), have the 
hydrophobic–hydrophobic group interactions (mainly repulsion) for long 
chain amino acids and the contribution increases with the mass fraction of 
18C6. Therefore, the negative ∆∅𝑉

°  values for L-isoleucine point out that 
ion–hydrophobic and hydrophobic-hydrophobic interaction are higher in 
case of L-isoleucine than that of other two amino acids. The observed 
result can also be elucidate by the following equation [36, 37], 

 
0

V vw v s                                                         (7) 

 

Where, ∅𝑉𝑊 is the van der Waals volume, ∅𝑉 is the volume associated 
with voids or empty space, and ∅𝑆 is the shrinkage volume due to 
electrostriction. Assuming the ∅𝑉𝑊 and ∅𝑉 have the same magnitudes in 
water and in aqueous 18C6 solutions for the same class of solutes [38], the 
observed positive ∆∅𝑉

°  values ascribed to the decrease in the volume of 
shrinkage, whereas negative ∆∅𝑉

°  values for L-isoleucine may be attributed 
to shrinkage in volume [26]. The introduction of a non-polar CH3– group 
in L-alanine provides an additional tendency for hydrophobic–
hydrophobic group interactions, and as a result, greater electrostriction of 
water is produced leading to smaller changes of ∆∅𝑉

° . Similarly, when the 
H-atom of glycine is replaced by the alkyl group in L-isoleucine, the 
additional propensity for the hydrophobic–hydrophobic group interaction 
increases further and thus leads to change in ∆∅𝑉

°  values. The above facts 
are supported by the experimental observation drawn by Li et al. [39] in a 
study of glycine, L-alanine and L-serine in glycerol–water mixture at 
298.15 K. 

 
3.1.3 Solvation Number of Amino Acids 

 Number of solvent molecules associated with amino acids can be 
estimated from the flowing relation, 

 

0

0 0

( )
H

v

e b

elect
n



 



                                                 (8) 
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Where, 0( )v elect is electrostriction partial molar volume 0

e  is the molar 

volume of the electrostricted water and 0

b
 is the molar volume of bulk 

water. The value of ( 0 0

e b  ) is calculated [29] to be -2.9, -3.3 and -3.5 

cm3mol-1 at 293.15, 298.15 and 303.15 K respectively. The 0( )v elect  values 

can be calculated [40] from the intrinsic partial molar volumes of the 
amino acids, 0 (int)v [41, 42] and experimentally determined ∅𝑉

°  values, as 

follows, 
 

0 0 0( min ) (int) ( )v v va oacid electric                                     (9) 

0 00.7
(int) ( )

0.634
v v cryst 

                                                       (10) 

 

Where, 0( )v cryst  (= mol wt/density) is the crystal molar volume, 0.7 is 

the packing density for the molecules in an organic crystal, and 0.634 is 
the packing density for a random packing sphere. The values of nH   in table 
6 for the amino acids are follows the order, 

 

nH(L-isoleucine)>nH(L-alanina)>nH(glycine) 
 

The observed decreasing tendency of nH for glycine and L-alanine 
(Table 6) supports the overall solute–solvent interaction of the amino in 
aq. 18C6 solutions [43]. However, a slight increase of nH for L-isoleucine 
indicates that the increase in the interaction of hydrophobic groups of L-
isoleucine with those of the 18C6 does not reduce the electrostriction of 
water molecules to it, but leads to a slight increase in the solvation 
number, (nH).  
 
Table 6 Solvation number (Sn) of the amino acids at different mass fractions of 
aqueous 18C6 
 

Mass 

fractions 

Solvation Number(Sn) 

Glycine L-alanine L-isoleucine 

T/ Ka 293.15 298.15 303.15 293.15 298.15 303.15 293.15 298.15 303.15 

W1=0.001 2.8 2.5 2.2 3.0 2.6 2.4 3.9 3.4 3.2 

W1=0.003 2.6 2.3 2.2 2.9 2.5 2.3 3.8 3.3 3.1 

W1=0.005 2.6 2.2 2.1 2.8 2.4 2.3 3.7 3.2 3.0 

 

 3.2   Viscosity B-Coeffcient 

The effects of solute−solvent interactions on the solution viscosity can 
be inferred from the B-coefficient [21, 29]. The viscosity B-coefficient is an 
important tool to provide information concerning the solvation of the 
solutes and their effects on the structure of the solvent. It is evident that 
the values of the B coefficient are positive, thereby suggesting the presence 
of strong solute−solvent interactions, and strengthened with an increase 
in the number of hydrophobic groups  of amino acids and with the increase 
of mass fraction of 18C6  in the solvent mixture. This interaction is 
strengthened with rise in temperature and thus the values of B-coefficient 
increases with increase in temperature. This observation is in a well 
agreement with the results obtained from apparent molar volume values 
discussed earlier. The B-coefficient values of amino acids follow the 
sequence, L-glycine < L-alanine < L-isoleucine. Thus from this trend it is 
obvious that the B-coefficients reflect the net structural effects of the 
charged groups and the hydrophobic CH2–groups of the amino acids. As B-
coefficients vary linearly with the number of carbon atoms of the alkyl 
chain (nc), these two effects can be determined as follows 

23( , ) ( )cB B NH COO n B CH                                           (11) 

The regression parameters, i.e., the zwitterionic group contribution

3( , )B NH COO  , and B(CH2) group contribution, to B-coefficients are 

scheduled in Table 3. It shows that both the 
3( , )B NH COO   and B(CH2) 

values increase with increasing molality of 18C6 in ternary solutions, 
indicating that the zwitterionic and CH2– group enhances the structure to 
solute–solvent interaction in the aqueous crown solutions. The 
hydrophobic side chain contributions to B-coefficients, B (CH2), have also 
been derived using the same procedure as that of ∆∅𝑉

° (𝑅) and are 
tabulated in Table 4, which shows that B(R) values are positive and greater 
for L-isoleucine than L-alanine in all the experimental condition. This 
order is due to the greater structure-breaking tendency and these findings 
are in line with our volumetric results discussed earlier. 

 
3.3 Refractive Index Measurements for Molecular Interaction 

The refractive index of a molecule denotes its capability to refract light 
as it passes through one medium to another. According to Deetlefs et al. 
2006 [44] the greater the refractive index of a molecule is, the more the 
light is refracted [45]. A more dense solution i.e., a more tightly packed 
substance has a higher refractive index. Therefore, refractive index values 

increases with increase in amino acids concentration to the given solvent 
system [46].  Among the three amino acids, higher molar refraction values 
in case of L-isoleucine suggests solute cosolute (18C6) interaction is 
higher for L-isoleucine than that of other two amino acids and solute-
solvent interaction predominates over solute-solute interaction (Fig. 2). 
These findings about compactness of the system in relating to the 
interactions are in good agreement with the results found from density 
and viscosity measurements. 
 

 

Fig. 2 Plot of limiting molar refraction (𝑅𝑀
° ) for glycine, L-alanine and L-isoleucine in 

different mass fractions (w1) of aq. 18C6 at 298.15 K 

 
Table 7 Thermodynamic derived parameters of the amino acids at different mass 
fractions of aqueous 18C6 
 

 

Temp/K 

 

0

V (purewater) 

/ m3 mol-1 

Δµ10#/ 

KJ·mol-1 

Δµ20#/ 

KJ·mol-1 

Δµ0#/ 

KJ·mol-1 

T∆S0#/ 

kJ·mol-1 

∆H0#/ 

KJ·mol-1 

Glycine+ W1=0.001(18C6) 

293.15 18.016 60.41 70.19 65.30 -16.28 49.02 

298.15 18.039 61.24 71.57 66.40 -16.41 49.99 

303.15 18.062 61.61 71.68 66.59 -16.79 49.80 

Glycine+ W1=0.003(18C6) 

293.15 18.016 60.44 70.91 65.69 -16.35 49.34 

298.15 18.039 61.28 71.81 66.54 -16.36 50.18 

303.15 18.062 61.65 71.92 66.70 -16.43 50.27 

Glycine+ W1=0.005(18C6) 

293.15 18.016 60.47 72.14 66.30 -16.46 49.84 

298.15 18.039 61.31 72.51 66.91 -16.49 50.42 

303.15 18.062 61.69 72.62 67.15 -16.57 50.58 

                                          L-alanine+ W1=0.001(18C6) 

293.15 18.016 60.41 72.81 66.61 -16.74 49.87 

298.15 18.039 61.24 72.87 67.05 -16.83 50.22 

303.15 18.062 61.61 73.95 67.78 -16.75 51.03 

          L-alanine + W1=0.003(18C6) 

293.15 18.016 60.44 73.29 66.86 -16.91 49.90 

298.15 18.039 61.28 74.04 67.66 -17.03 50.63 

303.15 18.062 61.65 74.15 67.90 -17.15 50.75 

L-alanine + W1=0.005(18C6) 

293.15 18.016 60.47 73.86 67.16 -17.26 49.91 

298.15 18.039 61.31 74.14 67.72 -17.49 50.23 

303.15 18.062 61.69 74.55 68.12 -17.63 50.49 

L-isoleucine+ W1=0.001(18C6) 

293.15 18.016 60.41 74.86 67.63 -17.71 49.92 

298.15 18.039 61.24 74.95 68.09 -17.75 50.34 

303.15 18.062 61.61 75.06 68.33 -17.81 50.52 

L-isoleucine+ W1=0.003(18C6) 

293.15 18.016 60.44 75.55 67.99 -17.83 50.16 

298.15 18.039 61.28 75.86 68.77 -17.86 50.91 

303.15 18.062 61.65 76.57 69.11 -17.94 51.17 

L-isoleucine+ W1=0.005(18C6) 

293.15 18.016 60.47 77.63 69.02 -17.97 51.05 

298.15 18.039 61.31 77.76 69.53 -18.21 51.32 

303.15 18.062 61.69 77.81 70.09 -18.28 51.81 

 
3.4 Thermodynamic Influence 

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 are comparable for all the solvent composition for 
each amino acids and are tabulated in Table 7. This may be due to the fact 
that amino acids –cosolute (18C6) interactions occurs in the ground state 
and are almost same as in the transition state [47, 48]. In other words, the 
solvation of amino acids in the transition state is also favourable in terms 
of free energy. The 0#

2  
values of the amino acids were found to increases 

from glycine to L-isoleucine at a given temperature (Table 7). This 
indicates that the solvation of the amino acids in the ground state becomes 
favourable for the investigated amino acids. Positive activation enthalpy 
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(∆H*) values of the mixtures are suggesting that the formation of activated 
species for the solution becomes difficult as the amount of 18C6 in the 
mixtures increases.  The negative value of T∆S*, which increase with 
increasing concentration of amino acids, for all the studied mixtures, 
suggest that the net order of the system decreases as the concentration of 
amino acid in the mixture increases[33]. Therefore, the possibility of the 
interaction is favourable with the rise in temperature as well as the 
molality of 18C6 for glycine to L-isoleucine. The ∆H* and ∆S*quantities 
contain contributions from the following processes: (i) non-covalent 
interactions between amino acids and 18C6 (H-bonding, van der Waals 
forces, hydrophobic and electrostatic interactions and steric effects) (ii) 
dehydration (release of water molecules) of the 18C6 during the molecular 
interactions (iii) hydration of the interacted species (amino acids and 
18C6) by the surrounding water molecules. 

 

4. Conclusion 

In summary, wide study on volumetric, viscometric and refractometric 
investigations of  three simple amino acids in aq.18C6 reveals that the  
overall molecular interaction of amino acids with co solutes follows the 
order : glycine< L-alanine< L-isoleuine. Therefore, this behavior suggests 
that although ion-ion or hydrophilic-hydrophilic group interactions are 
predominant for glycine and L-alanine, ion-hydrophobic or hydrophobic-
hydrophobic group interactions are predominant for L-isoleucine in 
aq.18C6 solutions.  The size and number of carbon atoms of the alkyl 
groups of the amino acids also play an important role in determining the 
solvation consequences on the selected solvent systems. 
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Introduction 
 

Ionic size, shape and charge of the ionic liquid, 1-butyl-1-methylpyrrolidinium hexafluorophosphate, affect the 

interaction in aqueous medium. The specificity of ion-solvent interaction behaviour, especially in an aqueous medium 

has been emphasized and its role in various biophysical processes has been recognized [1]. Ion–ion and ion–solvent 

interactions or the behaviour of amino acids can be informative depending on the volumetric and transport properties 

of solutions. [bmpyrr]PF6–water binary mixtures are exhibited a wide range of viscosity and a high degree of 

hydrogen bonding effect. The addition of [bmpyrr]PF6 could break or make the structure in solution, as viscosity 

being a property of the solution depending upon the intermolecular forces, the structural aspects. 

The stabilisation/destabilisation of native conformations of biological macromolecules is commonly related to 

several non-covalent interactions including hydrogen bonding, electrostatic and hydrophobic interactions [2, 3]. These 
interactions are affected by the surrounding solutes and solvent molecules; for this reason, the behaviours of proteins 

are strongly influenced by the presence of solutes. However, due to the complex conformational and configurational 

three-dimensional structures of proteins, direct investigations of the solute–solvent effect on these biological 

macromolecules are very challenging [4]. Therefore, for better understanding we are taken three simple essential 

amino acids e.g., L-Serine, L-Proline, and L-Histidine with polar uncharged side chain, special case, electrically 

charged side chain respectively are model compound of protein and peptide molecules; utterly used in synthesis of 

protein molecules in living organism. If we add an ionic liquid in the solution medium, how these molecule are acting 

or functioning through the solute-solvent or ion-solvent interactions, let’s we examine the interactions quantitatively 

and qualitatively by measuring the derived parameters, viz., apparent molar volume, viscosity B-coefficient, group 

contribution supplemented, molar refraction from experimental data of density, viscosity, and refractive index 

respectively. 
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To the best of our knowledge, the studies in the present ternary solution systems have not been reported earlier. 

Therefore, in the present study, we have endeavoured to make certain the nature of solute–solvent or ion-solvent 

interactions of L-Serine, L-Proline, and L-Histidine, in w1 = 0.001, 0.003, 0.005 mass fraction of aq. [bmpyrr]PF6 

binary mixtures at 298.15 K, to explain the various interaction occurring in the studied ternary solution systems. 

 

Experimental 
 

Source and purity of Materials 

 

The titled compounds i.e., amino acids and [bmpyrr]PF6 of puriss grade were procured from Sigma-Aldrich, Germany 

and used as purchased. The mass fraction purity of L-Serine, L-Proline, L-Histidine and [bmpyrr]PF6 were ≥0.99, 

≥0.98, ≥0.99, and ≥0.975 respectively.  

 

Apparatus and Procedure 
 

Solubility of the ionic liquid [bmpyrr]PF6 in water (deionized, triply distilled water with a specific conductance of 

1×10-6 S∙cm-1) and titled amino acids in aqueous [bmpyrr]PF6, have been checked precisely, prior to start of the 

experimental work, and seen that the selected amino acids unreservedly soluble in all proportion of aq. [bmpyrr]PF6. 

The mother solutions of amino acids were prepared by mass (Mettler Toledo AG-285 with uncertainty 0.0003g), and 

then the working solutions (six set) were prepared by mass dilution. The conversions of molarity into molality have 

been done [5] using density values of respective solutions and adequate precautions were taken to reduce evaporation 

losses during mixing and throughout the experiment. 

The densities (  ) of the solvents were measured by means of vibrating u-tube Anton Paar digital density meter 

(DMA 4500M) with a precision of ±0.00005g cm-3 maintained at ±0.01K of the desired temperature. It was calibrated 

by passing deionized, triply distilled water and dry air [6].  

The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable Rheometer with fitted spindle 

size-42. The detail description has already been described earlier [7].  

Refractive index was measured with the help of a Digital Refractometer Mettler Toledo. The light source was 

LED, λ=589.3nm. The refractometer was calibrated twice using distilled water and calibration was checked after 

every few measurements [4]. The uncertainty of refractive index measurement was ±0.0002 units. 

 

Result and Discussion  
 

Table 1 Experimental values of density (ρ), viscosity (η), refractive index (nD), and pH of deferent mass fraction (w1) 

of aq. [bmpyrr]PF6 mixtures at 298.15 K* 

 

Aq. [bmpyrr]PF6 
ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD pH 

w1 = 0.001 0.99709 0.900 1.3322 5.98 

w1 = 0.003 0.99726 0.904 1.3325 5.81 

w1 = 0.005 0.99742 0.910 1.3329 6.26 
 

* Standard uncertainties u are: u(ρ) =2×10-6 kg∙m-3, u(η) =0.003 mP∙s, u(nD) =0.0002, u(pH) =0.01, and u(T) =0.01K 
 

The physical properties of binary mixtures in different mass fractions (w1=0.001, 0.003, 0.005) of aq. [bmpyrr]PF6 

solutions at 298.15K have been reported in Table 1. The experimental measured values of density, viscosity, 

refractive index of chosen three amino acids (i.e., L-Serine, L-Proline, and L-Histidine) as a function of concentration 

(molarity), in different mass fractions of aq. [bmpyrr]PF6 mixture, have been listed in Table 2. 
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Table 2 Experimental values of density (ρ), viscosity (η), refractive index (nD), and pH of selected amino acids in 

deferent mass fraction (w1) of aq. [bmpyrr]PF6 mixtures at 298.15 K* 

 

molality  

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD pH 

molality  

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD pH 

Glycine L-Serine 

w1 = 0.001 w1 = 0.001 

0.0100 0.99744 0.901 - - 0.0100 0.99753 0.902 1.3323 6.00 

0.0251 0.99800 0.902 - - 0.0251 0.99820 0.905 1.3326 5.90 

0.0402 0.99858 0.904 - - 0.0402 0.99888 0.908 1.3330 6.01 

0.0553 0.99918 0.906 - - 0.0553 0.99957 0.911 1.3333 5.96 

0.0704 0.99979 0.908 - - 0.0705 1.00026 0.915 1.3337 5.88 

0.0855 1.00041 0.910 - - 0.0857 1.00095 0.918 1.3341 5.94 

w1 = 0.003 w1 = 0.003 

0.0100 0.99761 0.906 - - 0.0100 0.99769 0.906 1.3327 6.05 

0.0251 0.99816 0.908 - - 0.0251 0.99835 0.910 1.3330 6.04 

0.0402 0.99873 0.910 - - 0.0402 0.99902 0.913 1.3333 5.96 

0.0553 0.99931 0.912 - - 0.0553 0.99971 0.917 1.3336 5.99 

0.0704 0.99990 0.914 - - 0.0705 1.00039 0.920 1.3339 5.94 

0.0855 1.00050 0.916 - - 0.0857 1.00109 0.924 1.3342 5.96 

w1 = 0.005 w1 = 0.005 

0.0100 0.99776 0.913 - - 0.0100 0.99784 0.913 1.3332 6.27 

0.0251 0.99829 0.915 - - 0.0251 0.99848 0.916 1.3335 6.14 

0.0402 0.99885 0.918 - - 0.0402 0.99913 0.920 1.3338 6.22 

0.0553 0.99942 0.920 - - 0.0553 0.99978 0.924 1.3341 6.25 

0.0704 1.00000 0.923 - - 0.0705 1.00044 0.928 1.3344 6.21 

0.0855 1.00059 0.925 - - 0.0857 1.00111 0.932 1.3347 6.08 

L-Proline L-Histidine 

w1 = 0.001 w1 = 0.001 

0.0100 0.99742 0.903 1.3324 6.98 0.0100 0.99766 0.906 1.3325 7.48 

0.0251 0.99792 0.907 1.3327 6.94 0.0251 0.99852 0.913 1.3331 7.58 

0.0402 0.99842 0.911 1.3330 6.54 0.0403 0.99938 0.919 1.3339 7.62 

0.0554 0.99893 0.915 1.3332 6.43 0.0555 1.00025 0.925 1.3346 7.62 

0.0706 0.99944 0.919 1.3335 6.47 0.0707 1.00111 0.932 1.3353 7.60 

0.0858 0.99995 0.923 1.3338 6.49 0.0860 1.00199 0.939 1.3359 7.60 

w1 = 0.003 w1 = 0.003 

0.0100 0.99758 0.907 1.3328 6.41 0.0100 0.99782 0.911 1.3329 7.52 

0.0251 0.99808 0.911 1.3331 6.28 0.0251 0.99867 0.918 1.3335 7.54 

0.0402 0.99858 0.915 1.3334 6.42 0.0403 0.99953 0.925 1.3342 7.55 

0.0554 0.99909 0.919 1.3337 6.22 0.0555 1.00039 0.932 1.3348 7.56 

0.0706 0.99960 0.924 1.3340 6.16 0.0707 1.00126 0.939 1.3354 7.58 

0.0858 1.00011 0.928 1.3343 6.43 0.0860 1.00213 0.946 1.3361 7.59 

w1 = 0.005 w1 = 0.005 

0.0100 0.99774 0.914 1.3333 5.95 0.0100 0.99797 0.917 1.3335 7.55 

0.0251 0.99823 0.918 1.3337 6.02 0.0251 0.99881 0.925 1.3341 7.52 
0.0402 0.99873 0.922 1.334 5.88 0.0403 0.99966 0.932 1.3347 7.57 

0.0554 0.99923 0.926 1.3343 5.91 0.0554 1.00052 0.939 1.3353 7.52 

0.0706 0.99974 0.931 1.3346 5.94 0.0707 1.00138 0.946 1.3358 7.59 

0.0858 1.00219 0.936 1.3349 6.15 0.0859 1.00225 0.953 1.3363 7.54 
*  Standard uncertainties u are: u(ρ) =2×10-6 kg∙m-3, u(η) =0.003 mP∙s, u(nD) =0.0002, u(pH) =0.01, and u(T) =0.01K 

 

Apparent molar volume 
Volumetric properties, like, apparent molar volume, ϕV, and limiting apparent molar volume, ϕV

0, regard a perceptive 

tools for understanding of interactions taking place in solution systems. The apparent molar volume can be considered 

to be the sum of the geometric volume of the central solute molecule and changes in the solvent volume due to its 
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interaction with the solute around the peripheral or co-sphere. For the consequence, the apparent molar volumes ϕV 

have been determined from the solutions densities using the suitable equation [3] and the values are given in Table 3.  
 

Table 3 Apparent molar volume (ϕV), (ηr-1)/√m, and molar refraction (RM) of selected amino acids in different mass 

fraction (w1) of aq. [bmpyrr]PF6 mixtures at 298.15K* 

Aq. solvent 

mixture 

ϕV ×10-6 

/m3 mol-1 

(ηr-1)/√m 

/kg1/2mol -1/2 

RM 

/m3 mol-1 

Aq. solvent 

mixture 

ϕV ×10-6 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol -1/2 

RM 

/m3 mol-1 

Glycine L-Serine 

w1 = 0.001 w1 = 0.001 

0.0100 40.19 0.011 - 0.0100 61.07 0.022 21.629 

0.0251 38.78 0.017 - 0.0251 60.71 0.035 21.632 

0.0402 37.93 0.022 - 0.0402 60.44 0.046 21.641 

0.0553 37.18 0.027 - 0.0553 60.25 0.054 21.644 

0.0704 36.61 0.032 - 0.0705 60.02 0.063 21.652 

0.0855 36.12 0.038 - 0.0857 59.85 0.068 21.661 

w1 = 0.003 w1 = 0.003 

0.0100 40.18 0.020 - 0.0100 62.26 0.027 21.649 

0.0251 39.18 0.027 - 0.0251 61.66 0.042 21.652 

0.0402 38.43 0.033 - 0.0402 61.21 0.051 21.655 

0.0553 37.90 0.038 - 0.0553 60.80 0.061 21.658 

0.0704 37.46 0.043 - 0.0705 60.51 0.068 21.661 

0.0855 37.05 0.047 - 0.0857 60.20 0.076 21.664 

w1 = 0.005 w1 = 0.005 

0.0100 41.18 0.031 - 0.0100 63.35 0.033 21.675 

0.0251 40.37 0.036 - 0.0251 62.89 0.044 21.679 

0.0402 39.42 0.043 - 0.0402 62.55 0.056 21.683 

0.0553 38.81 0.048 - 0.0553 62.27 0.065 21.686 

0.0704 38.31 0.053 - 0.0705 62.06 0.075 21.689 

0.0855 37.87 0.058 - 0.0857 61.84 0.083 21.693 

L-Proline L-Histidine 

w1 = 0.001 w1 = 0.001 

0.0100 82.37 0.033 23.704 0.0100 98.69 0.071 31.955 

0.0251 82.17 0.049 23.712 0.0251 98.45 0.091 31.980 

0.0402 82.02 0.061 23.719 0.0403 98.26 0.107 32.022 

0.0554 81.91 0.071 23.720 0.0555 98.12 0.120 32.055 

0.0706 81.81 0.079 23.727 0.0707 98.00 0.134 32.088 

0.0858 81.72 0.087 23.735 0.0860 97.87 0.148 32.112 

w1 = 0.003 w1 = 0.003 

0.0100 82.96 0.036 23.726 0.0100 99.47 0.082 31.985 

0.0251 82.60 0.050 23.734 0.0251 99.07 0.100 32.010 

0.0402 82.33 0.062 23.741 0.0403 98.77 0.117 32.043 

0.0554 82.14 0.071 23.749 0.0555 98.54 0.130 32.068 

0.0706 81.95 0.083 23.756 0.0707 98.33 0.146 32.092 

0.0858 81.82 0.091 23.763 0.0860 98.16 0.158 32.125 

w1 = 0.005 w1 = 0.005 

0.0100 83.35 0.041 23.755 0.0100 100.36 0.081 32.032 

0.0251 82.94 0.055 23.769 0.0251 99.86 0.104 32.058 

0.0402 82.64 0.067 23.776 0.0403 99.46 0.120 32.083 

0.0554 82.43 0.077 23.784 0.0554 99.15 0.135 32.107 

0.0706 82.20 0.087 23.791 0.0707 98.88 0.149 32.123 

0.0858 82.05 0.098 23.798 0.0859 98.63 0.161 32.138 
*  Standard uncertainties u are: u(T) =0.01K 
 

The values of ϕV are positive and large for all the systems, suggesting strong solute-solvent interactions. The apparent 

molar volumes ϕV were found to decreases with increasing concentration (molarity, m) of amino acid in different 

mass fraction of aq. [bmpyrr]PF6. ϕV, varied linearly with m and could be least-squares fitted to the Masson equation 
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[8] from where limiting molar volume ϕV
0 (infinite dilution partial molar volume) have been estimated and the values 

have been represented in Table 4. 
 

Table 4 Limiting apparent molar volume (ϕV
0), experimental slope (SV

*), viscosity A- and B-coefficient, and limiting 

molar refraction (RM
O) of selected amino acids in different mass fraction (w1) of aq. [bmpyrr]PF6  

mixtures at 298.15 K* 

Aq. 

[bmpyrr]PF6 

ϕV
0 ×10-6 

/m3 mol-1 

SV
* 

/m3·mol- 3/2 ·kg1/2 

B 

/kg1/2·mol-1/2 

A 

/kg·mol-1 

RM
O 

/m3 mol-1 

Glycine 

w1 = 0.001 42.21 -21.14 0.138 -0.004 - 

w1 = 0.003 42.61 -22.61 0.141 0.004 - 

w1 = 0.005 43.02 -17.68 0.144 0.014 - 

L-Serine 

w1 = 0.001 61.70 -6.29 0.243 -0.003 21.60 

w1 = 0.003 63.35 -10.73 0.254 0.001 21.64 

w1 = 0.005 64.14 -7.86 0.261 0.005 21.66 

L-Proline 

w1 = 0.001 82.70 -3.36 0.280 0.005 23.68 

w1 = 0.003 83.54 -5.92 0.285 0.006 23.70 

w1 = 0.005 84.02 -6.78 0.291 0.009 23.73 

L-Histidine 

w1 = 0.001 99.11 -4.20 0.393 0.029 31.85 

w1 = 0.003 100.15 -6.83 0.398 0.039 31.90 

w1 = 0.005 101.27 -8.98 0.414 0.040 31.97 
* Standard uncertainties u are: u(T) =0.01K 

 

0 *       V V VS m   
      (1) 

The trend of variation of ϕV
0of selected amino acids follows the order  

 

L-Serine ˂ L-Proline ˂ L-Histidine 
 

The increase in ϕV
0 for amino acids with increasing mass fraction (Figure 1) suggests that in these cases, both the ion-

hydrophilic and ion-hydrophobic group interactions play a major role. Due to these interactions, the electrostatic 

interaction to water molecules caused by the charge centers of the amino acid will be reduced and a number of 

pyrrolidinium or hexafluorophosphate ions are attached, which results in an increase in apparent molar volume. This 

trend can also be explained with the equation of Shahidi et. al. [9].  
 

0

V vW v sV V V   
                   (2) 

 

 
 

Figure 1 Plot of limiting molar volume (ϕV
0) vs mass fraction for L-Serine (⧫), L-Proline (▲), L-Histidine (●) in aq. 

[bmpyrr]PF6 respectively 
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In which the partial molar volume of the amino acid may be considered to be made up of the van der Waals volume 

(VvW), the volume associated with voids (Vv) or empty space, and the volume due to shrinkage (Vs,) that arises due to 

the electrostriction of the solvent caused by the hydrophilic groups present in the amino acid. The presence of 

[bmpyrr]PF6 in water decreases the extent of electrostriction caused by the amino acid, which results in a decrease in 

shrinkage volume. Assuming that VvW and Vv are not significantly affected, an increase in ϕV
0, are results. 

It noted (Table 4 and Fig. 1) that ϕV
0 of L-Proline is more than that of L-Serine owing to greater electrostriction. 

This is because the methylene groups provide an increasing structure enforcing tendency and as a result, the water in 

the overlapping cospheres is more structured than in the bulk. When this water relaxes to the bulk, there is a decrease 

in volume. But, in amino acids, the interactions increase with the addition of CH2 groups, and consequently there is a 

net increase in volume. The results can be rationalizing on the basis that the partial molar volume is observed to 

increase with the increasing molar mass and size of the amino acid. The ϕV
0for glycine, L-alanine, L-valine has been 

studied earlier [3]. When one H of glycine is replaced by a -CH2OH (L-Serine), -CH2CH2CH2- (L-Proline),  

(L-Histidine) groups, there is a massive change in ϕV
0, this should increase by virtue of its increased side chain group 

effect as well as size. L-Serine has a hydrophilic polar uncharged alcoholic –CH2OH group which interacts with the 

hexafluorophosphate ion with H-bond, as a result its ϕV
0 increases with concentration. L-Proline is the special case of 

amino acid, contain cyclic group including zwitterionic NH2 group, which is found to be higher ϕV
0 value than L-

Serine.  Thus, the structure-enhancing behavior of L-Proline has been observed. If -H of glycine are replaced by 

group (L-Histidine), the increase in the partial molar volume should be more, relative to L-Serine and L-

Proline owning to greater effect of electrically charged side chain group, as it observed.  The maximum values of ϕV
0 

for L-Histidine in the series of studied amino acids can be attributed to its great effect of more electronegative 

nitrogen atom, which is responsible for making the H-bond with pyrrolidinium or hexafluorophosphate ions and as 

well as largest size and mass. 

 

Viscosity 

The viscosity of the aq. [bmpyrr]PF6 binary mixtures increases with an increase in employed concentration (w1=0.001, 

0.003, and 0.005) (Table 1), which can be attributed to the structure-making influence of [bmpyrr]PF6 with water 

molecules, in its vicinity. The viscosity of the ternary solution (amino acid+aq. [bmpyrr]PF6) increases with the 

increasing molality (Table 2). The viscosity B-coefficient is depend [10] on the size and shape of the solute molecules 

indicates the solute-solvent interactions. The B-coefficients of all the amino acids studied were positive (Table 4) and 

increased with the mass fraction of [bmpyrr]PF6 (Fig. 2) which may be considered to arise due to increasing amino 

acid-[bmpyrr]PF6 interaction as well as increase in solvation. 

 

 
 

Figure 2 Plot of viscosity B-coefficient vs mass fraction for L-Serine (⧫), L-Proline (▲), L-Histidine (●) in aq. 

[bmpyrr]PF6 respectively 
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Contributions of the zwitterion, CH2 groups and other alkyl of the amino acids to ϕV
0and viscosity B-coefficient 

The entire group present in the amino acids affect to a great extent in interaction with pyrrolidinium or 

hexafluorophosphate ions, occurring in the solution systems. The group contributions of zwitterion, -CH, -CH2, and 

other side chain group to limiting molar volume and viscosity B-coefficient, have been estimated in the same way as 

described by Ekka et. al. [3] and reported in Table 5. The contribution of (NH3
+, COO-) to ϕV

0is larger than that of the 

 

Table 5 Contributions of zwitter ionic group (NH3
+, COO−), CH2 group, end group and the other alkyl chains to the 

limiting apparent molar volume, ϕV
0 and viscosity B-coefficient for amino acids in different mass fraction of aq. 

[bmpyrr]PF6 respectively at 298.15K* 

 

Groups 
0
V  /m3 mol-1 B/kg1/2·mol-1/2 

 w1=0.001 w1=0.003 w1=0.005 w1=0.001 w1=0.003 w1=0.005 

L-Serine       

NH3
+, COO− 25.89 25.31 25.24 0.048 0.045 0.043 

-CH- 8.20 8.67 8.86 0.045 0.048 0.050 

-CH2- 16.39 17.34 17.71 0.090 0.096 0.100 

-CH2OH 27.62 29.37 30.05 0.150 0.161 0.168 

L-Proline       

NH3
+, COO− 21.72 21.83 22.05 0.083 0.084 0.084 

-CH- 10.28 10.41 10.45 0.028 0.029 0.030 

-CH2- 20.56 20.82 20.90 0.055 0.057 0.060 

-[CH2]3- 50.70 51.30 51.52 0.170 0.173 0.177 

L-Histidine       

NH3
+, COO− 35.18 35.42 35.54 0.119 0.120 0.118 

-CH- 3.55 3.62 3.71 0.008 0.009 0.011 

-CH2- 7.10 7.23 7.41 0.016 0.017 0.021 

 
60.38 61.12 62.03 0.266 0.270 0.286 

 
53.28 53.89 54.62 0.250 0.253 0.265 

 

* Standard uncertainties u are: u(T) =0.01K 

 

CH2- group and decreases with the increase in the mass fraction (w1) of aq. [bmpyrr]PF6, that designated the 

interactions of polar head groups (NH3
+, COO-) of amino acids are stronger; and the strength  decreases with increase 

in mass fraction of aq. [bmpyrr]PF6. The contribution of -CH2 group increases with increase in mass fraction of aq. 

[bmpyrr]PF6, suggesting that the -CH2 group pretend the +I effect. For a particular mass fraction (w1=0.001), 

contribution of (NH3
+, COO-) groups for L-Serine is less significant than side chain –CH2OH, which advocated that 

the uncharged polar –CH2OH group are greater contributed through the H-bonding (Scheme 1). Again, the -CH2 

group contribution has been found to the same trend suggesting that the -CH2 group pretend the +I effect, as a result 

interaction are more fascinating. In case of L-Proline, the (NH3
+, COO-) group acting a major role in the interactions. 

For L-Histidine, contribution of both zwitterions (NH3
+, COO-) and  groups are found to be greater and 

increases with increase in mass fraction of [bmpyrr]PF6; that proposed both the groups strongly affect with the  

hydrophilic as well as hydrophobic solvation. This is due to the greater fascinating of H-bonding of two nitrogen 

atoms in imidazole side chain with solvent molecules. Scheme 1 
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Scheme 1 The schematic representation of plausible interaction as well as solvation of ions of [bmpyrr]PF6 with three 

investigated  amino acids 

 

Hydration and solvation numbers 

The hydration numbers (nH) have also been estimated in the same way as described by Ekka et. al. [3] Solvation 

numbers Sn have been calculated from the relation Sn=B/ ϕV
0 [11]. Sn is indicating of the formation of a primary 

solvation sphere around a solute and if the range 0 to 2.5 for Sn indicates unsolvated solutes in the solution [11]. A 

decrease in hydration number (nH) on addition of [bmpyrr]PF6 (Table 6) is due to the decrease in the electrostriction 

of water. The scrutiny of Sn values given in Table 2 indicated that the amino acids are solvated and its salvation 

increases at higher concentration of [bmpyrr]PF6 in the studied solutions. Such trends in Sn values are due to the fact 

that [bmpyrr]PF6 itself interacts with amino acids and thus increases solvation (Scheme 1). 

 

Table 6 Hydration number (nH), and solvation number (Sn) of chosen amino acids in deferent mass fraction of aq. 

[bmpyrr]PF6 respectively at 298.15K* 

 

Aq. sol. mix  nH Sn 

w1 0.001 0.003 0.005 0.001 0.003 0.005 

L-Serine 3.53 3.03 2.79 3.94 4.01 4.07 

L-Proline 2.93 2.68 2.53 3.39 3.41 3.46 

L-Histidine 6.74 6.43 6.09 3.97 3.97 4.09 
* Standard uncertainties u are: u(T) =0.01K 
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Moreover, it is interesting note have been observed (Figure 3) that B-coefficients are linearly variation with limiting 

partial molar volumes ϕV
0 for the amino acids in aq. [bmpyrr]PF6 solution. This correlation is not unexpected, as both 

the viscosity B-coefficient and the partial molar volume reflect the solute–solvent interactions in the solutions. The 

positive slope shows the linear variation of B-coefficient with limiting apparent molar volumes ϕV
0. A similar 

correlation has also been found for α-amino acids in different solvents [12]. 

 

 
 

Figure 3 Plot of viscosity B-coefficient vs limiting molar volume (ϕV
0) for L-Serine (⧫), L-Proline (▲), L-Histidine 

(●) in aq. [bmpyrr]PF6 respectively 

 

Refractive index 
The refractive index and molar refraction is also a convenient method for investigating the molecular interaction 

existing in solution. The molar refraction (RM ) can be evaluated from the Lorentz-Lorenz relation [13]. The refractive 

index of a substance is defined as the ratio co/c, where c and co is the speed of light in the medium and in vacuum. 

Stated more simply that the refractive index of a compound describes its ability to refract light as it moves from one 

medium to another and thus, the higher the refractive index of a compound, the more the light is refracted [14]. As 

stated by Deetlefs et al.[15] the refractive index of a substance is higher when its molecules are more tightly packed 

or in general when the compound is denser. Hence, a perusal of Table 2 and Table 3 we found that the refractive 

index and the molar refraction are higher for the studied amino acids in all the mass fraction of [bmpyrr]PF6, 

indicating to the fact that the molecules are more tightly packed in the solution. 

The Limiting molar refraction (R0
M) estimated from the following [4] and presented in Table 4. 

 
0  M M SR R R m

       (4) 

Accordingly, we found that the higher values of refractive index, and R0
M (Fig.  4), which representing the fact that 

the amino acids are more tightly packed and greater ion-solvent interaction with [bmpyrr]PF6 molecules or more 

solvated in solution. This is also in good agreement with the results obtained from apparent molar volume and 

viscosity B-coefficients discussed above. 
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Figure 4 Plot of limiting molar refraction vs mass fraction for L-Serine (⧫), L-Proline (▲), L-Histidine (●) in aq. 

[bmpyrr]PF6 respectively 

 

Conclusion 
 

The present study quantifies experimentally the ion-solvent interactions, solvation behaviour and solution structure of 

the three amino acids as a function of concentration in aq. [bmpyrr]PF6. It is no doubt that the ion-solvent interaction 

is dominant over the interaction of ion or solute itself. The work also provided the qualitative and quantitative 

statement that the ion-solvent interaction or ion-solvation behaviour are higher for L-Histidine than L-Proline, which 

is in turn greater than L-Serine; and these ion-solvation is strengthen with increasing mass fraction of [bmpyrr]PF6 in 

aqueous media. The parameters resolute by the chemical analysis of different equations improved with experimental 

data sustain the same culmination discussed and explained in this study demanding the uniqueness of the work. 
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ABSTRACT
Precise measurements of electrolytic conductivities (Λ), densities (ρ), viscosities (η), and refractive index (nD) 
of an ionic liquid benzyltrimethylammonium chloride in 1-hexanol, 1-heptanol, and 1-octanol have been done. 
Densities and viscosities measurements have been carried out at different temperatures (T=298.15, 303.15, and 
308.15 K) and conductivities and refractive index measured at 298.15 K. The limiting molar conductivities (Λ0), 
association constants (KA), and the distance of closest approach of the ions (R) have been evaluated using 
Fuoss conductance equation (1978). The Walden product is obtained and discussed. However, the deviation of 
conductometric curves (Λ vs. √c) from linearity for the electrolyte in 1-heptanol and 1-octanol, and therefore, 
the corresponding conductance data have been analyzed by the Fuoss-Kraus theory of triple-ions. The observed 
molar conductivities have been explained by the ion pair (M+ + X− � ⇀�↽ ��  MX) and triple-ion (2M+ + X− � ⇀�↽ ��  
M2X+; M+ + 2X− � ⇀�↽ ��  MX2

−) formation. The limiting apparent molar volume ( 0
vϕ ) and the experimental 

slope ( SV
* ), interpreted in terms of solute–solvent and solute-solute interactions, respectively, have been derived 

from the Masson equation. The viscosities data have been analyzed using Jones-Dole equation to derive the 
viscosity B- and A-coefficient, which also interpreted in terms of solute–solvent and solute–solute, respectively. 
The molar refractive index (RM) and limiting molar refractive index ( RM

0 ) have been evaluated from the values of 
refractive index using Lorentz-Lorenz equation.

Key words: Ion–solvent interaction, Ion pair and triple ion formation, Limiting apparent molar volume, Viscosity 
B-coefficient, Molar refraction.

1. INTRODUCTION
Ionic liquids (ILs) are molten salts made of an anion 
and organic cation and were discovered the first IL, 
the ethylammonium nitrate in 1914 by Paul Walden, 
but their systematic study begun with the present 
century [1]. One or both the ions are large, and the 
cation is usually organic and has a low degree of 
symmetry. For this reason, anion-cation interactions 
are weak, and hence their melting points are below 
100°C and usually below room temperature; 
however, if the size of the cation is too large, the 
van der Waals’ forces will increase the fusion 
temperature [1]. Due to their ionic nature, all ILs have 
peculiar properties such as good solvents for organic 
and inorganic compound including some metal salts 
lack of vapor pressure, electrical conductivity, and 
high thermal and electrochemical stability. All these 
characteristics make ILs promising compounds for 
being used for batteries [2-4], organic synthesis, 

extraction, and alloy electrodeposition [5], as well as 
potential “green solvent” replacements for volatile 
organic compounds [1].

Among the numerous proposed industrial applications 
of ILs, their use to improve electrochemical process 
is one of the most interesting. To do that, it is 
necessary to know the physicochemical properties 
(mainly density, viscosity, electrical conductivity, 
and refractive index) of binary mixture of IL and 
molecular solvent.

To the best of our knowledge, the studies of the present 
binary solution systems have not been reported earlier. 
Therefore, in the present study, volumetric, viscometric, 
conductometric, and refractometric studies have been 
carried out for an IL, benzyltrimethylammonium 
chloride ([BTMA]Cl) in 1-hexanol, 1-heptanol, and 
1-octanol. These solvents have useful applications in 
cosmetic and medicinal industry.
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2. EXPERIMENTAL SECTION
2.1. Source and Purity of Materials
The studied IL, [BTMA]Cl puriss grade was procured 
from Sigma-Aldrich, Germany, and it used as 
purchased as the purity assay of the salt was ≥97.0%. 
All the solvents of analytical grade were procured 
from S.D. Fine Chemicals Ltd. The purities of solvents 
were ≥99.5%. The solvents were dried using standard 
methods.

2.2. Apparatus and Procedure
Stock solutions of IL and 1-alkanol were prepared 
by mass (Mettler Toledo AG-285 with uncertainty 
±0.0003 g) and then working solutions were obtained 
by mass dilution. The conversions of molarity into 
molality [6] had been done using density values of 
respective solutions, and adequate precautions were 
taken to reduce evaporation losses during mixing and 
throughout the experiment. The uncertainty molality 
of the solutions is evaluated to ±0.0001 mol.kg−1.

The conductance measurements were carried out 
in a Systronic-308 conductivity bridge of accuracy 
±0.01%, using a dip-type immersion conductivity 
cell, CD-10, having a cell constant of approximately 
0.1±0.001 cm−1. Measurements were made in a water 
bath maintained within T=298.15±0.01 K and the 
cell was calibrated by the method proposed by Lind 
et al. [7]. The conductance data were reported at a 
frequency of 1 KHz, and the accuracy was ±0.3%.

The densities of the solvents and experimental 
solutions (ρ) were measured by means of vibrating 
u-tube Anton Paar digital density meter (DMA 4500M) 
with a precision of ±0.00005 g cm−3 maintained at 
±0.01 K of the desired temperature. It was calibrated 
by triply-distilled water and passing dry air [8].

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 [9]. Temperature of the experimental solution 
was maintained at ±0.01 K 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%.

Refractive index was measured by means of Mettler 
Toledo digital refractometer. The light source was a 

light-emitting diode, λ=589.3 nm. The calibration of 
refractometer was done twice using triply-distilled 
water and being checked after every few measurements. 
The uncertainty of refractive index measurement was 
±0.0002 units [10].

3. RESULT AND DISCUSSION
The solvent properties are given in Table 1. The 
concentrations and molar conductances (Λ) of IL in 
1-hexanol, 1-heptanol, and 1-octanol at 298.15 K 
temperature are given in Table 2. The molar 
conductance (Λ) has been obtained from the specific 
conductance (κ) value using the following equation:

Λ = (1000 κ)/c (1)

Linear conductance curve (Λ vs. √c) was obtained for 
the electrolyte, [BTMA]Cl in 1-hexanol extrapolation 
of √c=0 evaluated the starting limiting molar 
conductance for the electrolyte.

3.1. Ion Pair Formation
The ion pair formation in case of conductometric 
study of  [BTMA]Cl in 1-hexanol is analyzed using 
the Fuoss conductance equation [11]. With a given set 
of conductivity values (cj, Λj; j=1…n), three adjustable 
parameters, i.e., Λ0, KA, and R have been derived 
from the Fuoss 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 [12] for determining the R value but 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 

Table 1: Experimental values of density (ρ), 
viscosity (η) at three different temperatures (298.15, 
303.15, and 308.15 K); refractive index (nD) and 
relative permittivity (ε) at 298.15 K of different 
solvent systems*.

Solvent Temperature 
(K)

ρ×10−3/
kg∙m−3

η/mP∙s nD ε

1-hexanol 298.15 0.81648 4.61 1.4161 13.3
303.15 0.81340 4.05
308.15 0.80976 3.95

1-heptanol 298.15 0.81942 5.95 1.4221 6.1
303.15 0.81572 5.12
308.15 0.81217 4.29

1-octanol 298.15 0.82237 7.62 1.4274 5.1
303.15 0.81898 6.68
308.15 0.81547 5.65

*Standard uncertainties u are: u (ρ)=2×10−5 kg∙m−3, 
u (η)=0.02 mP∙s, u (nD)=0.0002, and u (T)=0.01 K
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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 Krumgalz [13],

d = 1.183 (M/ρ)1/3 (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 = PΛ0[(1+RX) + EL] (3)

P = 1−α(1−γ) (4)

γ = 1−KA cγ2f2 (5)

−lnf = βκ/2(1+κR) (6)

β = e2/(εrkBT) (7)

KA = KR/(1−α) = KR/(1+KS) (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 performed using the program 
suggested by Fuoss. The initial Λ0 values for the 
iteration procedure are obtained from Shedlovsky 
extrapolation of the data [14]. Input for the program 
is the number of data, n, followed by ε, η (viscosity 
of the solvent mixture), initial Λ0 value, T, ρ (density 
of the solvent mixture), 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.

In practice, calculations are performed by finding 
the values of Λ0 and α which minimize the standard 
deviation, δ, whereby:

δ2 2= − −∑[ ( ) ( )] /Λ Λj jcal obs n m  (9)

For a sequence of R values and then plotting δ against 
R, the best-fit R corresponds to the minimum of the 
δ−R versus R curve. Hence, an approximate sum is 
made over a fairly wide range of R values using 0.1 
increment to locate the minimum but no significant 
minima is found in the δ−R curves, thus R values 
are assumed to be R = a + d, with terms having usual 
significance. Finally, the corresponding limiting 
molar conductance (Λ0), association constant (KA), 
co-sphere diameter (R), and standard deviations of 
experimental Λ (δ) obtained from Fuoss conductance 

Table 2: The concentration (c) and molar conductance (Λ) of [BTMA]Cl in 1-hexanol, 1-heptanol, and 
1-octanol at 298.15 K. 

1‑hexanol 1‑heptanol 1‑octanol
c 104/mol·dm−3 Λ·104/S·m2·mol−1 c·104/mol·dm−3 Λ·104/S·m2·mol−1 c·104/mol·dm−3 Λ·104/S·m2·mol−1

1.0153 31.22 0.8906 18.06 0.8934 14.94
1.4234 29.82 1.2048 16.78 3.3664 13.66
1.8547 27.57 1.6082 15.61 4.9587 12.48
2.2115 26.4 2.0023 14.72 5.9398 11.65
2.7127 25.21 2.4885 13.87 7.5234 10.75
2.9235 24.12 2.7678 13.31 8.3302 10.19
3.3214 22.62 3.1851 12.64 9.1667 9.52
3.8456 21.15 3.5089 12.21 10.3584 9.09
4.1252 20.21 3.8682 11.57 11.4448 8.45
4.4451 19.64 4.1787 11.08 12.4613 7.96
4.6652 18.96 4.5847 10.4 13.3139 7.28
4.8424 18.14 4.83 10.02 14.4328 6.47
5.2436 17.35 5.2378 9.09 15.3593 5.97
5.4363 16.54 5.6238 8.98 16.3615 5.86
5.7211 15.87 5.8905 9.91 17.4811 6.79
[BTMA]Cl=Benzyltrimethylammonium chloride
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equation for [BTMA]Cl in 1-hexanol at 298.15 K is 
given in Table 3.

The standard Gibbs-free energy change of solvation, 
ΔGo, for [BTMA]Cl in 1-hexanol is given by the 
following equation [15],

ΔGo = −RTlnKA (10)

It is observed from the Table 4 that the value of the 
Gibbs-free energy is entirely negative for 1-hexanol, 
and it can be explained by considering the participation 
of specific covalent interaction in the ion-association 
process. The variation of equivalent conductance with 
square root of concentrations for 1-hexanol has been 
shown in Figure 1.

The ionic conductances λ0
± (for [BTMA]+ cation and 

[Cl]− anion) in solvent 1-hexanol were calculated 
using tetrabutylammonium tetraphenylborate as a 
“reference electrolyte.” Table 5 shows the value of 
ionic conductances λ0

±  and ionic Walden product  
( λ η0

± ) (product of ionic conductance and viscosity 
of the solvent) along with Stokes’ radii (rs) and 

crystallographic radii (rc) of [BTMA]Cl in 1-hexanol 
at 298.15 K temperature.

3.2. Triple Ion Formation
However, for the electrolyte in 1-heptanol and 
1-octanol, a deviation in the conductance curves was 
obtained and shows a decrease in conductance values 
up to certain concentrations reach a minimum and then 
increase, indicating triple-ion formation.

The conductance data for the electrolyte in 1-heptanol 
and 1-octanol have been analyzed using the classical 
Fuoss-Kraus equation [16] for triple-ion formation:

Λ
Λ Λ Λ

Λ
g c c

K

K

K
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p

T

T

p
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In the above equations, Λ0 is the sum of the molar 
conductance of the simple ions at infinite dilution; 
Λ

0

T  is the sum of the conductances of the two triple 
ions [BTMA]2

+Cl− and BTMA+(Cl)2
−. KP ≈ KA and 

KT are the ion pair and triple ion formation constants. 
To make Equation (11) applicable, the symmetrical 
approximation of the two possible constants of triple 
ions equal to each other has been adopted [17] and 
Λ0 values for the studied electrolytes have been 
calculated. Λ

0

T  is calculated by setting the triple ion 
conductance equal to 2/3Λ0 [13].

The ratio Λ
0

T /Λ0 was thus set equal to 0.667 during 
linear regression analysis of Equation (11). Limiting 
molar conductance of triple ions (Λ

0

T ), slope and 
intercept of Equation (11) for [BTMA]Cl in 1-heptanol 
and 1-octanol at 298.15 K are given in Table 6. 
A perusal of Table 6 and Figures 2 and 3 shows that 
the limiting molar conductance (Λ0) of [BTMA]Cl is 
higher in 1-heptanol than in 1-octanol.

Linear regression analysis of Equation (11) for the 
electrolytes with an average regression constant, 
R2=0.9653, gives intercepts and slopes. These 
permit the calculation of other derived parameters 
such as KP and KT listed in Table 7. It is observed 
that Λ passes through a minimum as c increases. 
The KP and KT values predict that major portion 
of the electrolyte exists as ion pairs with a minor 
portion as triple ions (neglecting quadrupoles). 
Here, the value of log (KT/KP) is found to be higher 
in 1-octanol than in 1-heptanol. This shows that 

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 [BTMA]Cl in 
1-hexanol at 298.15 K.

Solvent Λo·104/S·m2·mol−1 KA/dm3×mol−1 R/Å δ
1-hexanol 33.65 513.61 11.21 2.11
[BTMA]Cl=Benzyltrimethylammonium chloride

Table 4: Walden product (Λo·η) and Gibbs energy 
change (ΔG°) of [BTMA]Cl in 1-hexanol at 
298.15 K.

Solvent Λo·η·104/S·m2·mol−1mPa ΔG◦·10−4/kJ·mol−1

1-hexanol 155.13 −15.4221
[BTMA]Cl=Benzyltrimethylammonium chloride

Figure 1: Plot of molar conductance (Λ) versus √C 
for benzyltrimethylammonium chloride in 1-hexanol 
at 298.15 K.
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1-octanol has a higher tendency to form triple ion 
than 1-heptanol.

At very low permittivity of the solvent (ε˂10), 
electrostatic ionic interactions are very large. Hence, 
the ion pairs attract the free +ve and −ve ions present 
in the solution medium as the distance of the closest 
approach of the ions become minimum, as a result the 
possibility of higher aggregation through hydrogen 
bonding increases in low permittivity media [18,19]. 
This results in the formation of triple ion, which 
acquire the charge of the respective ions in the 
solution [20], i.e.,,

M+ + A− + M+∙∙∙∙∙∙∙∙ A− ∙∙∙∙ (ion pair) (15)

MA + M+ A + M+ (triple ion) (16)

MA + A− A + A− (triple ion) (17)

where, M+ and A− are respectively [BTMA]+ and 
Cl−. The effect of ternary association thus removes 
some non-conducting species, MA, from solution 
and replaces them with triple ions which increase the 
conductance manifested by non-linearity observed in 
conductance curves for the electrolyte in 1-heptanol 
and 1-octanol.

Furthermore, the ion pair and triple ion concentrations, 
cP and cT, respectively, of the electrolyte have also been 

Table 5: Limiting ionic conductance (
0
±λ ), ionic walden product ( 0

±λ η ), Stokes’ radii (rs), and crystallographic 
radii (rc) of [BTMA]Cl in 1-hexanol at 298.15 K.

Solvent Ion ±
0l  (S·m2·mol−1) ±

0l h  (S·m2·mol−1mPa) rs (Å) rc (Å)

1-hexanol BTMA+ 56.18 258.98 4.21 3.53
Cl− 112.41 518.21 2.05 1.77

[BTMA]Cl=Benzyltrimethylammonium chloride

Table 6: The calculated limiting molar conductance of ion pair (Λ0), limiting molar conductances of triple ion 
Λ0

T, experimental slope, and intercept obtained from Fuoss-Kraus equation for [BTMA]Cl in 1-heptanol and 
1-octanol at 298.15 K.

Solvent Λ0·104/S·m2·mol−1 ΛoT×104/S·m2·mol−1 Slope×103 Intercept×10−2

1-heptanol 42.39 28.28 3.74 −6.66
1-octanol 54.65 36.45 8.81 −12.29
[BTMA]Cl=Benzyltrimethylammonium chloride

Figure 2: Plot of molar conductance (Λ) versus √C 
for benzyltrimethylammonium chloride in 1-heptanol 
at 298.15 K.

Table 7: Salt concentration at the minimum conductivity (cmin) along with the ion pair formation constant (KP), 
triple ion formation constant (KT) for [BTMA]Cl in 1-heptanol and 1-octanol at 298.15 K.

Solvent cmin·104/mol·dm−3 log cmin KP. 102/(mol·dm−3)−1 KT. 103/(mol·dm−3)−1 KT/KP log KT/KP

1-heptanol 5.34 0.7102 13.29 25.44 19.1 1.28
1-octanol 5.56 0.7256 3.18 6.21 19.5 1.29 
[BTMA]Cl=Benzyltrimethylammonium chloride

Figure 3: Plot of molar conductance (Λ) versus √C 
for benzyltrimethylammonium chloride in 1-octanol 
at 298.15 K.
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calculated at the minimum conductance concentration 
of [BTMA]Cl in 1-heptanol and 1-octanol using the 
following relations [21]:

α=1/(KP
1/2.c1/2) (18)

αT=(KT/KP
1/2) c1/2 (19)

cP=c(1−α−3αT) (20)

cT=(KT/KP
1/2) c3/2 (21)

Here, α and αT are the fractions of ion pairs and triple 
ions present in the salt-solutions, respectively, and are 
given in Table 8. Thus, the values of cP and cT given in 
Table 8 indicate that the ions are mainly present as ion 
pairs even at high concentration and a small fraction 
existing as triple ions.

3.3. Apparent Molar Volume
Volumetric properties such as apparent molar volume 
(φV) and limiting apparent molar volume (ϕ

V

0 ) 
consider important parameter for understanding of 
interactions taking place in solution systems. The 
apparent molar volume can be considered to be the 
sum of the geometric volume of the central solute 
molecule and changes in the solvent volume due to its 
interaction with the solute around the peripheral or co-
sphere. Therefore, the apparent molar volumes (φV) 
have been calculated from the solution densities using 
the suitable equation [22] and the values are given in 
Table 9.

φV = M/ρ − 1000 (ρ − ρ0)/mρρ0 (22)

where, M is the molar mass of the solute, m is the 
molality of the solution, and ρ and ρ0 are the density of 
the solution and pure solvent, respectively.

The values of φV are positive and large for all the 
systems, indicating strong solute–solvent interactions. 
The apparent molar volumes (φV) are found to decrease 
with increasing concentration (molality, m) of IL 
in the same solvent at a particular temperature. It is 
also found that apparent molar volumes (φV) increase 
with increasing temperature and varied linearly with 
√m and could be least-squares fitted to the Masson 
equation [23] from where limiting molar volume, 
ϕ

V

0  (infinite dilution partial molar volume) have been 

estimated, and the values have been represented in 
Table 10.

ϕ ϕ
V V V

  S m= + √0 *  (23)

where, ϕ
V

0  is the apparent molar volume at infinite 
dilution, S

V

*  is the experimental slope. At infinite 
dilution, each solute molecule is bounded only by 
the solvent molecules and remains infinite distant 
from each other. As a result, that ϕ

V

0 is unaffected by 
solute–solute interaction, and it is a measure only of 
the solute–solvent interaction.

An inspection of Table 10 and Figure 4 shows that 
ϕ

V

0  is large and positive for IL, [BTMA]Cl at all 
the studied temperatures and highest in the case of 
1-octanol. This indicates the presence of strongest 
solute–solvent interactions in 1-octanol, and the 
extent of interactions increases from 1-hexanol to 
1-octanol. Comparing ϕ

V

0  and S
V

*  values show that 
the magnitude of ϕ

V

0  is greater than S
V

* , suggesting 
that solute–solvent interactions dominate over the 
solute–solute interactions in all solutions at all studied 
temperature. Moreover, S

V

*  values are negative at all 
temperatures, and the values decrease with increasing 
temperature which indicates deteriorating force of 
solute–solute interaction.

The variation of ϕV

0  with temperature is fitted to a 
polynomial of the following:

ϕ
V

0  = a0 + a1 T + a2 T2 (24)

where, T is the temperature in Kelvin scale and a0, 
a1, and a2 are the empirical coefficients depending on 
the solute and solvent. Values of coefficients of the 
above equation for the [BTMA]Cl in different solvent 
systems are reported in Table 11.

The limiting apparent molar expansibilities, ϕ
E

0 , can 
be evaluated by the following equation:

ϕ δϕ δ
E

0

V
P

 T  a  a T= ( ) = +0

1 2
2/  (25)

The limiting apparent molar expansibilities,ϕ
E

0 , 
change in magnitude with the change of temperature. 
The values of ϕ

E

0  for different solutions of studied IL 
at (T=298.15, 303.15, and 308.15 K) are reported in 
Table 12.

Table 8: Salt concentration at the minimum conductivity (cmin), the ion pair fraction (α), triple ion fraction (αT), 
ion pair concentration (cP), and triple-ion concentration (cT) for [BTMA]Cl in 1-heptanol and 1-octanol at 
298.15 K.

Solvents cmin·104/mol·dm−3 α 10−3 αT 102 cP·10−3/mol·dm−3 cT·10−2/mol·dm−3

1-heptanol 5.15 11.18 16.56 11.28 12.54
1-octanol 5.68 18.35 7.24 22.34 5.38
[BTMA]Cl=Benzyltrimethylammonium chloride
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Table 9: Apparent molar volume (φV) and (ηr−1)/√m of [BTMA]Cl in different solvent systems at three 
different temperatures*.

Molality/
mol∙kg−1

φV×106/
m3 mol−1

(ηr−1)/√m/
kg1/2mol−1/2

Molality/
mol∙kg−1

φV×106/
m3 mol−1

(ηr−1)/√m/
kg1/2mol−1/2

Molality/
mol∙kg‑1

φV×106/
m3 mol−1

(ηr−1)/√m/
kg1/2mol−1/2

1-hexanol
T=298.15 K T=303.15 K T=308.15 K

0.0123 174.76 0.3133 0.0123 182.68 0.2670 0.0124 192.88 0.2189
0.0308 172.46 0.3711 0.0309 179.41 0.3372 0.0310 188.32 0.3026
0.0493 170.78 0.4200 0.0495 176.65 0.3994 0.0498 185.78 0.3725
0.0680 169.44 0.4575 0.0683 174.55 0.4441 0.0686 183.29 0.4157
0.0868 168.11 0.4934 0.0871 172.26 0.4768 0.0876 181.15 0.4648
0.1056 166.91 0.5207 0.1060 170.72 0.5156 0.1066 179.19 0.5090

1-heptanol
0.0122 181.34 0.3192 0.0123 190.74 0.2714 0.0123 199.08 0.2267
0.0306 178.19 0.3840 0.0308 186.40 0.3451 0.0309 194.16 0.3181
0.0492 175.97 0.4397 0.0494 183.51 0.4042 0.0496 190.47 0.3871
0.0678 174.02 0.4842 0.0681 181.05 0.4565 0.0684 187.22 0.4366
0.0865 172.39 0.5201 0.0869 179.30 0.4989 0.0873 183.96 0.4891
0.1053 171.05 0.5491 0.1058 177.45 0.5464 0.1063 181.70 0.5434

1-octanol
0.0122 188.10 0.3211 0.0122 197.43 0.2802 0.0123 206.86 0.2411
0.0305 184.84 0.3906 0.0307 192.20 0.3591 0.0308 199.06 0.3328
0.0490 182.02 0.4507 0.0492 188.58 0.4252 0.0494 194.91 0.3980
0.0675 180.03 0.5001 0.0678 185.66 0.4771 0.0682 191.14 0.4610
0.0862 178.20 0.5367 0.0866 183.47 0.5242 0.0870 188.12 0.5161
0.1049 176.59 0.5773 0.1054 181.77 0.5766 0.1059 186.30 0.5733

*Standard uncertainties u are: u (T) = 0.01 K. [BTMA]Cl=Benzyltrimethylammonium chloride

Table 10: Limiting apparent molar volume ( 0
Vϕ ), experimental slope ( *

VS ), viscosity A- and B-coefficient 
of [BTMA]Cl in different solvent systems at three different temperatures*.

Solvent Temperature (K) 0
Vj ×106/m3 mol−1 *

VS ×106/m3·mol−3/2 
·kg1/2

B/kg·mol−1 A/kg1/2·mol−1/2

1-hexanol 298.15 178.8 −36.46 0.980 0.202
303.15 189.1 −56.43 1.161 0.137
308.15 199.7 −62.81 1.341 0.068

1-heptanol 298.15 186.6 −48.34 1.093 0.196
303.15 197.3 −61.70 1.278 0.124
308.15 208.3 −81.69 1.452 0.064

1-octanol 298.15 194.1 −54.32 1.207 0.184
303.15 205.2 −73.82 1.376 0.122
308.15 216.6 −96.03 1.536 0.063

*Standard uncertainties values of u are: u (T) = 0.01 K. [BTMA]Cl=Benzyltrimethylammonium chloride

All the values of ϕ
E

0  shown in Table 12 are positive for 
[BTMA]Cl in all the solvents and studied temperature. 
This fact helps to explain the absence of caging or 
packing effect for the [BTMA]Cl in solution [24].

The long-range structure making and breaking capacity 
of the solute in mixed system can be determined by 
examining the sign of ( /δϕ δ

E P
T)

0  developed by 
Hepler [25].
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( / /δϕ δ δ ϕ δ
E P V

P

T) T a
0 2 0 2

2
2= ( ) =  (26)

The positive sign or small negative of ( /δϕ δ
E P

T)
0  

signifies the molecule is a structure-maker; otherwise, 
it is a structure-breaker [26]. The perusal of Table 12 
shows that ( /δϕ δ

E P
T)

0  values of [BTMA]Cl are all 
positive under examination. This signifies the IL, 
[BTMA]Cl is definitely structure makers in all of the 
solutions.

3.4. Viscosity
The experimental viscosity data for studied systems are 
listed in Table 13. The relative viscosity (ηr) has been 
calculated using Jones-Dole equation [27].

(η/η0−1)/√m = (ηr−1)/√m = A + B √m (27)

Where ηr=η/η0 is the relative viscosity, η and η0 are 
the viscosities of binary solutions (IL +1-alkanol) and 

solvent (1-alkanol), respectively, and m is the molality 
of [BTMA]Cl in binary solutions. Where, A is known 
as Falkenhagen coefficient [28] as it is determined 
by the ionic attraction theory of Falkenhagen-Vernon 
and B is empirical constants known as viscosity 
B-coefficients, which are specific to solute–solute and 
solute–solvent interactions, respectively. The values 
of A- and B-coefficients are evaluated by least-square 
method by plotting (ηr−1)/√m against √m and reported 
in Table 9. It is observed from Table 9, the values of 
the A-coefficient are found to decrease with rise in 
temperature. This fact indicates the presence of very 
weak solute–solute interaction and also in excellent 
agreement with those obtained from S

V

*  values.

The valuable information about the solvation of the 
solute and its effect on the structure of the solvent in 
the local vicinity of the solute molecules in solutions 
has been obtained from viscosity B-coefficient [29]. 
It is found from Table 10 and Figure 5; the values 
of B-coefficient are positive and much higher than 
A-coefficient which signifies solute–solvent 
interaction is leading over solute–solute interaction. 
It is also observed that the value of viscosity 
B-coefficient increases with increasing temperature 
and also increases from 1-hexanol to 1-octanol. These 
results are in good agreement with those obtained 
from ϕ

V

0  values.

It is observed from Table 10 that the values of the 
B-coefficient of [BTMA]Cl increase with temperature, 
i.e., the dB/dT values are positive. From Table 14, the 
small positive dB/dT values for the [BTMA]Cl behave 
almost as structure-maker.

The free energy of activation of viscous flow per mole 
of solvent, ∆µ ≠

1

0  as proposed by Glasstone et al. [30] 
could be calculated from the following equation:

η ∆µ ≠
0 1

0

1

0= ( ) ( ) hN V  exp RT
A

/ /  (28)

where, h, NA, and V
1

0  are the Planck’s constant, 
Avogadro’s number, and partial molar volume of 
the solvent, respectively. The Equation (28) can be 
rearranged as follows we get:

∆µ η≠
1
0

0 1
0= ( )RT ln V  hNA/  (29)

Table 11: Values of various coefficients of 
Equation (24) for [BTMA]Cl in different solvent 
systems*.

Solvent a0×106/
m3 mol−1

a1×106/m3 
mol−1K−1

a2×106/m3 
mol−1K−2

1-hexanol 162.9654 −1.9146 0.0066
1-heptanol 128.2303 −1.7123 0.0064
1-octanol 93.1952 −1.5101 0.0062
*Standard uncertainties values of u are: u (T) =0.01 K. 
[BTMA]Cl=Benzyltrimethylammonium chloride

Figure 4: Plot of ϕ
v

0  as a function of temperature 
(T/K) in different solvent systems.

Table 12: Limiting apparent molar expansibilities ( 0
Eϕ ) for [BTMA]Cl in different solvent systems at 298.15, 

303.15, and 308.15 K*.

Solvent 0
Ej ×106/m3 mol−1 K−1 (δ 0

Ej /δT)P×106/m3  
mol−1 K−2

T=298.15 K T=303.15 K T=308.15 K
1-hexanol 2.02098 2.08698 2.15298 0.0132
1-heptanol 2.10402 2.16802 2.23202 0.0128
1-octanol 2.18696 2.24896 2.31096 0.0124
*Standard uncertainties values of u are: u (T)=0.01 K. [BTMA]Cl=Benzyltrimethylammonium chloride
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Feakins et al. [31-33] suggested that if Equations (27) 
and (28) are obeyed, then

B  V V   V RT= −( ) + −( )



1

0

2

0

1

0

1

0

2

0∆µ ∆µ≠ ≠
/  (30)

Where, V
2

0  is the limiting partial molar volume (ϕ
V

0 ) 
of the solute and ∆µ ≠

2

0  is the ionic activation energy 

per mole of solute at infinite dilution. Rearranging the 
Equation (30) we get:

∆µ ∆µ − −≠ ≠
2

0

2

0

1

0

1

0

2

0= + ( ) ( )



  RT/ V B V  V  (31)

From Table 7, it is evident that ∆µ ≠
2

0  values are all 
positive and much larger than ∆µ ≠

1

0 , suggesting that 
interaction between solute (IL) and solvent (1-alkanol) 
molecules in the ground state is stronger than in the 
transition state. According to free energy terms, the 
solvation of solute in the transition state is unfavorable.

The entropy of activation ( ∆ ≠
S

2

0 ) [32] for the solution 
has been calculated using relation:

∆ = −≠ ≠
S d dT

2

0

2

0
( ) /∆µ  (32)

Where, ∆ ≠
S

2

0  has been obtained from the negative slope 
of the plots of ∆µ ≠

2

0  against T using a least-squares 
treatment.

The enthalpy of activation ( ∆ ≠
H

2

0 ) [32] has been 
obtained from the relation:

Table 13: Experimental values of density (ρ) and viscosity (η) of [BTMA]Cl in different solvent systems at 
three different temperatures*.

Molality/
mol∙kg−1

ρ×10−3/
kg∙m−3

η/mP∙s Molality/
mol∙kg−1

ρ×10−3/
kg∙m−3

η/
mP∙s

Molality/
mol∙kg−1

ρ×10−3/
kg∙m−3

η/mP∙s

1-Hexanol
T=298.15 K T=303.15 K T=308.15 K

0.0123 0.81691 4.77 0.0123 0.81377 4.17 0.0124 0.81006 3.58
0.0308 0.81760 4.91 0.0309 0.81439 4.29 0.0310 0.81059 3.68
0.0493 0.81833 5.04 0.0495 0.81508 4.41 0.0498 0.81117 3.78
0.0680 0.81908 5.16 0.0683 0.81580 4.52 0.0686 0.81181 3.87
0.0868 0.81987 5.28 0.0871 0.81659 4.62 0.0876 0.81249 3.97
0.1056 0.82068 5.39 0.1060 0.81738 4.73 0.1066 0.81321 4.07

1-heptanol
0.0122 0.81979 6.16 0.0123 0.81602 5.27 0.0123 0.81241 4.40
0.0306 0.82041 6.35 0.0308 0.81656 5.43 0.0309 0.81287 4.53
0.0492 0.82108 6.53 0.0494 0.81716 5.58 0.0496 0.81341 4.66
0.0678 0.82179 6.70 0.0681 0.81781 5.73 0.0684 0.81402 4.78
0.0865 0.82253 6.86 0.0869 0.81848 5.87 0.0873 0.81471 4.91
0.1053 0.82329 7.01 0.1058 0.81920 6.03 0.1063 0.81541 5.05

1-octanol
0.0122 0.82268 7.89 0.0122 0.81922 6.89 0.0123 0.81564 5.80
0.0305 0.82321 8.14 0.0307 0.81969 7.10 0.0308 0.81605 5.98
0.0490 0.82381 8.38 0.0492 0.82023 7.31 0.0494 0.81654 6.15
0.0675 0.82444 8.61 0.0678 0.82083 7.51 0.0682 0.81711 6.33
0.0862 0.82511 8.82 0.0866 0.82146 7.71 0.0870 0.81773 6.51
0.1049 0.82581 9.04 0.1054 0.82211 7.93 0.1059 0.81834 6.70

*Standard uncertainties u are: u (ρ) =2×10−5 kg∙m−3, u (η) =0.02 mP∙s, and u (T) =0.01 
K. [BTMA]Cl=Benzyltrimethylammonium chloride

Figure 5: Plot of B as a function of temperature (T/K) 
in different solvent systems.
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0 0 0
2 2 2H T S≠ ≠ ≠∆ = ∆ + ∆µ  (33)

The values of ∆ ≠
S

2

0  and ∆ ≠
H

2

0  are also reported in 
Table 15.

It is evident from Table 15 that 0
1
≠∆µ  is practically 

constant at all the solvents suggesting that 0
2
≠∆µ  is 

mainly dependent on the viscosity coefficients and  
( V V

1

0

2

0− ) terms. Positive 0
2
≠∆µ  values at all studied 

temperature and all solvent suggest that the process 
of viscous flow becomes difficult as we move 
from 1-hexanol to 1-octanol and with rise in the 
temperature. Therefore, the formation of transition 
state becomes less favorable. Feakins et al. [32] 
proposed that 0

2
≠∆µ  > 0

1
≠∆µ  for solutes having 

positive B-coefficients and indicates a stronger 
solute–solvent interactions, thereby suggesting that 
the formation of transition state is accompanied by 
the rupture and distortion of the intermolecular forces 
in the solvent structure [32,34]. The negative values 
of both ∆ ≠

S
2

0  and ∆ ≠
H

2

0  suggest that the formation of 
transition state is associated with bond-making and 
an increase in order. Although a detailed mechanism 
for this is not easily advanced, it may be suggested 
that the slip-plane is in the disordered state [32,35]. 
According to Feakins et al. model, as 0

2
≠∆µ  > 0

1
≠∆µ

, the solute [BTMA]Cl behaves as structure makers. 
This again supports the behavior of dB/dT for the 
solute in the solvent systems.

Furthermore, it is attractive to observe that there is a 
linear correlation between viscosity B-coefficients of 
the studied IL, [BTMA]Cl with the limiting apparent 
molar volumes (ϕ

V

0 ) in different solvent systems. 
From the above fact, it means

B A A
2 V

0= +
1

ϕ  (34)

The coefficients A1 and A2 are listed in Table 14. As 
both viscosity B-coefficient and limiting apparent 
molar volume define the solute–solvent interaction in 
solution. The linear variation of viscosity B-coefficient 
and limiting apparent molar volume (ϕV

0 ) reflects the 
positive slope (or A2).

Table 14: Values of dB/dT, A1 and A2 coefficients for 
the [BTMA]Cl in different solvent systems at different 
temperatures at 298.15, 303.15, and 308.15 K*.

Solvent dB/dT A1 A2
1-hexanol 0.0361 −2.107 0.017
1-heptanol 0.0359 −1.993 0.016
1-octanol 0.0329 −1.628 0.014
*Standard uncertainties values of u are: u (T) =0.01 
K. [BTMA]Cl=Benzyltrimethylammonium chloride

Table 15: Values of 0
1V , ( 0 0

1 2V V− ), 0
1
≠∆µ , 0

2
≠∆µ , 0

2T S ≠∆  and 0
2H ≠∆  for [BTMA]Cl in different solvent 

systems at different temperatures*.

Parameters 1‑hexanol 1‑heptanol 1‑octanol
T=298.15 K 303.15 K 308.15 K T=298.15 K 303.15 K 308.15 K T=298.15 K 303.15 K 308.15 K

0
1V . 

.106/m3.mol−1

124.93 125.40 125.96 141.56 142.21 142.83 158.08 158.73 159.42

( 0 0
1 2V V− ). 

106/m3.mol−1

−53.87 −63.70 −73.74 −45.04 −55.49 −65.47 −36.02 −46.47 −57.18

0
1
≠∆µ /KJ.mol−1 18.03 18.02 17.95 18.97 18.93 18.80 19.86 19.87 19.78

0
2
≠∆µ /KJ.mol−1 38.55 42.63 46.72 38.90 42.56 46.02 39.35 42.46 45.39

0
2T S ≠∆ /KJ.mol−1 −243.59 −247.67 −251.76 −211.98 −215.54 −219.09 −179.78 −182.80 −185.81

0
2H ≠∆ /

KJ.mol−1

−205.04 −205.04 −205.04 −173.08 −172.98 −173.08 −140.43 −140.34 −140.43

*Standard uncertainties values of u are: u (T) = 0.01 K. [BTMA]Cl=Benzyltrimethylammonium chloride

Figure 6: Plot of molar refractive index (RM) 
against square root of concentration (√m) for 
benzyltrimethylammonium chloride in different 
solvent systems, (♦) 1-hexanol, (■) 1-heptanol, and 
(▲) 1-octanol.
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3.5. Refractive Index
The measurement of refractive index is also a suitable 
method for investigating the molecular interaction 
existing in solution. The molar refraction (RM) can 
be calculated from the Lorentz–Lorenz relation [36]. 
The refractive index of a substance is defined as the 
ratio c0/c, where c and c0 are the velocity of light 
in the medium and in vacuum, respectively. Stated 
more simply that the refractive index of a compound 
describes its ability to refract light as it passes from 
one medium to another and thus, the higher the 
refractive index of a compound, the more the light is 
refracted [37]. As stated by Deetlefs et al., [38] the 
refractive index of a substance is higher when its 
molecules are more tightly packed or in general when 
the compound is denser.

The limiting molar refraction ( R
M

0 ) estimated from 
the following Equation (35) and presented in Table 16.

R = R + R m
M M S

0  (35)

Hence, a perusal of Table 16, we found that the 
refractive index and the molar refraction are higher 
for the studied [BTMA]Cl in all the solvent systems, 
indicating to the fact that the molecules are more 
tightly packed in the solution. It is also revealed that 
the [BTMA]Cl in 1-octanol is more tightly packed and 
more solvated than 1-heptanol and 1-hexanol. This is 
also in good agreement with the results obtained from 
apparent molar volume and viscosity B-coefficient 
and discussed above.(Figure 6)

Table 16: Refractive index (nD), molar 
refraction (RM), and limiting molar refraction ( 0

MR ) 
[BTMA]Cl in different solvent systems at 298.15 K*.

Molality/
mol∙kg−1

nD RM×106/m3 mol−1 0
MR ×106/m3 
mol−1

1-hexanol
0.0123 1.4163 57.072
0.0307 1.4168 57.085
0.0493 1.4173 57.099 57.03
0.0679 1.4178 57.112
0.0867 1.4184 57.123
0.1055 1.4190 57.134

1-heptanol
0.0122 1.4223 57.592
0.0306 1.4227 57.600
0.0492 1.4232 57.607 57.57
0.0678 1.4236 57.613
0.0865 1.4241 57.618
0.1053 1.4246 57.624

1-octanol
0.0122 1.4277 58.035
0.0305 1.4281 58.043
0.0490 1.4285 58.050 58.01
0.0675 1.4289 58.058
0.0861 1.4294 58.063
0.1048 1.4299 58.071

*Standard uncertainties u are: u (nD)=0.0002 and u (T)=0.01 
K. [BTMA]Cl=Benzyltrimethylammonium chloride

Scheme 1: Molecular structure of ionic liquid and solvents and plausible association of ionic liquid in different solvents.
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Scheme 2: Formation of ion pair (ionic liquid [IL] + 1-hexanol) and triple ion (IL + 1-heptanol; IL + 1-octanol).

Scheme 3: Plausible sites of interactions (van der Waals’ interaction) between solute–solvent 
(benzyltrimethylammonium chloride-1-alkanol).

4. CONCLUSION
The extensive study of IL, [BTMA]Cl in 1-hexanol, 
1-heptanol, and 1-octanol leads to the conclude 
that the IL is more associated in 1-octanol than the 
other two solvents (Scheme 1). It can also be found 
that in the conductometric studies in 1-heptanol and 
1-octanol, the [BTMA]Cl mostly remains as triple 
ions than ion pairs, but in 1-hexanol, the [BTMA]Cl 
remains as ion pairs (Scheme 2). There is more ion–

solvent interaction in 1-octanol than 1-heptanol than 
1-hexanol. The experimental values obtained from the 
volumetric, viscometric, and refractometric studies 
also suggest that in solution the ion–solvent interaction 
is more than the ion–ion interaction due to the greater 
covalent interaction (van der Waals’ interaction) 
between the hydrocarbon part of [BTMA]Cl and the 
hydrocarbon chain of 1-alkanols (Scheme 3). As the 
length of the alkyl chain decreases the extent of van 
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der Waals’ force of attraction decreases; hence, the 
extent of ion-solvent interaction of [BTMA]Cl is 
enhanced by the following order (Scheme 1):

1-octanol > 1-heptanol > 1-hexanol.
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A B S T R A C T

The molecular interactions existing in ionic liquid-organic solvent have been done, both qualitatively and
quantitatively, by means of electrical conductance, molar refraction and FT-IR measurements.
Conductometric studies of 1-ethyl-3-methylimidazolium nitrate, 1-ethyl-3-methylimidazolium meth-
anesulfonate and 1-ethyl-3-methylimidazolium tosylate in N,N-dimethyl formamide, N,N-dimethyl
acetamide and dimethyl sulphoxide at 298.15 K reveals high molecular interaction between the solute
and the solvent which is mainly contributed by ion–dipole interaction as manifested from the FT-IR
measurements. The interaction is highest in case of 1-ethyl-3-methylimidazolium tosylate and dimethyl
sulphoxide than others. The larger share of the conductance of imidazolium based ionic liquid in unlike
solvents comes from anion than cation as evident from their individual ionic conductance values which is
estimated from the suitable allotment of the limiting molar conductivity value of tetrabutylammonium
tetraphenylborate as “reference electrolyte” method. The molecular polarizability also observed to be
highest in case of dimethyl sulphoxide as visible from refractive index information.

ã 2014 Published by Elsevier B.V.

1. Introduction

The appearance of the new class of solvents “ionic liquid” or
“green liquid” has newly charmed attention of the chemists due to
its amiable properties with multiple exciting applications in areas
of basic science and applied technology. As they are made up of at
least two components which can be varied (the anion and cation),
the solvents can be premeditated with a meticulous end use in
mind, or to possess a meticulous set of properties. Hence, the term
“designer solvents” has come into common use [1,2]. They are also
used as heat transfer fluids for processing biomass and as
electrically conductive liquids in electrochemistry (batteries and
solar cells) [3–5].

We have here studied the thermodynamic, optical and the
transport properties of ionic liquids in industrially important
solvents. These properties provide important information about

the nature and potency of intermolecular forces operating among
assorted components. FT-IR measurements have also been done as
it is one of the most convenient methods for investigating the
molecular interactions in electrolytic solutions [6–8].

In continuation with our investigation on understanding the
behavior of ionic liquids in organic solvents by physico-chemical
techniques [9–12] we have studied the conductance, refractive
index and FT-IR measurements of 1-ethyl-3-methylimidazolium
nitrate [EMIm]NO3, 1-ethyl-3-methylimidazolium methanesulfo-
nate [EMIm]CH3SO3 and 1-ethyl-3-methylimidazolium tosylate
[EMIm]OTs in N,N-dimethyl formamide (DMF), N,N-dimethyl
acetamide (DMA) and dimethyl sulphoxide (DMSO) at 298.15 K.

2. Experimental section

2.1. Source and purity of sample

1-ethyl-3-methylimidazolium nitrate [EMIm]NO3, 1-ethyl-3-
methylimidazolium methanesulfonate [EMIm]CH3SO3 and
1-ethyl-3-methylimidazolium tosylate [EMIm]OTs of puriss grade
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were obtained from Aldrich, Germany. The mass fraction purity of
[EMIm]NO3, [EMIm]CH3SO3, and [EMIm]OTs was �0.99, 0.98, and
0.98 respectively. The ionic liquids were stored in a CaO desiccator
for 48 h in a dark place and necessary precaution had been taken
during the work. All the solvents of spectroscopic grade were
procured from Thomas Baker, India and were sanitized using
model techniques [13].

The purities of N,N-dimethyl formamide (DMF), N,N-dimethyl
acetamide (DMA) and dimethyl sulphoxide (DMSO) solution were
0.99, �0.995 and �0.99 respectively. The sample description has
been given in Table 1.

2.2. Apparatus and procedure

Stock solutions for the three electrolytes in three different
solvents were prepared by mass (Mettler Toledo AG285 with
uncertainty 0.0003 g), and the working solutions were obtained by
mass dilution at 298.15 K. The uncertainty of molality of different
solutions was estimated to �0.0001 mol kg�1. The density (r) was
measured by means of vibrating-tube Anton Paar density-meter
(DMA 4500 M) with a precision of 0.0005 g cm�3. It was
standardized by double-distilled water and dry air.

The viscosities (h) were measured using a Brookfield
DV-III ultra programmable rheometer with fitted spindle
size-42. The viscosities were obtained using the following
equation

h ¼ 100
RPM

� �
� TK �torque� SMC

where RPM, TK (0.09373) and SMC (0.327) are the speed,
viscometer torque constant and spindle multiplier constant,
respectively. The instrument was calibrated against the standard
viscosity samples supplied with the instrument, water and
aqueous CaCl2 solutions. [14] 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%.

The conductance measurement was measured in a
Systronic-308 conductivity meter (accuracy 1.0%) using a
dip-type immersion conductivity cell, CD-10, having a cell
constant of approximately 0.1 �0.001 cm�1. Measurement was
completed in a water bath sustained within T = 298.15 � 0.01 K
and the cell was calibrated by the method planned by Lind et al.
[15]. The electrical conductance experiments were carried
out using an alternating current source.Refractive index
was measured with the help of a digital refractometer
Mettler Toledo. The light source was LED, l = 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.

Infrared spectra were recorded in 8300 FT-IR spectrometer
(Shimadzu, Japan). The details of the instrument have formerly
been described [8].

3. Results and discussion

The solvent properties are given in Table 2. The concentrations
and molar conductances L of [EMIm]NO3, [EMIm]CH3SO3 and
[EMIm]OTs in DMF, DMA and DMSO are given in Table 3. Linear
conductance curves (L versus

p
c) were obtained and extrapola-

tion of
p
c = 0 evaluated the starting limiting molar conductances

for the electrolytes. The plot for the concentration versus molar
conductance of [EMIm]NO3 in DMF, DMA and DMSO is given in
Fig. 1 and the plots for other ionic liquids in the studied solvents
have been given as supporting information. The conductance data
for ion-pair formation have been analysed using the Fuoss
conductance equation [16].

So with a given set of conductivity values (cj, Lj; j = 1 . . . ....n),
three adaptable parameters, i.e., L0, KA and R have been derived
from the Fuoss equation. Here, L0 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[17] for determining the R value but in order to
treat the data in our system, R value is thought 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:

d ¼ 1:183
M
r

� �1=3

(1)

where M is the molar mass and r is the density of the solvent. For
mixed solvents, M is replaced by the mole fraction average molar
mass (Mav) which is given by,

Mav ¼ M1M2

W1M2 þ W2M1ð Þ (2)

where w1 is the weight fraction of the first component of
molar mass M1. Thus, the Fuoss conductance equation is given
as follows:

Table 1
Sample description

Chemical name Source Initial mass fraction purity Purification
method

Final mass
fraction purity

[EMIm]NO3, Aldrich, Germany 0.99 Used as procured 0.99
[EMIm]CH3SO3, 0.98 0.98
[EMIm]OTs 0.98 0.98
DMSO Thomas Baker 0.99 Used as procured 0.99
DMA 0.995 0.995
DMF 0.99 0.99

Table 2
Experimental and literature [28] values of density (r), viscosity (h0), relative
permittivity (e) and refractive index (nD) of the solvents at 298.15 K and 0.101 MPa
pressure.

Solvents r 10�3/kg m�3 h0/mPa s nD e

Lit. Expt. Lit. Expt. Lit. Expt.

DMF 0.9445 0.9437 0.794 0.79 1.4282 1.4279 36.71
DMA 0.9368 0.9359 0.923 0.92 1.4356 1.4351 37.78
DMSO 1.0960 1.0953 1.946 1.96 1.4775 1.4773 46.70

Uncertinity of the density u (r) = 0.0005 g cm�3; viscosity u (h) = 0.01 mPa s;
refractive index u (nD) = 0.0002; temperature u (T) = 0.01 K; pressure u (P) = 0.01
MPa.
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L ¼ PL 1 þ RX½ � þ EL (3)

P ¼ 1 � að1 � gÞ (4)

g ¼ 1 � KAcg2f 2 (5)

�lnf ¼ bk
2ð1 þ kRÞ (6)

b ¼ e2

erkBT
(7)

KA ¼ KR

ð1 � aÞ ¼ KR
=ð1 þ KSÞ (8)

where, L0 is the limiting molar conductance, KA is the experimen-
tal 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, e is the relative permittivity of
the solvent mixture, e is the electron charge, c is the molarity of the
solution, kB is the Boltzmann constant, KS is the association
constant of the contact-pairs, KR is the association constant of the
solvent-separated pairs, g is the fraction of solute present as
unpaired ion, a is the fraction of contact pairs, f is the activity
coefficient, T is the absolute temperature and &beta; is twice the
Bjerrum distance.

The computations were performed using the program
suggested by Fuoss. The initial L0 values for the iteration
procedure are obtained from Shedlovsky extrapolation of the data
[18]. Input for the program is the no. of data, n, followed by e, h
(viscosity of the solvent mixture), initial L0 value, T, r (density of
the solvent mixture), mole fraction of the first component, molar
masses, M1 and M2 along with cj, Lj values where j = 1, 2 . . . . . . .n
and an instruction to cover preselected range of R values.

Table 3
The concentration (m) and molar conductance (L) of [EMIm]X (where X = NO3, CH3SO3, OTs) in DMF, DMA and DMSO at 298.15 K and 0.101 MPa pressure.

m 104/mol kg�1 L 104/S m2 mol�1 m 104/mol kg�1 L 104/S m2 mol�1 m 104/mol kg�1 L 104/S m2 mol�1

[EMIm]NO3 in DMF [EMIm] NO3 in DMA [EMIm] NO3 in DMSO

11.06 86.20 22.54 45.31 18.70 36.66
20.27 84.31 31.20 44.40 26.83 35.70
28.06 83.01 38.63 43.76 34.27 35.06
34.73 81.98 45.06 43.28 47.45 34.06
40.51 81.24 50.67 42.77 58.74 33.26
45.56 80.80 55.63 42.44 68.52 32.58
50.01 80.27 60.02 42.14 77.07 32.06
53.95 79.74 63.96 41.85 84.60 31.60
57.48 79.41 67.49 41.70 91.29 31.26
63.54 78.79 70.68 41.47 94.35 31.16
66.16 78.54 73.59 41.27 97.24 31.01
72.75 77.79 78.69 41.03 105.13 30.46
79.42 77.08 86.69 40.56 111.92 30.16
84.45 76.71 93.94 40.23 119.66 29.81
92.28 76.11 100.19 39.83 126.19 29.62
[EMIm]CH3SO3 in DMF [EMIm]CH3SO3 in DMA [EMIm]CH3SO3 in DMSO
10.35 59.82 12.07 38.41 18.92 29.69
18.98 58.01 22.14 36.39 34.67 27.50
26.28 56.82 30.65 35.91 48.02 25.90
32.51 56.16 37.94 35.20 59.44 25.30
37.93 55.26 44.26 34.51 69.34 24.20
42.65 54.76 49.77 34.11 77.99 23.50
46.82 54.32 54.64 33.99 85.63 23.20
53.84 53.47 58.96 33.49 92.40 22.90
56.82 53.14 66.31 32.98 98.47 22.40
59.52 52.88 74.96 32.45 103.92 21.94
66.27 52.32 81.59 32.16 108.83 21.87
69.90 51.99 88.38 31.74 113.33 21.40
75.68 51.56 95.72 31.41 117.40 21.20
81.05 51.15 101.67 31.13 121.09 21.20
85.78 50.53 106.46 30.82 127.71 20.80
[EMIm]OTs in DMF [EMIm]OTs in DMA [EMIm]OTs in DMSO
10.39 51.34 11.03 37.30 21.03 19.21
19.06 49.50 20.22 35.60 38.57 35.23
26.39 48.84 27.99 34.73 53.40 48.78
32.66 48.02 34.65 33.91 66.12 60.39
38.09 47.45 40.42 33.56 77.14 70.45
42.84 46.99 45.48 32.88 86.78 79.25
47.03 46.43 49.92 32.51 95.29 87.01
50.74 45.92 57.41 32.35 102.86 93.91
54.06 45.38 63.47 31.78 109.63 100.09
57.05 45.15 68.48 31.32 115.72 105.62
62.21 44.40 76.27 31.06 121.23 110.62
70.17 44.20 82.04 30.69 126.24 115.16
75.99 43.30 88.37 30.30 135.00 123.10
80.43 42.70 94.13 30.12 142.42 129.84
85.43 42.50 98.15 29.85 148.78 135.58

Standard uncertainties u are: u (m) = 2 � 10�6mol kg�1,u (L) = 1 �10�6 S m2mol�1, u (T) = 0.01 K and pressure u (P) = 0.01 MPa.
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In practice, calculations are performed by finding the values of
L0 and a which minimize the standard deviation, d, whereby

d2 ¼
P½LjðcalÞ � LjðobsÞ�2

ðn � mÞ (9)

for a sequence of R values and then plotting d against R, the
best- fit R corresponds to the minimum of the d–R versus
R curve. So, an approximate sum is made over a fairly wide
range of R values using 0.1 increment to locate the minimum
but no significant minima is found in the d–R curves, thus
R values is assumed to be R = a + d, with terms having usual
significance. Finally, the corresponding L0 and KA values are
obtained which are reported in Table 4 along with R and d for the all
the solutions.

A review of Table 4 and Fig. 2 shows that the limiting molar
conductance (L0) of all the electrolytes studied is highest in case of
DMF and lowest in case of DMSO among the studied solvents. The
trend of the L0 of the electrolytes in three different solvents is
enhanced by the following order:

DMF > DMA > DMSO

The trend shows the molecules as well as ions are restricted to
free move in DMSO. This shows that the electrolytes are solvated
more by DMSO. The viscosity values of the solvents also support
the same fact, i.e., the electrolytes are more solvated in highest
viscous solvent of among the studied solvents. We can also see that
with the increase in the size of the anion (for the common cation)
the extent of solvation also increases. The trend in the extent of
solvation of the anions (for common cation) of the electrolytes is as
follow

OTs� > CH3SO3
� > NO3

�

The highest ion-solvent interaction leading to very high
solvation is seen in case of [EMIm]OTs and DMSO which is evident
from the KA values given in Table 4 and Fig. 2. The weakest
ion-solvent interaction is in between [EMIm]NO3 and the lowest
viscous solvent DMF.

The Gibbs energy change of solvation, DG�, is given by the
following equation [19] and given in Table 5.

DG� ¼ RTlnKA (10)

It is observed from the Table 5 that the values of the Gibbs free
energy are all negative entirely all over the solutions and the
negativity increases from DMF to DMSO. This result indicates the
extent of solvation enhanced by the following order:

DMSO > DMA > DMF

It is also observed that among the three ionic liquids the value of
Gibbs free energy of [EMIm]OTs is the most negative signifying the
greatest ion-solvent interaction. The Walden’s product (L0h0)
have also been obtained and reported in Table 5.

The initial point for most evaluations of ionic conductance is
Stokes' law which states that the limiting Walden product (l0

�h0),
(the limiting ionic conductance-solvent viscosity product) for any
singly charged, spherical ion is a function only of the ionic radius
and thus, under normal conditions, is a constant. The ionic
conductance l0

� for the cation [EMIm]+ and the anion
(NO3

�, CH3SO3
�, OTs�) in all the solvents were calculated using

tetrabutylammonium tetraphenylborate (Bu4NBPh4) as a
‘reference electrolyte’ following the scheme as suggested by
Chakraborty et al. [20]. The ionic limiting molar conductance l0

�

for [EMIm]+ X� (X� = NO3
�, CH3SO3

�, OTs�) in all the solvents have
been calculated by interpolation of conductance data from the

Fig. 1. Plot of molar conductance (L) versus concentration (c) of [EMIm] NO3, in DMF (—^—), DMA (—&—) and DMSO (—~—) at 298.15 K.

Table 4
Limiting molar conductance (Lo), association constant (KA), co-sphere diameter (R)
and standard deviations of experimental (d) of [EMIm]X (where X = NO3, CH3SO3,
OTs) in DMF, DMA and DMSO at 298.15 K and 0.101 MPa pressure.

Solvents L0104/S m2mol�1 KA/dm3mol�1 R/Å D

[EMIm]NO3

DMF 90.08 27.27 8.86 0.0807
DMA 49.10 35.55 9.18 0.0319
DMSO 39.86 40.97 8.72 0.0757

[EMIm]CH3SO3

DMF 64.14 44.70 9.70 0.0835
DMA 40.74 53.04 10.02 0.1547
DMSO 34.16 86.81 9.41 0.1372

[EMIm]OTs
DMF 54.87 54.66 10.03 0.2711
DMA 39.55 59.15 10.35 0.1617
DMSO 31.46 189.67 9.89 0.3110
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literature[21] using cubic spline fitting. The l0
� values were in turn

utilized for the calculation of Stokes’ radii (rs) according to the
traditional expression [22]

rs ¼ F2

6pNAl
�
0 rc

(11)

where, rs is the Stokes’ radii, rc is the crystallographic radii, NA is the
Avogadro’s no., l�

0 is the limiting ionic conductance and F is the
Faraday constant.

Ionic limiting molar conductance l0
�, Ionic Walden product

l0
�h, Stokes’ radii rs, and crystallographic radii rc are presented in

Table 6.
The ionic conductance values given in Table 6 shows that the

greater share of the conductance values comes from the anions
(NO3

�, CH3SO3
�, OTs�) than the cation (EMIm+) except for that in

the case of [EMIm]OTs in DMF were the cations conduct more than
the anion. The ionic conductance values also decrease from DMF to
DMSO for the studied electrolytes.

The diffusion coefficient (D) is obtained using the
Stokes–Einstein relation[23]

Fig. 2. Plot of Limiting molar conductance (L0) of [EMIm]NO3 (—^—), [EMIm] CH3SO3 (—&—), [EMIm]OTs (—^—) and association constant (KA) of [EMIm]NO3 (—~—),
[EMIm] CH3SO3 (—*—), [EMIm] OTs (—�—) in DMF, DMA and DMSO respectively at 298.15 K.

Table 5
Walden product (L0h0) and Gibbs energy change (DG�) of [EMIm]X (where
X = NO3, CH3SO3, OTs) in DMF, DMA and DMSO at 298.15 K and 0.101 MPa pressure.

Solvents L0h0104/S m2 mol�1mPa s DG
�
10�3/kJ mol�1

[EMIm]NO3

DMF 71.71 �8.19
DMA 45.32 �8.85
DMSO 78.25 �9.20

[EMIm]CH3SO3

DMF 51.06 �9.42
DMA 37.61 �9.84
DMSO 67.06 �11.06

[EMIm]OTs
DMF 43.68 �9.92
DMA 36.50 �10.11
DMSO 61.76 �13.00

Table 6
Ionic limiting molar conductance (l�

0), ionic Walden product (l�
0h0), crystallographic radii (rc) and Stoke’s radii (rs) [EMIm]+ and X�(NO3,CH3SO3,OTs DMF, DMA and DMSO

at 298.15 K and 0.101 MPa pressure.

Solvents l�
0 104/

S m2 mol�1
l�

0h0 104/S m2 mol�1mPa s rc/Å rs/Å

[EMIm]+ NO3
� [EMIm]+ NO3

� [EMIm]+ NO3
� [EMIm]+ NO3

�

DMF 31.1 58.98 24.57 46.59 1.33 1.99 3.34 1.76
DMA 20.16 28.94 18.55 26.62 1.33 1.99 4.42 3.08
DMSO 14.43 25.43 28.28 49.84 1.33 1.99 2.90 2.64

[EMIm]+ CH3SO3
� [EMIm]+ CH3SO3

� [EMIm]+ CH3SO3
� [EMIm]+ CH3SO3

�

DMF 30.3 33.84 23.91 26.73 1.33 2.83 3.42 3.07
DMA 19.03 21.71 17.51 19.97 1.33 2.83 4.68 4.10
DMSO 13.25 20.91 25.97 40.98 1.33 2.83 3.16 2.99

[EMIm]+ OTs� [EMIm]+ OTs� [EMIm]+ OTs� [EMIm]+ OTs�

DMF 30.46 24.41 24.06 19.28 1.33 3.16 3.41 4.25
DMA 19.44 20.11 17.88 18.50 1.33 3.16 4.58 4.43
DMSO 13.73 17.73 26.91 34.75 1.33 3.16 3.04 3.36
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D ¼ kBT
6ph0rs

(12)

where kB is the Boltzmann’s constant, T is the temperature, h0

is the solvent viscosity and rs is the Stoke’s radii.
The ionic mobility is obtained using the following equation

[23]:

i ¼ zþ

RT
D (13)

The values of the diffusion coefficient and ionic mobility are
given in Table 7. The diffusion coefficient of the anions are more
than the cation in all the solvents except in case of DMF where the
cation diffuses more than the anion in case of [EMIm]OTs�. The
diffusion coefficient reduces from DMF to DMSO as indicated in
Table 6 for both the cation and the anions showing greater
diffusion of the ions in DMF. At the same time the ionic mobility
values also shows that the mobility of anions are higher than that
of cation apart from that in the case of [EMIm]OTs� in DMF where
the trend is opposite. Hence the greater share of the conductance
comes from the anions than the cation except for [EMIm]OTs� in

Table 7
Diffusion coefficient (D) and ionic mobility (i) of [EMIm]+ and X� (NO3,CH3SO3,OTs)
in DMF, DMA and DMSO at 298.15 K and 0.101 MPa pressure.

Solvents D 1010/(m2 s�1) i 108/(m2 s�1 volt�1)

[EMIm]+ NO3
� [EMIm]+ NO3

�

DMF 8.29 15.70 3.23 6.12
DMA 5.38 7.72 2.09 3.00
DMSO 3.85 6.78 1.50 2.64

[EMIm]+ CH3SO3
� [EMIm]+ CH3SO3

�

DMF 8.11 9.05 3.16 3.52
DMA 5.11 5.83 1.99 2.27
DMSO 3.57 5.63 1.39 2.19

[EMIm]+ OTs� [EMIm]+ OTs�

DMF 8.15 6.53 3.17 2.54
DMA 5.22 5.4 2.03 2.10
DMSO 3.70 4.78 1.44 1.86

Fig. 3. Plot of Diffusion Coefficient (D) of NO3
� (—&—), CH3SO3

� (—x—) and OTs� (—D—) in different studied solvents at 298.15 K.

Fig. 4. Plot of ionic mobility (i) of NO3
� (—&—), CH3SO3

� (—x—) and OTs� (—D—) in different studied solvents at 298.15 K.
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DMF. A graphical comparison of D and i for the different anions
are given in Figs. 3 and 4 respectively.

The molar refraction, RM can be evaluated from Lorentz-Lorenz
relation [24]

RM ¼ n2
D � 1

n2
D þ 2

  !( )
M
r

� �
(14)

where RM, nD, M and r are the molar refraction, refractive index,
molar mass and density of solution respectively. The refractive
index of a compound describes its ability to refract light as it moves
from one medium to another and thus, the higher the refractive
index of a compound, the more the light is refracted. As stated by
Deetlefs et al. [25] the refractive index of a substance is higher
when its molecules are more tightly packed or in general when
the compound is denser. Hence a review of Table 8 shows that
the refractive indices (nD) and molar refractions (RM) of all the

electrolytes are highest in DMSO and lowest in case of DMF among
the three solvents. The trend of nD and RM of the three ionic liquids
in three different solvents is as follows:

DMSO > DMA > DMF

As RM, is directly proportional to molecular polarizability, it is
evident from Table 8 that the overall polarizabilty of all the
electrolytes is highest in case of DMSO in comparison to the other
solvents. A graphical representation of molar refraction (RM) of
studied ionic liquids in different solvents is given in Fig. 5.

It is also found that the refractive index (nD) and molar
refraction (RM) of [EMIm]OTs are highest in all the solvents studied
and the greatest interaction is seen in case of [EMIm]OTs and
DMSO. So, according to the statement of Deetlefs et al. it is
concluded that the molecules of [EMIm]OTs are most tightly
packed among the three electrolytes in all the studied solvents and
the packing is greatest in DMSO. The packing is least in the case of
[EMIm]NO3 in DMF.

With the help of FT-IR spectroscopy the molecular interaction
existing between the solute and the solvent can be studied. At first
the IR spectra of the pure solvents were studied. The stretching
frequencies of the key groups are given in Table 9.

In case of DMF a sharp peak is obtained at 1654.4 cm�1 for C¼O
which shifts to 1670.2 cm�1, 1687.1 cm�1 and 1705.1 cm�1 due to
the addition of the electrolytes [EMIm]NO3, [EMIm]CH3SO3 and
[EMIm]OTs respectively due to the interaction of [EMIm] + with the
C¼O dipole showing ion–dipole interaction which is formed due to
the disruption of H-bonding interaction in DMF molecules [26].

Similar types of interactions are observed in case of DMA where
the sharp peak for C¼O shifts from 1672.2 cm�1 to 1684.1 cm�1,
1693.1 cm�1 and 1712.1 cm�1 in case of [EMIm]NO3, [EMIm]
CH3SO3 and [EMIm]OTs respectively due to ion-dipole interaction
between [EMIm] + and C¼O dipole.

The FT-IR spectra of the ionic liquids in DMSO show that the
peak for S¼O at 1022 cm�1 shifts to 1041.5 cm�1, 1076.3 cm�1 and

Table 8
Experimental densities, refractive indices and molar refractions of [EMIm]X (where
X = NO3, CH3SO3, OTs) in DMF, DMA and DMSO at 298.15 K and 0.101 MPa pressure.

Solvents m/mol kg�1 r 10�3/kg m�3 nD RM /m3mol�1

[EMIm]NO3

DMF 0.0532 0.9486 1.4310 47.25
DMA 0.0537 0.9403 1.4373 48.27
DMSO 0.0459 1.0968 1.5257 48.43

[EMIm]CH3SO3

DMF 0.0532 0.9500 1.4318 56.29
DMA 0.0537 0.9415 1.4386 57.57
DMSO 0.0460 1.0978 1.5385 58.81

[EMIm]OTs
DMF 0.0533 0.9524 1.4323 76.94
DMA 0.0538 0.9433 1.4391 78.74
DMSO 0.0461 1.0984 1.5390 80.53

Uncertinity of the density u (r) = 0.0005 g cm�3; refractive index u (nD) = 0.0002;
temperature u (T) = 0.01 K; u (m) = 0.0002 mol kg�1, and u (p) = 0.01 MPa.

Fig. 5. Plot of Molar Refraction (RM) of [EMIm]NO3 (—^—), [EMIm] CH3SO3 (—&—), [EMIm] OTs (—~—) in DMF, DMA and DMSO respectively at 298.15 K.

Table 9
Stretching frequencies of the functional groups present in the pure solvent and change of frequency of [EMIm]X (where X = NO3, CH3SO3, OTs) in DMF, DMA and DMSO.

Solvents Stretching frequencies (cm�1)

Pure Solvent Solvent + [EMIm]NO3 Solvent + [EMIm]CH3SO3 Solvent + [EMIm]OTs

DMF C¼O (1675) C¼O (1721.2) C¼O (1745) C¼O (1763)
DMA C¼O (1670) C¼O (1695.4) C¼O (1725.1) C¼O (1755.1)
DMSO S¼O (1050) S¼O (1071.5) S¼O (1093.3) S¼O (1123.3)
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1099.3 cm�1 for [EMIm]NO3, [EMIm]CH3SO3 and [EMIm]OTs
respectively due to the disruption of weak H-bonding interaction
between the two DMSO molecules [27] leading to the formation of
ion–dipole interaction between [EMIm] + and S¼O dipole.

4. Conclusion

Methodical conductivity analysis of [EMIm]NO3, [EMIm]
CH3SO3 and [EMIm]OTs in DMF, DMA and DMSO explains that
the conductance for all the electrolytes are highest in case of DMF
and lowest in case of DMSO. Among the three electrolytes [EMIm]
OTs is associated most with the studied solvents and the highest
association is observed between [EMIm]OTs and DMSO. The ionic
conductivity values suggest the fact that the anions conduct more
than the cation except in case of [EMIm]OTs in DMF. The diffusion
coefficient and the ionic mobility also shows that in studied ionic
liquids the anions diffuse more due to high ionic mobility
compared to the cation in all the solvents except for the above
mentioned case. The molar refraction values also support the
above fact that the highest ion-solvent interaction is seen in case of
[EMIm]OTs and DMSO. In all the solvents the electrolyte forms
ion-dipole interactions as evident from the FT- IR studies.
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