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CHAPTER I 

Scope and Object of the Research 

1.1. Object and application of the work 

The physico-chemical properties play a pivotal role in interpreting the intermolecular 

interactions among mixed components and efforts have been directed at an 

understanding of such properties at microscopic and macroscopic levels. In order to gain 

insight into the mechanism of such interactions thermodynamic, transport and acoustic · 

studies on binary and ternary solvent systems are highly useful. Young1 made the first 

systematic attempt in these directions by collecting a number of data on the 

thermodynamic and mechanical properties of liquid mixtures. The proper understanding 

of the molecular interactions form the basis of explaining the influence of the solvent 

and the extent of interactions of ions in solvents and paves the way for real 

understanding of the different phenomena associated with Solution Chemistry. 

In recent years, there has been an increasing interest in the behavior of 

electrolytes in non-aqueous and mixed solvents with a view to investigate solute-solute 

and solute-solvent interactions under varied conditions. However, different sequence of 

solubility, difference in solvating power and possibilities of chemical or electrochemical 

reactions unfamiliar in aqueous chemistry have open vistas for physical chemists and 

interest in organic solvents transcends the traditional boundaries of inorganic, physical, 

organic, analytical and electrochemistry 2.The importance and uses of the chemistry of 

electrolytes in non- aqueous and mixed solvents are well organized. The applications 

and implications of the studies of reactions in non-aqueous a_~d mixed solvents have 

been summarized by Franks 3
, Meek 4

, Popovych 5
, Bates. 6;

7
, Parker 8

•9 , Criss and 

Salomon 10
, Mercus11 and others12

-
14 

. The solute-solute and solute - solvent 

interactions has been subject of wide interest as apparent from recent Faraday Trans. 

of the chemical society 15
• 

Fundamental research on non-aqueous electrolyte solutions has catalyzed their 

wide technical applications in many fields. Non-aqueous electrolyte solutions are actually 

competing with other ionic conductors, especially at ambient and at low temperatures, 

due to their high flexibility based on the choice of numerous solvents, additives and 

1 



Scope and Object of the Research 

electrolytes with widely varying properties. High-energy primary and secondary 

batteries, wet double-layer capacitors and super capacitors, electro-deposition and 

electroplating are some devices and processes for which the use of non-aqueous 

electrolyte solutions had brought the biggest successes.16
-
18 Other fields where non

aqueous electrolyte solutions are broadly used include electrochromic displays and smart 

windows, photoelectrochemical cells, electromachining, etching, polishing and electro

synthesis. In spite of wide technical applications, our understanding of these systems at 

a quantitative level is still not clear. The main reason for this is the absence of detailed 

information about the nature and strength of molecular interactions and their influence 

on structural and dynamic properties of non-aqueous electrolyte solutions. 

Studies of transport properties of electrolytes along with thermodynamic and 

acoustic studies, give very valuable information about molecular interactions in 

solutions.19
•
20 The influence of these solute-solvent interactions is sufficiently large to 

cause dramatic changes in chemical reactions involving ions. The changes in ionic 

solvation have important applications in diverse areas such as organic and inorganic 

synthesis, studies of reaction mechanisms, non-aqueous battery technology and 

extraction.21 

Excess thermodynamic properties are important parameters for understanding 

molecular interactions in the solution phase. The excess thermodynamic properties of 

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

the system behaves ideally. Thus these properties provide important information about 

the nature and strength of intermolecular forces operating among mixed components. 

Also physico-chemical properties involving excess thermodynamic functions have 

relevance in carrying out engineering applications in the process industries and in the 

design of industrial separation processes. Information of these excess thermodynamic 

functions can also be used for the development of empirical correlations and 

improvement of new theoretical models. 

As a result of extensive studies in aqueous, non-aqueous and mixed solvents, it 

has become evident that the solvents significantly influence the majority of the solutes. 

Conversely, the nature of strongly structured solvents like water, is substantially 

modified by the presence of solutes.22 

2 

~ -~· 



""'* .;,-: 

Scope and Object of the Research 

A knowledge of ion-solvent interactions in non-aqueous solutions23 is very 

important in many practical problems concerning energy transport, heat transport, mass 

transport and fluid flow. Besides finding applications in engineering branch, the study is 

important from practical and theoretical point of view in understanding liquid theory. 

The non-aqueous systems have been of immense importance to the technologist and 

theoretician as many chemical processes occur in these systems. 

It is thus, apparent that the real understanding of the molecular interactions is 

a difficult task. The aspect embraces a wide range of topics but we have embarked on a 

series of investigations based on the volumetric, viscometric, interferometric and 

conductometric behavior to study the chemical nature of the structure of solutes and 

. solvents and their mutual and specific interactions. 

1.2. Importance of solvents used: 

Acetonitrile, 1,4-Dioxane, 1,3-Dioxolane, Tetrahydrofuran, 2-ethoxyethanol, Alchohols 

(Methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol, 1- octanol, t

butyl alchohol), Hydrocarbons- (n-pentane, n-hexane, n-heptane), Dimethylsulfoxide,. 

butyl acetate, 2-butanone, butylamine, 2-Methoxyethanol, Carbon Tetrachloride, along 

with water which is a universal solvent have been chosen as solvents in this research 

work. The study of these solvents, in general, is of great interest because of their w_ide 

use as solvents and solubilizing agents in many industries ranging from pharmaceutical to 

cosmetics. 

Acetronitrile is a dipolar aprotic solvent lacking strong specific intermolecular 

forces, where dipole-dipole forces predominate. It has a wide range of technological 

applications, namely, in battery systems and plating techniques.24
•
25 

1,4-dioxane, 1,3-dioxolane and tetrahydrofuran are all cyclic ethers and they 
' 

figure prominently in the high-energy battery technolog/4 and have also found 

application in organic synthesis as manifested from the physico-chemical studies in 

these media. 1,4-dioxane and 1,3-dioxolane are cyclic diethers·differing in one methylene 

group and thus they differ in quadrupolar and dipolar order.26 

The increasing use of 1,4-dioxane, 1,3-dioxolane, tetrahydrofuran and their 

aqueous or binary liquid mixtures in many industrial processes have greatly stimulated 

the need for extensive information on their various properties. Viscosity and density of 

these liquid mixtures are used to understand molecular interactions between the 

3 
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components of the mixture to develop new theoretical models and also for engineering 

applications. 27
•
28 

The alkoxyethanols (2-ethoxyethanol and 2-Methoxyethanol) occupiers an 

important place in many industrial processes such as pharmaceutical and cosmetics 

industry and have greatly stimulated the need for extensive information on the 

thermodynamic, acoustic and transport properties of these solvents and their mixtures. 

Alcohols and its aqueous and non-aqueous mixtures are widely used in 

pharmaceutical industry as excipients in different formulations or as solvents. Alcohols 

have varied applications in chemical and cosmetic industries. These are useful in enology 

and as an alternative energy source.29
•
30 Methanol is used as solvent for paints and 

varnishes, antifreeze for automobile radiators, motor fuel, denaturant for ethanol, etc. 

A knowledge of their physico-chemical characteristics helps to understand their 

behavior in concrete manner. 

Carbon tetrachloride is used to make compounds such as Chlorofluoromethanes, 

used as refrigerants and aerosol-spray propellants, in fire extinguishers and for dry 

cleaning o.f fabrics. 

The hydrocarbons, both aromatic and aliphatic have varied applications. n

hexane, which is familiar in the laboratory as the principle component of petroleum 

ether, is used as solvent, dry-cleaner and motor fuel. 

Dimethyl sulfoxide (DMSO), a typical aprotic solvent having both polar and 

nonpolar groups, is an important solvent in chemistry, biotechnology, and medicine for 

the dissolution of various substances and as an antifreeze agent of living cells.31 This 

solvent has wide range of applicability as a solvent in chemical and biological processes. 

Water is the most widely used solvent in the chemical industries, since it is the 

most physiological and best tolerated excipient. However, in some cases, water cannot 

be used as a solvent because the active substance or solute is insoluble or slightly 

soluble in it. The non-aqueous solvents with common characteristics of being soluble or 

miscible in water are thus used. Such solvents can be used to prepare binary or ternary 

mixtures and they can serve different purposes such as increasing water solubility, 

modifying the viscosity, absorption of the dissolved substance. 

The knowledge of the type and structure of the complex species in solution is 

essential for the optimal choice of solvents. Even though these solvents have drawn 

4 
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much focus in recent years as solvents for physico-chemical investigations, still a lot 

remains to be explored. 

1. 3. Methods of Investigation 

The interactions and equilibria of ions in aqueous and non-aqueous media in different 

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

most of the chemical processes occur in these systems. The structures and existence of 

free ions, solvated ions, and ion pairs depend on concentration regions 32
• 

Various techniques 33
·
34 have been employed to study the solvation structure, ion-solvent 

interactions and dynamics of ions in aqueous and non-aqueous media. 

The phenomenon of ion-solvent jnteractions and solvation is intriguing. It is 

desirable to attack this problem using different experimental techniques. We have, 

therefore, employed five important methods, namely, conductometric, viscometric, 

densitometry and ultrasonic interferometer to probe the problem of solvation 

phenomena. 

Thermodynamic properties of solutions are not only useful for estimation of 

feasibility of chemical reactions in solution, but they also offer one of the better 

methods of investigating the theoretical aspects of solution structure. Thermodynamic 

properties, like apparent molar volumes, partial molar expansibility, etc. obtained from 

density measurements, are generally convenient parameters for interpreting solute

solvent and solute-solute interactions in solution. 

The change in solvent viscosity by the addition of electrolytes is attributed to 

inter-ionic and ion-solvent effects. The B -coefficients gives a satisfactory 

interpretation of ion-solvent interactions such as the effects of solvation, preferential 

solvation and structure-breaking or structure-making capacity of the solutes. 

The compressibility, a second derivative of Gibbs energy, is also a sensitive 

indicator of molecular interactions and provides useful information in such cases where 

partial molar volume data alone cannot provide an unequivocal interpretation of these 

interactions. Various acoustical parameters have been derived in carrying out the 

investigation. 

5 
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The excess properties such as excess molar volume, viscosity deviations, excess 

isentropic ·compressibility along with the correlating equations explains molecular 

interactions in a more effective way. 

The transport properties are studied using the conductance data, specially the 

conductance at infinite dilution. Conductance data obtained as a function of 

concentration are used to study the ion-association with the help of appropriate 

equations. 

1. 4. Summary of the works done 

The volume of work covered under this dissertation has been divided into twelve 

chapters. Brief summaries of each of the chapters are given below. 

Chapter I 

This chapter involves the object and scope of the research work. This mainly comprised 

the choice of the main solvent used and its applications in different fields, methods of 

investigation and summary of the work done. 

Chapter II 

This ~hapter contains the general introduction of the thesis and the background of the 

present work. A brief review of notable works in the field of ion-solvent interaction has 

been given. The discussion includes solute-solvent, solute-solute and solvent-solvent 

interactions of mixed solvent systems and of electrolytes in pure, aqueous, non-aqueous 

solvent systems at various temperatures in terms of various derived parameters of 

density, viscosity, ultrasonic speed and conductance. Critical evaluations on the relative 

merits and demerits of the different methods used on the basis of various assumptions 

employed from time to time of obtaining the single ion values and their implications have 

been made. The molecular interactions are interpreted based on various equations. The 

trends in solvation models stress the importance of the work. 

Chapter III 

This chapter contains the experimental section that mainly involves the source and 

purffication of the solvents and solutes used and the details of the experimental 

methods employed for measurement of the thermodynamic, transport and acoustic 

properties. 

6 
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Chapter IV 

This fourth chapter deals with the study of excess properties of binary mixtures of 

acetonitrile with some cyclic ethers (1,4-dioxane, 1,3-dioxolane, tetrahydrofuran) at 

298.15 K, 308.15 K and 318.15 K. Densities and viscosities of the binary mixtures of 

acetonitrile with tetrahydrofuran, 1,3-dioxolane, and 1,4-dioxane were measured over 

the entire range of composition atoll the experimental temperatures. Ultrasonic speeds 

of these binary mixtures have also been measured at 298.15 K. From the experimental 

data, values of excess molar volumes ( VE ), viscosity deviations ( /).17 ), and deviations in 

isentropic compressibility (IV( s ) have been calculated. These results were fitted to 

Redlich-Kister polynomial equation. The density and viscosity data were analyzed by 

some semi empirical viscosity models, and the results have been discussed in terms of 

molecular interactions and structural effects. To explore the nature of the interactions, 

various thermodynamic parameters (e.g., intermolecular free length, specific acoustic 

impedance, etc.) have also been derived from the density and ultrasonic speed data. 

Chapter V 

In this chapter the densities, viscosities, and ultrasonic speeds of binary mixtures of 2-

ethoxyethanol with 1-alkanols (methanol to 1-octanol) have been measured at 298.15 K. 

The excess molar volume ( VE ), viscosity deviations ( /).17) and Gibbs excess free energy 

of activation for ViSCOUS flow ( a•E) have been investigated from the experimentally 

measured density ( p) and viscosity ( 17) values. The viscosity data have been correlated 

by Grunberg and Nissan, Tamura-Kurata and Hind correlation equation. The deviations in 

isentropic compressibility ( M 8 ) were also calculated using the measured speeds of 

sound. The results are discussed and interpreted in terms of molecular package and 

specific interaction predominated by hydrogen bonding. The sound speeds were 

predicted by using Free length and Collision factor theoretical formulations, by Nomotto 

equation, by Vandeal Vangael ideal mixing relation and the impedance dependence 

relation. The deviations have been fitted to a Redlich-Kister equation and the results 

are discussed in terms of molecular interactions and structural effects. 

7 
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Chapter VI 

The measured densities and viscosities of binary mixtures of tetrahydrofuran + n

pentane, tetrahydrofuran +n-hexane and tetrahydrofuran +n-heptane at 288.15, 293.15 

and 298.15 K. have been used to calculate the excess molar volume, excess free energy, 

deviation in viscosity of the composition and the interaction parameter of Grunberg and 

Nissan over the entire composition range. The results have been interpreted in terms of 

molecular interactions existing between the components of these mixtures. 

Chapter VII 

This chapter involves the studies on the solute-solvent interactions and ultrasonic speed 

of resorcinol in 2-methoxyethanol and tetrahydrofuran at different temperatures. In 

this chapter, the densities, viscosities and ultrasonic speeds of resorcinol in pure 2-

methoxyethanol and pure tetrahydrofuran are determined experimentally at 303.15 K, 

313.15 K and 323.15 K. Apparent molar volumes ( V¢ ), viscosity parameters of these 

solutions are obtained from these data supplemented with their densities and viscosities 

respectively. The limiting apparent molar volumes ( V¢0
) and experimental slopes ( s;) 

derived from the Masson equation have been interpreted in terms of solute-solvent and 

solute-solute interactions respectively. The viscosity data have been analyzed using 

Jones-Dole equation and the derived parameters B and A have also been interpreted in 

terms of solute-solvent and solute-solute interaction respectively. The structure 

making/breaking capacity of this solute investigated here has been discussed. The 

compressibility data also indicate the electrostriction of the solvent molecules around 

the solute particles. 

Chapter VIII 

In this chapter, Conductance measurements for selected alkali chlorides, MCI 

(M+ = Li, Na, K) are performed in the binary mixtures of methanol with carbon 

tetrachloride and 1,4-dioxane at 298.15 K. The limiting equivalent conductance ( .A0 ), the 

association constant ( K A ), and the Walden products (A 0770 ) for the three salts are 

evaluated at all the mole fractions of the solvent mixtures using the 1978 Fuoss 

conductance equation. Based on the composition dependence of walden product (.A 0770 ) 

the influence of the mixed solvent composition on the solvation of ions has also been 

8 
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discussed. The results have been discussed in terms of ion-solvent and ion-ion 

interactions and the structural changes in the mixed solvent systems. 

Chapter IX 

The densities, viscosities and ultrasonic speeds of some monobasic acetate salts, viz. 

ammonium acetate (CH3COONH4), lithium acetate (CH3COOLi), sodium acetate 

(CH3C00Na) and potassium acetate (CH3COOK) in methanol water mixtures (10'Yo, 20'Yo, 

30'Yo) have been measured at (298.15, 308.15, 318.15) K. The limiting apparent molar 

volumes ( Vq,0 
), the experimental slope ( s; ), supplemented with the measured density 

data have been interpreted in terms of solute-solvent and solute- solute interactions 

respectively. The parameters B and A obtained from viscosity data analyzed using 

Jones-Dole equation have also been interpreted in terms of solute-solute and solute

solvent interactions respectively. The structure making or structure breaking nature of 

the acetates in the solvent-mixtures studied here has been discussed. The 

compressibility data supplemented with the ultrasonic speeds explain the 

electrostriction of the solvent molecules around the positive ions. 

Chapter X 

Apparent molar volumes, Viscosity B -Coefficients, and apparent molar Isentropic 

compressibilities of Glycine, L-Aianine, L-Valine and L-Leucine in aqueous tetra butyl 

ammonium bromide (TBAB) Solution of three different concentrations (0.062, 0.125and 

0.256 mol-kg -z) have been determined at 298.15 K from the experimental density, flow 

time and sound speed measurements respectively. The standard partial molar volumes 

and compressibilities are used to calculate the corresponding volume of transfer at 

infinite dilution, from water to aqueous TBAB solutions. The linear correlation of partial 

molar volumes for a homologous series of amino acids has been utilized to calculate the 

contribution of charged end groups and other alkyl chains of the amino acids to partial 

molar volumes. The hydration numbers of amino acids have also been determined. 

Viscosity B coefficients have been calculated using the Jones-Dole equation. The values 

of the charged end-groups contribution to the viscosity B -coefficients of the amino 

acids are also calculated. 
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Chapter-XI 

Densities and viscosities of binary mixtures of Dimethyl sulfoxide (DMSO) with tert

butyl alcohol, butyl acetate, 2-butanone and butyl amine were determined over the 

entire range of mole fractions at the temperatures of 298.15 K, 308.15 K and 318.15 K. 

At each temperature, the excess molar volume ( VE ), viscosity deviations ( !177 )·Gibbs 

excess free energy of activation for viscous flow ( G'E) have been investigated from 

these measured density and viscosity values. The experimental viscosity data were 

correlated by means of the equations of Grunberg-Nissen, Tamura and Kurata and Hind. 

The deviations have been fitted to a Redlich-Kister equation and the results are 

discussed in terms of molecular interactions and structural effects. 

Chapter XII 

The dissertation ends with some concluding remarks in this chapter. 

10 
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CHAPTER-II 

General Introduction 

2.1 The Importance of Solution Chemistry 

The mixing of different solute or solvent with another solvent gives rise to solutions 

that generally do not behave ideally. This deviation from ideality is expr.essed by many 

thermodynamic variables, by excess properties in case of solvent-solvent mixtures and 

by apparent molar properties in case of solute-solvent mixtures. These thermodynamic 

properties of solvent mixtures correspond to the difference between the actual 

property and the property if the system behaves ideally, and thus are useful in the 

study of molecular interactions and arrangements. In particular, they reflect the 

interactions that take place between solute-solute, solute-solvent, and solvent-solvent 

species.1 

The branch of physical chemistry that studies the change in properties that 

arise when one substance is dissolved in another is recognized as solution chemistry. In 

particular, it investigates the solubility of substances and how is it affected by the 

chemical nature of both the solute and the solvent. 

One of the interesting facts of solution chemistry is that the exact structure of 

the solvent molecule in a solution is not known with certainty. The introduction of an ion 

or solute modifies the solvent structure to an extent whereas the solute molecules are 

also modified. The interactions between solute and solute, solute and solvent, and 

solvent and solvent molecules and the resulting ion-solvation become predominant. The 

assessment of ion pairing in these systems is important because of its effect on the 

ionic conductivity and hence the mobility of the ions in solution. This explains the spurt 

in research in solution chemistry to elucidate the exact nature of these interactions 

through experimental studies involving conductometry, viscometry, densitometry, 

spectroscopy, ultrasonic interferometry and other suitable methods and to interpret 

the experimental data collected.2
-
8 

In the last few decades, considerable emphasis has been placed on research in 

the behavior of electrolytes in non-aqueous and mixed solvents to investigate the ion-ion 

(solute-solute) and ion-solvent (solute-solvent) interactions under varied conditio.ns. 
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Different sequences of solubility, differences in solvating power and possibilities of 

chemical or electrochemical reactions unfamiliar in aqueous chemistry have opened new 

vistas for physical chemists and interest in these organic solvents transcends traditional 

boundaries of inorganic, organic, physical, analytical and electrochemistry 9. 

2. 2. Investigation on Ion-Solvent Interaction 

The behaviour of electrolytes in solution depends mainly on ion-ion and ion

solvent interactions. The former interaction, in general, is stronger than the latter. Ion

ion interaction in dilute electrolyte solutions is now theoretically well understood, but 

the ion-solvent interaction or ion-solvation still remains a complex process. 

The organic solvents have been classified based on dielectric constants, organic 

group type, acid-base properties or association through hydrogen bonding 10
, donor -

acceptor properties 11
, hard and soft acid-base principles 12 etc. As a result, the 

different solvent systems show a wide divergence of properties, which would naturally 

be reflected on the thermodynamic and transport properties of electrolytes and non

electrolytes dissolved in these solvents. The determination of thermodynamic and 

transport properties of different electrolytes in various solvents would thus provide an 

important step in this direction. Naturally, in the development of theories, dealing with 

electrolyte solutions, much attention has been devoted to ion-solvent interactions, which 

are the "controlling forcers" in infinitely dilute solutions where ion-ion interactions are 

absent. It is possible by separating these functions into ionic contributions to determine 

the contributions due to cations and anions in the ion -solvent interactions. Thus ion

solvent interactions play a very important role to understand the physico-chemical 

properties of solutions. 

In ion-solvation studies, broadly three types of approaches have been made to 

estimate the extent of solvation. The first is the solvational approach involving the 

studies of density, viscosity, co'!ductance, etc., of electrolytes· and the derivation of 

various factors associated with ionic solvation 13 .14
, 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 15
•
16 and the third is to 

use spectroscopic measurements where the spectral solvent shifts or the chemical 

shifts determine their qualitative and quantitative nature 17
• 

14 
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Ion-solvent interactions can be studied spectroscopically~ the spectral solvent 

shifts or the chemical shifts determine their qualitative and quantitative nature. But 

even qualitative or quantitative apportioning of the ion-solvent interactions into the 

various possible factors is still an uphill task. 

The ion-solvent interactions can also be studied from the thermodynamic point 

of view where the changes of free energy, enthalpy and entropy etc. associated with a 

particular reaction can be qualitatively and quantitatively evaluated using various 

physico-chemical techniques from which conclusions regarding the factors associated 

with the ion-solvent interactions can be worked out. 

Similarly, the ion-solvent interactions can be studied using solvational approaches 

involving the studies of different proper_ties such as density, viscosity, ultrasonic speed 

and conductance of electrolytes and the various factors associated with ionic solvation 

can be derived from the obtained data. 

We shall particularly dwell upon the different aspects of transport and 

thermodynamic. properties as the present dissertation is intimately related to the 

studies of viscosity, conductance, ultrasonic speed and isentropic compressibility of 

alkali metal halides, some acetate salts and resorcinol in the pure as well as in the mixed 

. organic solvent and also in binary aqueous solvent systems. 

2. 3. Density 

One of the well-recognized approaches to the study of molecular interactions in 

fluids is the use of thermodynamic methods. Thermodynamic properties are generally 

convenient parameters for interpreting solute-solvent and solute-solute interactions in 

the solution phase. Fundamental properties such as enthalpy, entropy and Gibbs energy 

represent the macroscopic state of the system as an average of numerous microscopic 

states at a given temperature and pressure. An interpretation of these macroscopic 

properties in terms of molecular phenomena is generally difficult. Sometimes higher 

derivatives of these properties can be interpreted more effectively in terms of 

molecular interactions. 

Various concepts regarding molecular processes in solutions, such as 

electrostriction18
, hydrophobic hydration19

, micellization20 and cosphere overlap which 
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occur during solute-solvent interactions21 have been derived and interpreted from the 

partial molar volume data of many compounds. 

2. 3 .1. Apparent and Partial Molar Volumes 

The molar volume of a pure substance can be determined from density 

measurements. However, the volume contributed to a solvent by the addition of 1 mole 

of an ion is difficult to determine. This is so because, upon entry into the solvent, the 

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

the ions and the compression of the solvent under the influence of the ion's electric 

field i.e., Electrostriction. Electrostriction22 is a general phenomenon and whenever 

there are electric fields of the order of 109-1010 V m-1
, the compression of ions and 

molecules is likely to be significant. 

The effective volume of an ion in solution, the partial molar volume, can be 

determined from a directly obtainable quantity- apparent molar volume ( V¢ ). The 

apparent molar volumes, V¢ of the solutes can be calculated by using the following 

relation 23
:. 

(1) 

where M is the molecular weight of the solute, p 0 and pare the densities of solvent 

and solution respectively and c is the molarity of the solution. 

The partial molar volumes, V2 can be obtained from the equation 24
: 

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

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

been made by four major equations over the period of years - the Masson equation 25
, 

the Redlich-Meyer equation 26
, the Owen-Brinkley equation 27 and the Pitzer equation 26

. 

Masson found that the apparent molar volume of electrolyte, V¢ , vary with the square 

root of. the molar concentration by the linear equation: 

(3) 

w,here V¢0 is the limiting apparent molar volume (equal to the partial molar 

volume .·at infinite d.ilution, V~) and s; is the experimental slope. The majority of 
.:. · .. 
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v¢ data in water and nearly all v¢ data in non-aqueous 30
-
34 solvents have been 

extrapolated to infinite dilution through the use of equation (3). 

The temperature dependence of ~0 for various investigated electrolytes in 

various solvents can be expressed by the general equation as follows: 

(4) 

where a0 , a1 and a2 are the coefficients of a particular electrolyte and Tis the 

temperature in Kelvin. 

The limiting apparent molar expansibilities ( ¢~) can be calculated from the 

general equation (4). Thus, 

¢~ = (oV¢0 /oT)p .= a 1 + 2a2T
2 (5) 

The limiting apparent molar expansibilities (rp~) change in magnitude with 

the change of temperature. 

During the past few years it has been emphasized by different workers that s; 
is not the sole criterion for determining the structure-making or structure-breaking 

nature of any solute. Hepler 35 developed a technique of examining the sign of 

(fiV¢0 
/ oT2 )p for various solutes in terms of long range structure-making and breaking 

capacity of the solutes in solution using the general thermodynamic expression: 

(6) 

On the basis of this expression, it has been deduced that structure-making 

solutes should have positive value, whereas structure-breaking solutes should have 

negative value. 

However, Redlich and Meyer26 have shown that an equation of the form of (3) 

cannot be more than a limiting law, where for a given solvent and temperature the slope, 

s; should depend only upon the valence type. They suggested following equation for 

representing by v¢ : 

where, Sv = Kw 312 

Sv is the theoretical slope, based on molar concentration, including the 

1H910G 
1 7 NOV 2007 

17 

(7) 

(8) 



General Introduction 

(9) 

and, (10) 

where f3 is the compressibility of the solvent. But the variation of dielectric constant 

with pressure was not known accurately enough, even in water, to calculate accurate 

values of the theoretical limiting slope. 

The Redlich-Meyer26 extrapolation equation adequately represents the 

concentration dependence of many 1:1 and 2:1 electrolytes in dilute solutions. However, 

studies 36
-
38 on some 2:1, 3:1 and 4:1 electrolytes show deviations from this equation. 

Thus for polyvalent electrolytes, the more complete Owen-Brinkley equation 27 

can be used to aid in the extrapolation to infinite dilution and to adequately represent 

the concentration dependency of V¢ . The Owen-Brinkley equation derived by including 

the ion-size parameter is given by: 

V¢ = V¢0 + Svr(Ka).f; + 0.5wvB(Ka) + 0.5Kvc (1 i) 

where the symbols have their usual significance. However, equation (12) has not be 

widely employed for the treatment of results for non-aqueous solutions. 

Recently, the Pitzer formalism has been used by Pogue39 and Atkinson to fit the· 

apparent molar volume data. The Pitzer equation for the apparent molar volume of a 

single salt MrMMrx is: 

v¢ = V¢0 + VIZMZxiAvl2bln(I +b/0
'
5

) + 

2rMrxRT[mB~x + mz(rMrx)o.s C~x] 

where the symbols have their usual significance. 

2. 3. 2. Ionic Limiting Partial Molar Volumes 

(12) 

The individual partial ionic volumes provide information relevant to the general 

question of the structure near the ion i.e., its solvation. The calculation of the ionic 

limiting partial molar volumes in organic solvents is a very difficult task. At present, 

however, most of the existing ionic limiting partial molar volumes in organic solvents 

were obtained by the application of methods developed for aqueous solutions40 to non

aqueous electrolyte solutions. 

In the last few years, the method suggested by Conway et al.40 has been used 
' 'lfl~"ilT 

more frequently. These authors used the'-meth6d to determine the limiting partial molar 
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volumes of the anion for a series of homologous tetraalkylammonium chlorides, bromides 

-o 
and iodides in aqueous solution. They plotted the limiting partial molar volume, V R 4NX for 

a series of these salts with a halide ion in common as a function of the formula weight of 

the cation, MR
4
N+ and obtained straight-lines for each series. Therefore, they 

suggested the following equation: 

(13) 

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

-o 
of the halide ions, V x- . 

Uosaki et al.41 have used this method for the separation of some literature values and of 

-o 
their own V R 4NX values into ionic contributions in organic electrolyte solutions. 

Krumgalz42 applied the same method to a large number of partial molar volume data for 

non-aqueous electrolyte solutions in a wide temperature range. 

2.3.3. Excess Molar Volumes 

The study has been carried out with the binary and ternary aqueous and non

aqueous solvent mixtures. The excess molar volumes, VE, are calculated from density of 

these solvent mixtures according to the following equation: 43 .44 

j 

VE = "'Lx;M;(l/p-1/p;) (14) 
i=l 

where p is the density of the mixture and M;. X; and P; are the molecular weight, mole 

fraction and density of ith component in the mixture, respectively. 

2. 4. Viscosity 

Viscosity, one of the most important transport properties is used for the 

determination of ion-solvent interactions and studied extensively. 45
•
46 Viscosity is not a 

thermodynamic quantity, but viscosity of an electrolytic solution along with the 

thermodynamic property, V2 i.e., the partial molar volume, gives much infc;>rmation and 

insight regarding ion-solvent interactions and the structures of the electrolytic 

solutions. 

The viscosity relationships of electrolytic solutions are highly complicated. 

There are strong electrical forces between the ions and between the ions and solvent 
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and separation of the forces are not really possible. But from careful analysis, valid 

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

particular system. 

The viscosity is a measure of the friction between adjacent, relatively moving 

parallel planes of the liquid. Anything that increases or decreases the interaction 

between the planes will raise or lower the friction and therefore, increase or decrease 

the viscosity. 

If large spheres are placed in the liquid, the planes will be keyed together in 

increasing the viscosity. Similarly, increase in the average degree of hydrogen-bonding 

between the planes will increase the friction between the planes, thereby viscosity. An 

ion with a large rigid co-sphere for a structure promoting ion will behave as a rigid 

sphere placed in the liquid and increase the inter planar friction. Similarly, an ion 

increasing the degree of hydrogen bonding or the degree of correlation among the 

adjacent solvent molecules will increase the viscosity. Conversely, ions destroying 

correlation would decrease the viscosity. 

The first systematic measurements of viscosities of a number of electrolyte 

solutions over a wide concentration range were performed by Griineisen 47 in 1905. He 

noted non-linearity and negative curvature in the viscosity concentration curves 

irrespective of low or high concentrations. In 1929, Jones and Dole48 suggested an 

empirical equation quantitatively correlating the relative viscosities of the electrolytes 

with molar concentrations, c: 

(15) 

The above equation can be rearranged as: 

(17r-1)j.Jc =A+B.Jc (16) 

Here, A and Bare constants specific to ion-ion and ion-solvent interactions. The 

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

no ionic association and has been used extensively. The term A.Jc originally ascribed to 

Griineisen effect, arose from the long range coulombic forces between the ions. The 

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

Hiickel theory 49 of inter-ionic attractions in 1923. 
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Falkenhagen's 50
-
52 did the theoretical calculations of the constant, A using the 

equilibrium theory and the theory of irreversible processes in electrolytes developed by 

Onsager and Fuoss 53
. The A-coefficient depends on the ion-ion interactions and can be 

calculated from the physical properties of solvent and solution using the Falkenhagen 

Vernon 52 equation: 

( 
0 0 )2 A = 0.2577 A 0 [1- 0_6863 A+ -A_ ] 

Theo ( T)0.5 A 0 A 0 A 17o & + - o 
(17) 

where A 0 , A~ , A~ are the limiting conductances of the electrolyte and the ions 

respectively at temperature T , & and TJo are the dielectric constant and viscosity of 

the solvent. In very accurate work on, aqueous solutions,54 A -coefficient has been 

obtained by fitting 77, to equation (16) and compared with the values calculated from 

equation (17), the agreement was normally excellent. The accuracy achieved with 

partially aqueous solutions was however poorer ,55 A -coefficient suggesting that should 

be calculated from conductivity measurements. Crudden et al.56 suggested that if 

association of the ions occurs to form an ion pair, the viscosity should be analysed by 

the equation: 

17, -1- AFc = B; + Bp(1- a) (18) 
ac a 

where A, B; and BP are characteristic constants and a is the degree of 

dissociation of ion pair. Thus a plot of (q,-1-A~)/ac against(l-a)/a, when 

extrapolated to (1- a)/ a= 0 gave the intercept B;. However for the most of the 

electrolytic solutions both aqueous and non-aqueous, the equation (16) is valid up to 0.1 

(M) 23
• 
45

• 
57 within experimental errors. 

At higher concentrations, the extended Jones-Dole equation (19) involving an 

additional constant D, originally used by Kaminsky 58 has been used by several workers 

59
•
60

. The constant D cannot be evaluated properly and the significance of the constant 

is also not always meaningful and therefore, equation (16) is used by the most of the 

workers. 

(19) 
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The plots of (77 /770 -1)/ Fc against Fc for the electrolytes should give the 

value of A . But sometimes, the values come out to be negative or considerably scatter 

and also deviation from linearity occur58
•
61

•
62

. Thus, instead of determining A -values 

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

using Falkenhagen-Vernon equation (17). 

A -coefficient should be zero for non-electrolytes. According to Jones and Dole, the 

A -coefficient probably represents the stiffening effect on the solution of the electric 

forces between the ions which tend to maintain a space-lattice structure 48
. 

The B -coefficient may be either positive or negative and it is actually the ion

solvent interaction parameter. It is conditioned by the ion-size and the solvent and 

cannot be calculated a priori. The B -coefficients are obtained as slopes of the straight 

lines using the least square method and intercepts equal to the A values. 

The factors which influence B -values are 59
•
63

: 

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

long range order in solvent molecules, increase 77 or B -value. 

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

structure breaking effect or de-polymerisation effect) decrease 77 values. 

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

similar solvents. 

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

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

specifically solvated. 

2. 4 .1. Viscosities at Higher Concentration 

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

saturation) can be represented by the empirical formula suggested by Andrade 64
: 

77 =Aexrf'r (20) 

The several alternative formulations have been proposed for representing the 

results of viscosity measurements in the high concentration range 65
-
69 and the equation 

suggested by Angell 71
•
72 based on an extension of the free volume theory of transport 

phenomena in liquids and fused salts to ionic solutions is particularly noteworthy. The 

equation is: 

22 
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1/77 = Aexp[- KJ(N0 - N)] (21) 

where N represents the concentration of the salt in eqv. litre-1
, A and K 1 are 

constants supposed to be independent of the salt composition and N0 is the hypothetical 

concentration at which the system becomes glass. The equation was recast by Majumder 

et al.70
-
72 introducing the limiting condition, that as N ~ 0,7] ~ 7]0 which is the viscosity 

of the pure solvent. Thus, we have: 

(22) 

The equation (22) predicts a straight line passing through the origin for the plot 

of ln7JRel vs. N /(N0 - N) if a suitable choice for N 0 is made. The equation (22) has been 

tested by Majumder et al. using the data from the literature and from their own 

experimental results. The best choice for N 0 and K 1 was selected by a trial and error 

methods. The set of K 1 and N0 which produce minimum deviation between 7Ji:f and 

Thea d 77Re/ was accepte . 

In dilute solutions, N « N 0 and we have: 

(23) 

which is nothing but the Jones-Dole equation with the ion-solvent interaction term 

represented as B = K 1/ NJ. The arrangement between B -values determined in this 

way and using Jones-Dole equation has been found to be good for several electrolytes. 

Further, the equation (22) written in the form: 

(24) 

It closely resembles the Vand's equation65 for fluidity (reciprocal for 

viscosity): 

2.5cj2.3 log 77Rel = 1/V----, Qc (25) 

where c is the molar concentration of the solute and V is the effective rigid molar 

volume of the salt and Q is the interaction constant. 

2.4.2. Division of 8-coefficient into Ionic Values 

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

workers in aqueous, mixed and non-aqueous solvents. 63
• 

76
-
106 However, the B

coefficients as determined experimentally using the Jones-Dole equation, does not give 
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any impression regarding ion-solvent interactions unless there is some way to identify 

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

The division of B -values into ionic components is quite arbitrary and based on some 

assumptions, the validity of which may be questioned. 

The following methods have been used for the division of B -values in the ionic 

components -

(1) Cox and Wolfenden10! carried out the division on the assumption that 

Bion values of u· and I03 - in Lii03 are proportional to the ionic volumes which are 

proportional to the third power of the ionic mobilities. The method of Gurney108 and also 

of Kaminsky54 is based on: 

(26) 

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

coefficients for KCI is very small and that the mobilities of K• and cl- are very similar 

over the temperature range of 288-318K. The assignment is supported from other 

thermodynamic properties. Nightingle,109 however preferred RbCI or CsCI rather than 

KCI from mobility considerations. 

(2) The method suggested by Desnoyers and Perron59 is based on the assumption 

that the Et 4N- ion in water is probably closest to be neither structure breaker nor a 

structure maker. Thus, they suggest that it is possible to apply with a high degree of 

accuracy of the Einstein's equation,110 

B = 0.0025Vo (27) 

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

to calcula:e the value of 0.359 for BEi
4
N. in water at 298K. 

Recently Sacco et a/. proposed the "reference electrolytic" method for the 

division of B -values. 

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

(28) 

B8 p114 pp114 (scarcely soluble in water) has been obtained by the following method: 

(29) 

The values obtained are in good agreement with those obtained by other methods. 
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The criteria adopted for the separation of B -coefficients in non-aqueous solvents 

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

equality of equivalent conductances of counter ions at infinite dilutions. 

(a) Criss and Mastroianni assumed BK. = Bc
1
_ in ethanol based on equal mobilities 

of ions.127 They also adopted B~e 4N. = 0.25 as the initial value for acetonitrile 

solutions. 

(b) For acetonitrile solutions, Tuan and Fuoss111 proposed the equality, as they 

thought that these ions have similar mobilities. However, according to Springer et al.,112 

~5 (Bu4N+) = 61.4 and ~5 (Ph4B-) = 58.3 in acetonitrile. 

(30) 

(c) Gopal and ~astogi77 resolved the B -coefficient in N-methyl propionamide 

solutions assuming that BE
14

w = B
1
_ at all temperatures. 

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

Yao and Beunion62 assuming: 

(31) 

at all temperatures. 

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

sulpholane, hexamethyl phosphotriamide and ethylene carbonate113 solutions. 

The methods, however, have been strongly criticized by Krumgalz.114 According to him, 

any method of resolution based on the equality of equivalent Conductances for certain 

ions suffers from the drawback that it is impossible to select any two ions for which 

A~= A~ in all solvents at all temperatures. Thus, though A~.= A~1 - at 298K in methanol, 

but is not so in ethanol or in any other solvents. In addition, if the mobilities of some 

ions are even equal at infinite dilution, but it is not necessarily true at moderate 

concentrations for which the B -coefficient values are calculated. Further, according to 

him, equality of dimensions of (i-pehBuN• or (i-Am)3BuN• and Ph4 B- does not necessarily 

imply the equality of B -coefficients of these ions and they are likely to be solvent and 

ion-structure dependent. 

Krumgalz114
• 

116 has recently proposed a method for the resolution of B

coefficients. The method is based on the fact that the large tetraalkylammonium 
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cations are not solvated 117
•
118 in organic solvents (in the normal sense involving significant 

electrostatic interaction). Thus, the ionic B -values for large tetraalkylammonium ions, 

R4N• (where R > Bu) in organic solvents are proportional to their ionic dimensions. So, we 

have: 

(32) 

where a = Bx_ and b is a constant dependent on temperature and solvent nature. 

The extrapolation of the plot of BR Nx (R > Pr or Bu) against r3R 4N to zero cation 
. 4 

dimension gives directly Bx_ in the proper solvent from which B -ion values can be 

calculated. 

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

(33) 

(34) 

The radii of the tetraalkylammonium ions have been calculated from the conductometric 

dat.a. 119 

Gill and Sharma97 used Bu4NBPh4 as a reference electrolyte. The method of 

resolution is based on the assumption, like Krumgalz, that Bu4N• and Ph4 B- ions with large 

R-groups are not solvated in non-aqueous solvents and their dimensions in such solvents 

are constant. The ionic radii of (5.00A) Bu4N• and Ph4B- (5.35 A) were, in fact, found to 

remain constant in different non-aqueous and mixed non-aqueous solvents by Gill and co

workers. They proposed the equations: 

(35) 

and, (36) 

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

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

reported by Sacco et al. in different organic solvents using the assumption as given 

below: 

(37) 

Recently, Lawrence and Sacco100 used tetrabutylammonium tetra-butylborate 

(Bu4NBBu4) as reference electrolyte because the cation and anion in each case are 

symmetrical in shape and have almost equal van der Waals volume. Thus, we have: 
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(38) 

(39) 

A similar division can be made for Ph4PBPh4 system. 

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

to Hept.) ammonium bromides in DMSO and HMPT. The B -coefficients 

BR.NBr = B
8

r_ + a[fxR4N+] were plotted as functions of the van der Waals volumes. The 

B
8

r_ values thus obtained were compared with the accurately determined B
8

r_ value using 

Bu4NBBu4 and Ph4PBPh4 as reference salts .. They concluded that the 'reference salt' 

method is the best available method for division into ionic contributions. 

Jenkins and Pritcheit120 suggested a least square analytical technique to examine 

additivity relationship for combined ion thermodynamics data, to effect apportioning 

into single-ion components for alkali metal halide salts by employing Fajans' competition 

principle121 and 'volcano plots' of Morris.122 The principle was extended to derive absolute 

single ion B -coefficients for alkali metals and halides in water. They also observed that 

Bcs+ = B1_ suggested by Krumgalz114 to be more reliable than BK+ = Bc
1
_ in aqueous 

solutions. However, we require more data to test the validity of this method. 

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

and anomalous results may arise unless proper mathematical theory is developed to 

calculate B -values. 

2.4.3. Temperature dependence of B- ion Values 

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

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

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

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

temperature co-efficient of B1on values increase as the ionic radius increases. The 

results can be summarized as follows: 

(i) A and dAjdT > 0 

(ii) Blon < 0 and dB Jon I dT > 0 
Characteristic of the structure breaking ions. 

(iii) B1an > 0 and dB1onf dT < 0 
Characteristic of the structure making ions. 
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An ion when surrounded by a solvent sheath, the properties of the solvent in the 

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

reflected in the 'Co-sphere' model of Gurney,123 A, B, C Zones of Frank and Wen121 and 

hydrated radius of Nightingle.109 

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

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

to the viscosity of the solvent (ry0 ) plus the viscosity changes resulting from the 

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

Jones-Dole equation: 

(43) 

77 • is the positive increment in viscosity caused by coulombic interaction. Thus: 

(44) 

B -coefficient can thus be interpreted in terms of the competitive viscosity effects. 

Following Stokes, Mills and Krumgalz 111 we can write for Bion as: 

B = B Eim·t + B Orient + B Str + B Reinf 
Ion Ion Ion Ion Ion (45) 

whereas according to Lawrence and Sacco: 

(46) 

BJ;:;st is the positive increment arising from the obstruction to the viscous flow of the 

solvent caused by the shape and size of the ions (the term corresponds to ryE or Bshape ). 

B?o:ent is the positive increment arising from the alignment or structure making action of 

the electric field of the ion on the dipoles of the solvent molecules (the term 

corresponds to ryA or Bard). Bi:,~ is the negative increment related to the destruction of 

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

tendencies of the ion to orientate the molecules round itself centrosymetrically and 

solvent to keep its own structure (this corresponds to ryD or BDisord ). B~~nf is the positive 

increment conditioned by the effect of 'reinforcement of the water structure' by large 

tetraalkylammonium ions due to hydrophobic hydration. The phenomenon is inherent in 

the intrinsic water structure and absent in organic solvents. Bw and Bsotv account for 
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viscosity increases and attributed to the van der Waals volume and the volume of the 

solvation of ions. 

Thus, small and highly charged cations like Li+ and Mg++ form a firmly attached 

primary solvation sheath around these ions ( B:':;sr or 17E positive). At ordinary 

temperature, alignment of the solvent molecules around the inner layer also cause 

increase in B?o~ent (TJA), B!~(rJD) is small for these ions. Thus, Bion will be large and 

. . BEinst BOrient BStr H BEinst d BOrient ld b 11 f f poSitiVe aS Ion + Ion > Ion . OWeVer, Ion an Ion WOU e Sma or ions 0 

greatest crystal radii (within a group) like cs+ or r due to small surface charge 

densities resulting in weak orienting and structure forming effect. B!~ would be large 

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

h . . f" ld d th b lk t t Th BEinst BOrient BStr d B . between t e 10n1c 1e an e u s rue ure. us Ion + Ion < Ion an Ion IS 

negative. 

Ions of intermediate size (e.g. K+ and en have a close balance of viscous forces in 

th . . . "t . BEinst BOrient BStr th t B · 1 t e1r VICini y, I.e., Ion + Ion = Ion, SO a IS C OSe 0 zero. 

Large molecular _ions like tetraalkylammonium ions have large Bj;,~sr because of large size 

B Orient d BStr ld b II . BEinst BOrient BStr d B ld b · · but Ion an Ion WOU e Sma , I.e., Ion + Ion >> Ion an WOU e poSitiVe 

and large. The value would be further reinforced in water arising from B~~nf due to 

hydrophobic hydrations. 

The increase in temperature will have no effect on B:':;sr. But the orientation of 

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

motion leading to decrease in B!;. B?a~ienr will decrease slowly with temperature as there 

will be less competition between the ionic field and reduced solvent structure. The 

positive or negative temperature co-efficient will thus depend on the change of the 

I . . d f BOrient d BStr re at1ve magmtu es o Ion an Ion • 

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

solvation sheath and the secondary solvation zone will be considerably ordered leading to 

an increase in Bion and concomitant decrease in entropy of solvation and the mobility of 

ions. Structure breaking ions, on the other hand, are not solvated to a great extent and 

the secondary solvation zone will be disordered leading to a decrease in Bion values and 
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increases in entropy of solvation and the mobility of ions. Moreover, the temperature 

induced change in viscosity of ions (or entropy of solvation or mobility of ions) would be 

more pronounced in case of smaller ions than in case of the larger ions. So there is a 

correlation between the viscosity, entropy of solvation and temperature dependent 

mobility of ions. Thus, the ionic B -coefficient and the entropy of solvation of ions have 

rightly ~een used as probes of ion-solvent interactions and as a direct indication of 

structure making and structure breaking character of ions. 

The linear plot of ionic B -coefficients against the ratios of mobility viscosity 

products at two temperatures (a more sensitive variable than ionic mobility) by Gurney123 

clearly demonstrates a close relation between ionic B -coefficients and ionic mobilities. 

Gurney also demonstrated a clear correlation between the molar entropy of 

solution values with B -coefficient of salts. The ionic B -values show a linear 

relationship with the partial molar ionic entropies or partial molar entropies of hydration 

-o -o -o 
Sh = Saq -Sg (47) 

-o -o -o 
where, S aq = Sref + AS0

, S g is the calculated sum of the translational and 

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

ionic entropies and ionic B -coefficients for all monoatomic ions by equating the entropy 

-o 
of the hydrogen ion ( S H+ ) to -5.5 cal. Mol-1deg-1

. Asmus125 used the entropy of hydration 

to correlate ionic B -values and Nightingale109 showed that a single linear relationship 

can be obtained with it for both monoatomic and polyatomic ions. 

the correlation was utilized by Abraham et al.126 to assign single ion B-

coefficients so that a plot of AS; ,128
•
129 the electrostatic entropy of solvation or 

AS~JI / 28
•
129 the entropic contributions of the first and second solvation layers of ions 

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

the same curve. There are excellent linear correlations between AS; and AS~ and the 

single ion B -coefficients. Both entropy criteria (AS; and AS~JI) and B -ion values 

indicate that in water the_ ions Li+, Na+, Ag+ and F- are not structure makers, and the 

ions Rb+, Cs+, Cl-, Br-, rand CI04- structure breakers and K+ is a border line case. 
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.2. 4. 4. Thermodynamics of Viscous Flow 

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

from Eyring's 130 approach as: 

(48) 

where Ev;s = the experimental entropy of activation determined from a plot of ln7J 

. 1/ • • • 
agamst lT . !1G , !'!Jl and /'hl are the free energy, enthalpy and entropy of 

activation respectively. 

Nightingale and Benck131 dealt in the problem in a different way and calculated 

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

Jones-Dole equation (neglecting the A.f2'term). 

Thus, we have: 

R[dln7J/ d(I/T)] = r[dln7J0 / d(l/T)] + R/(1 + Bc).d(I +Be)/ d(l/T) ( 49) 

LJ.E; can be interpreted as the increase or decrease of the activation energies for 

viscous flow of the pure solvents due to the presence of ions, i.e., the effective 

influence of the ions upon the viscous flow of the solvent molecules. 

Feakins et al.131 have suggested an alternative formulation based on the 

transition state treatment of the relative viscosity of electrolytic solution. They 

suggested the following expression: 

(51) 

-o -o 
where V1 and V 2 are the partial molar volumes of the solvent and solute respectively 

and LJ.,u~" is the contribution per mole of solute to the free energy of activation for 

viscous flow of solution. LJ.,u~" is the free energy of activation for viscous flow per mole 

of the solvent which is given by: 

!1,u ~"= !1G ~"= RT ln ry1 V ~ jh N (52) 

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

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

below: 

(53) 
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(54) 

2. 4. 5. Effects of Shape and Size 

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

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

hydrodynamic treatment presented by Einstein 110 leads to the equation: 

77/770 = 1 + 2.5¢ (55) 

where ¢is the volume fraction occupied by the particles. 

Modifications of the equation have been proposed by (i) Simha 132 on the basis of 

departures from spherical shape and (ii) Vand on the basis of dependence of the flow 

patterns around the neighbouring particles at higher concentrations. However, 

considering the different aspects of th~ problem, spherical shapes have been assumed 

for electrolytes having hydrated ions of large effective size (particularly polyvalent 

monoatomic cations). 

Thus we have from equation (55): 

2.5¢ = A--/c +Be (56) 

Since A--/c term can be neglected in comparison with Be and ¢ = eVI, where VI is the 

partial molar volume of the ion, we get: 

2.5VI =B (57) 

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

solute, VI with slope to 2.5. Thus, B± can be equated to: 

B± =2.5V± =2.5x4/3(;rR!N/1000) (58) 

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

continuum. R± calculated using the equation (58) should be close to crystallographic 
.,~:-.....-··· 

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

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

indicating appreciable solvation. 

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

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

equation: 131 
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(59) 

where V; is the molar volume of the base ion and Vs, the molar volume of the solvent. 

The equation (59) has been used by a number of workers to study the nature of 

solvation and solvation number. 

2. 4. 6. Viscosity Deviations 

Quantitatively, as per the absolute reaction rates theory,133 the deviations in 

viscosities ( £11]) from the ideal mixture values can be calculated as: 

j 

IJ.1] = 1J- ~)X;1J;) (60) 
i=l 

where TJ is the dynamic viscosities of the mixture and X;, TJ; are the mole fraction and 

viscosity of ith component in the mixture, respectively. 

2. 4. 7. Gibbs Excess Energy of Activation for Viscous Flow 

Quantitatively, the Gibbs excess energy of activation for viscous flow, G*E can 

be calculated as: 134 

j 

G*E = RT[ln1JV- _Lx;ln7J;"V;] (61) 
i=l 

where, TJ and V are the viscosity and molar volume of the mixture, TJ; and V; are the 

viscosity and molar volume of ith pure component, respectively. 

2. 5. Ultrasonic Speed 

The acoustic property, ultrasonic speed is a sensitive indicator of molecular interactions 

and can provide useful information about these phenomena, particularly in cases where 

partial molar volume data alone fail to provide an unequivocal interpretation of the 

interactions. 

2.5.1. Apparent Molal Isentropic Compressibility 

Although for a long time attention has been paid to the apparent molal 

isentropic compressibility for electrolytes and other compounds in aqueous solutions,135
-. 

139 measurements in non-aqueous21
•
25 solvents are still scarce. It has been emphasized by 

many authors that the apparent molal isentropic compressibility data can be used as a 

useful parameter in elucidating the solute-solvent and solute-solute interactions. 

The isentropic compressibility ( Ks) of the solution was calculated from the 

Laplace's equation: 140 
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(62) 

where p is the solution density and u is the ultrasonic speed in the solution. 

The apparent molal isentropic compressibility (¢K) of the solutions was 

determined from the relation: 

¢K = MKs/ Po+ IOOO(KsPo- K~p)jmpp0 (63) 

K~ is the isentropic compressibility of the solvent mixture, M is the molar mass of the 

solute, m is the molality of the solution. 

The limiting apparent molal isentropic compressibility ( ¢~) was obtained by 

extrapolating the plots of ¢K versus the square root of molal concentration of the 

solute, rm to zero concentration by a least-squares method:135.138 

(64) 

where s; is the experimental slope. 

The limiting apparent molal isentropic compressibility ( ¢~) and the experimental 

slope ( s;) can be interpreted in terms of solute-solvent and solute-solute interactions 

respectively. It is well established that the solutes causing electrostriction leads to the 

decrease in the compressibility of the solution. 141
•
142 This is reflected by the negative 

values of ¢~of electrolytic solutions. Hydrophobic solutes often show negative 

compressibiliti~s due to the ordering that is induced by them in the water structure. 20
· 

141 

The compressibility of hydrogen-bonded structure, however, varies depending on 

the nature of the hydrogen bonding involved. 141 However, the poor fit of the solute 

molecules 143 .144 as well as the possibility of flexible hydrogen bond formation appear to 

be responsible for causing a more compressible environment (and hence positive¢~ values 

have been reported in aqueous non-electrolyte 145 and non-aqueous non-electrolyte 146 

solutions. 

2.5.2 Acoustical Parameters 

To investigate the nature of the interactions, various acoustical parameters147
-
152 such 

as specific acoustic impedance Z , intermolecular free length L f, Vander Wall's 

constant b, molecular radius r, geometrical volume B, molar surface area ·Y, available 
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volume Va I molar speed of sound R I collision factor S and molecular association M A, 

has been calculated using the sound speed and density of the mixtures and pure solvents 

which are sensitive to interaction between solute and solvent. 

L1 = K .jK; (65) 

Z =up (66) 

b ~ ( "fp)-( Rj;,'u' ){ ~ +(Mu;,{RT 1-1} (67) 

fa=V-~ 

R~M% 

M - /imix A - 2 

LX;U; 
i=l 

2 

-1 

(68) 

(69} 

(70) 

(71) 

(72) 

(73) 

(74) 

(75) 

where K is a temperature dependent Jacobson's constant(= (93.875 + 0.375 T) x w-8
)

1 

V0 is volume at absolute zero, V is the molecular volume, u~ is taken as 1600 m. s-1
. 

2. 5. 3 Deviation in Isentropic Compressibility, Intermolecular 

free Length and Acoustic Impedance 

The deviation in isentropic compressibility, intermolecular free length and 

specific acoustic impedance. of the mixture M s , M 1 , t:.Z can be calculated using the 

following equations: 153
-
155 
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j 

MCs =Ks-Lcxt~,;) (7~ 
i=l 

2 

M 1 = L1 - ~>iLfi (77) 
i=l 

2 

~=Z- I>izi (78) 
i=l 

Where K 8 , L 1 and Z are the isentropic compressibility, intermolecular free length and 

specific acoustic impedance of the mixture and X;, K s;, L 1 ; and Z; are the mole 

fraction, isentropic compressibility, intermolecular free length and specific acoustic 

impedance of l'th component in the mixture, respectively. 

2.5.4. Theoretical Approaches to Sound Speed 

The sound speed 'u' may be calculated by several empirical equations. Among which 

the free length theory, collision factor theory, Nomoto Equation, the Vandeal Vangael 

ideal mixing relation, the impedance dependence relation etc. are notable. For 

comparison, the theoretical values of the sound speed u has been calculated by using the 

above five theories and empirical equations. The following equations are used for 

calculation sound speeds: 

(a) According to free length theory 148
, the speed of sound is given by, 

(79) 

The free length L 1 is obtained by: 
' 

(80) 

where, V0; is the molar volume of the pure component i at absolute zero and is given by 

Sugden's formula, 

- ((1- rrx )0.3 
Vo;- ~ T 

Cl 

(81) 

where 7;;; is the critical temperature for the pure components. 
' 

~ is the surface area per mole for the pure component i and is given by, 

(82) 
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(b) Collision Factor Theory149
•
151

: 

(83) 

(c) Nomoto equation, 152
•
157 

(84) 

(d) Vandeal Vangael 158 ideal mixing relation 

1 __ 1_ =__3_ +~ 
~M; +~M2 u~ix M;z/; ~zli. 

(85) 

(e) Impedance dependence relation 159
•
160 

(86) 

where, Ks, S, B, R, Z, p are the isentropic compressibility, collision factor, 

geometrical volume, molar speed of sound, specific acoustic impedance and density 

respectively for pure solvents (1) and (2), and the mixtures (12) respectively. 

2. 6. Correlating Equations 

Several semi-empirical models have been proposed to estimate the dynamic viscosity of 

the binary liquid mixtures in terms of pure-component data.161
• 

162 Some of them we 

examined are as follows: 

a) The viscosity values can be further used to determine the Grunberg-Nissan 

parameter, d12 as: 162 

j . j 

17 =expeL: (xi ln 77J + dl2I1 xJ (87) 
i=l i=l 

and d12 is proportional to the interchange energy. It may be regarded as an approximate 

measure of the strength of molecular interactions between the mixing components. The 

negative values of d12 indicate the presence of dispersion forces163 between the mixing 

components in the mixtures while its positive values indicate the presence of specific 

interactions164
•
165

•
166 between them. 

b) Tamura-Kurata167 put forward the following equation for the viscosity of the 

binary liquid mixtures: 
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(88) 
i=i i=i 

where ~2 is the interaction parameter and ¢;is the volume fraction of ith pure 

component in the mixture. 

c) Molecular interactions may also be interpreted by the following viscosity 

model of Hind et al: 168 

j j 

1] = LX;2T/; + 2Hl2I1 X; (89) 
i=i i=i 

where H12 is Hind interaction parameter, which may be attributed to unlike pair 

interaction.169It has been observed that for a given binary mixture ~2 and H 12 do not 

differ appreciably from each other, this is in agreement with the view put forward by 

Fort and Moore170 in regard to the nature of parameter ~2 and H 12 • 

d) McAllister multibody interaction model171 is widely used to correlate the 

kinematic viscosities ( v =%)of the binary mixtures with mole fraction. 

McAllister assumed that 

i) the interaction in liquid mixtures are mostly three body type 

ii) the probability for their occurance is concentration dependent only 

iii) the free energy of activation of terms are additive. 

With these assumptions, the McAllister equation involving three body intractions for 

multicomponent mixtures is as follows, 

n n n 

lnvm = Ix; lnv;M; -lnMav +3L LX;2x1 lnviiM!i + 
i=i i=i j=i 

n n n 

6L L L x;x1xk lnv!ikM !ik 
i=i j=i k=i 

n 

Where, Mav = LX;M; 
i=i 

M .. = I J (
2M: +M.J 

IJ 3 

-(M; +M1 +MkJ M .. k-
IJ 3 
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For binary mixtures the equation reduces to 

Inv=X: 1nv1 +x; 1nv2 +3x1
2x2lnv12 +3x;x,Inv21 

-I~x + x2M2]+3.x;2x 1~~+ M2 ]+3x2x l~_l+ 2M2]+x3l~M2] 
I M 2 3 3M 2 

I 3 3M 2 M 
I I I I 

(91) 

The viscosities of liquid mixtures are also correlated by using the Mcallister equation 

based on four body interactions171
, when hydrogen bonding are included in the system 

and the behaviour of the systems become complex. Mcallister equation for n-component 

mixture containing four body interactions are given below, 

~ 4 
( ) ~ ~ 3 

[ (3M. + M · JJ ~ ~ 2 
[ ( M + M JJ lnvm = L.Jxi ln viMi +4 LJ L.Jxi xi ln VuiJ 

1 1 + 6 LJ L.Jxi xi ln viiJJ 
1 1 

1=1 1=1 j=1 4 1 j 2 

n n n [ (2M. + M. + Mk JJ ( n ) +12~ ~ ~ viiJk 
1 

4
1 

-ln ~xiMi 
i#i i*k i<k 

(92) 

For binary mixture, the equation reduces to, 

lnv = x1
4 lnv1 +4x1

3x2Inv1112 +6x1
2x;v, 122 +4x1 x~ Inv2221 +x1Inv2 

-In[x, +x2 (M2 J]+4x,3 x2 In[~+ M 2 ]+6x1
2
xi In[_!_+ M 2 ] 

M 1 4 4M1 2 2M1 

+ 4x1 x~ In[_!_+ 
3

M 2]+ x1 ln[M 2] (93) 
3 4M1 M 1 

Where v, v1 and v
2 

are kinematic viscosities of the mixture, the pure component l an2 

respectively, v
12

, v
21 

, v
1112

, v1122 , v
2221 

are model parameters and Mi is the mole 

fraction and molecular weight of the ith pure component in the mixture, respectively. 

The Mcallister equation of viscosity was modified byDizechi.172 

e) Heric and Brewer173 have proposed an equation for the kinematic viscosity of 

the binary liquid mixtures 

v = x1v1 + xp2 + x1x2 {a+ b(x1 - x2) + c(x1 - x2/} (94) 

Where, a, b and care model parameters and Mi' xi are the molecular weight and mole 

fraction of the ith pure component in the mixture, respectively. 

The percentage standard deviation174 was calculated by using equation (95). 
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I 

a%= 
L(100(uexpt/ -UcalcJ ~ )

2 2 

/Vexpl/ 
(n-m) 

(95) 

where n represents the number of experimental points and m the number of 

coefficients. 

In non ideal liquid mixture the difference in structure and force fields of 

individual components are so numerous that number of possibilities of molecular 

interactions can not be accounted for by considering the molecular pairs alone. The 

equations obtained as a effort of Mcallister ,171 Kalidas and Ladha175
, Katti and 

Chaudhuri176
, Herric175 and Herric and Brewer173 have been tested for completely 

miscible liquid mixtures and they accounted for the non-ideality to different extents 

depending on the number of adjustable parameters involved. 

Moreover, The excess properties ( VE, .17], c•E and Kff) have been fitted to 

Redlich-Kister 178 polynomial equation using the method of least squares involving the 

Marquardt algorithm 179 to derive the binary coefficient, ai : 

j 

yE = x1x2 Lai(x1 - x2Y (96) 
i=I 

where yE refers to an excess property and x1 and x2 are the mole fraction of the 

solvent 1 and solvent 2, respectively. In each case, the optimal number of coefficients 

was ascertained from an approximation of the variation in the standard deviation (a). 

The standard deviation (a) was calculated using, 

(97) 

where n is the number of data points and m is the number of coefficients. 

2. 7. Conductance 

Conductance measurement is one of the most accurate and widely used physical methods 

for investigation of electrolyte of solutions.180
•
181 The measurements can be made in a 

variety of solvents over wide ranges of temperature and pressure and in dilute solutions 

where interionic theories are not applicable. Fortunately, accurate theories of 

electrolytic conductances are available to explain the results even up to a concentration 
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limit of Kd (K = Debye-Huckel length, d = distance of closest approach of free ions). 

Recently developed experimental techniques provide an accuracy of ±O.Olio or even more. 

Conductance measurements together with transference number determinations provide 

an unequivocal method of obtaining single-ion values. The chief limitation, however, is the 

colligative-like nature of the information obtained. 

Since the conductometric method primarily depends on the mobility of ions, it can 

be suitably utilized to determine the dissociation constants of electrolytes in aqueous, 

mixed and non-aqueous solvents. The conductometric method in conjunction with 

viscosity measurements gives us much information regarding the ion-ion and ion-solvent 

interactions. However, the choice and application of theoretical equations as well as 

equipment and experimental techniqu~s are of great importance for precise 

measurements. These aspects have been described in details in a number of 

authoritative books and reviews.180
-
193 

The study of conductance measurements were pursued vigorously both 

theoretically and experimentally during the last five decades and a number of important 

theoretical equations have been derived. We shall dwell briefly on some of these aspects 

in relation to the studies in aqueous, non-aqueous, pure and mixed solvents. 

The successful application of the Debye-HUckel theory of interionic attraction was 

made by Onsager194 to derive the Kohlrausch's equation representing the molar 

conductance of an electrolyte. For solutions of a single symmetrical electrolyte the 

equation is given by: 

where, S =a A 0 + f3 

a= (zef K/3(2+.fi)srkT.Jc = 82.406x104 z3 /CsrT)312 

fJ = z2eFK/37rTJ.Jc = 82.487z3/TJ-Jil 

(98) 

(99) 

(lOOa) 

(lOOb) 

The equation took no account for the short-range interactions and also of shape or size 

of the ions in solution. The ions were regarded as rigid charged spheres in an 

electrostatic and hydrodynamic continuum, i.e., the solvent.195 In the subsequent years, 

Pitts (1953) 196 and. Fuoss and Onsager (1957Y85
• 

197 independently worked out the 

solution of the problem of electrolytic conductance accounting for both long-range and 

short-range interactions. 
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However. the A 0 values obtained for the conductance at infinite dilution using 

Fuoss-Onsager theory differed considerably195 from that obtained using Pitt's theory 

and the derivation of the Fuoss-Onsager equation was questioned.181
· 

198
· 

199 The original 

Fuoss-Onsager equation was further modified by Fuoss and Hsia200 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 by: 

A= A 0-aA 0../c /(1 +Ka)(1 +Ka/ .fi)-p../cj(l +Ka)+G(Ka) (101) 

where G(Ka) is a complicated function of the variable. The simplified form: 

(10~ 

is generally employed in the analysis of experimental results. 

However, it has been found that_ these equations have certain limitations, in some 

cases it fails to fit experimental data. Some of these results have been discussed 

elaborately by Fernandez-Prini.181
• 

201
• 

202 Further correction of the equation (102) was 

made by Fuoss and Accascina.185 

They took into consideration the change in the viscosity of the solutions and 

assumed the validity of Walden's rule. The new equation becomes: 

A =A 0-S../c +Eclnc+J1c-J/[~ -FAc (103) 

In most cases, however, J2 is made zero but this leads to a systematic deviation of the 

experimental data from the theoretical equations. It has been observed that Pitt's 

equation gives better fit to the experimental data in aqueous solutions.203 

2. 7 .1. Ionic Association 

The equation (103) successfully represents the behaviour of completely 

dissociated electrolytes. The plot of A against ..Jc (limiting Onsager equation) is used 

to assign the dissociation or association of electrolytes. Thus, if A~pt is greater than 

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

interaction between ions), the electrolyte may be regarded as completely dissociated 

but if negative deviation (A~pt < A~heo) or positive deviation from the Onsager limiting 

tangent (a A 0+ p) occurs, the electrolyte may be regarded to be associated. Here the 
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electrostatic interactions are large so as to cause association between cations and 

anions. The difference in A~pt and A~1eo would be considerable with increasing 

association. 205 

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

association constant, KA for the process: 

M 2 + +A2
- =MA (104) 

KA =(I-a)/a2cy; - (1 05) 

a= 1- a 2 KAcy; (106) 

where Y± is the mean activity coefficient of the free ions at concentration ac. 

For strongly associated electrolytes, the constant, KA and A 0 has been determined 

using Fuoss-Kraus equation205 or Shedlovsky's equation: 204 

(107) 

where T(z) = F(z) (Fuoss-Kraus method) and ljT(z) = S(z) (Shedlovsky's method): 

F(z) = 1- z(l- z(l- .... )-I/2ri/2 

and ljT(z) = S(z) = 1 + z + z 2 /2 + z 3 /8 + ..... 

(108a) 

(108b) 

A plot of T(z)/ A against cy; A/T(z) should be a straight line having 1/ A 0 for its · 

intercept and KA/ A g- for its slope. Where KA is large, there will be considerable 

uncertainty in the determined v·alues of A 0 and KA from equation (107). 

The Fuoss-Hsia200 conductance equation for associated electrolytes is given by: 

A= A 0-S~ + E(ac)ln(ac) + J1(ac) -J2 (ac) 312
- KAAy;(ac) (109) 

The equation was modified by Justice.207 The conductance of symmetrical electrolytes in 

dilute solutions can be represented by the equations: 

A= a(A 0 - S~) + E(ac)ln(ac) + J 1(R)ac- J 2 (R)(ac) 312 (110) 

(1-a)/a 2cy;=KA (111) 

lny± =-kjqj(l+kRFc) (112) 

The conductance parameters are obtained from a least square treatment after setting, 

R = q = e2 /2s kT (Bjerrum's critical distance). 
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According to Justice the method of fixing the J -coefficient by setting, R = q 

clearly permits a better value of KA to be obtained. Since the equation (110) is a series 

expansion truncated at the c312 term, it would be preferable that the resulting errors 

be absorbed as must as possible by J2 rather than by KA, whose theoretical interest is 

greater as it contains the information concerning short-range cation-anion interaction. 

From the experimental values of the association constant KA, one can use two 

methods in order to determine the distance of closest approach, a, of two free ions to 

form an ion-pair. The following equation has been proposed by Fuoss:208 

(113) 

In some cases, the magnitude of KA was too small to permit a calculation of a. The 

distance parameter was finally determined from the more general equation due to 

Bjerrum: 209 

r=q 

KA =4trNAajiOOO Jr 2 exp(z2e2/rskT)dr (114) 

The equations neglect specific short-range interactions except for solvation in which 

the solvated ion can be approximated by a hard sphere model. The method has been 

successfully utilized by Douheret.210 

2. 7. 2. Ion size Parameter and Ionic Association 

For plotting, equation (81) can be rearranged to the 'A' function as: 

A 1 =A+SFc -Eclnc=A 0 +J1c+J/J~ =A0 +J1c (115) 

with J 2 term omitted. 

Thus, a plot of A 0 vs c gives a straight line with A 0 as intercept and J1 as slope and a 

values can be calculated from J1 values. The a values obtained by this method for 

DMSO were much smaller204 than would be expected from sums of crystallographic radii. 

One of the reasons attributed to it is that ion-solvent interactions are not included in 

the continuum theory on which the conductance equations are based. The inclusion of 

dielectric· saturation results in an increase in a values (much in conformity with the 

crystallographic radii) of alkali metal salts (having ions of high surface charge density) in 

sulpholane. The viscosity correction leads to a larger value of a 211 but the agreement is 
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still poor. However, little of real physical significance may be attached to the distance 

of closest approach derived from J .212 

Fuoss213 in 1975 proposed a new conductance equation. Latter he subsequently 

put forward another conductance equation in 1978 replacing the old one as suggested by 

Fuoss and co-workers. He classified the ions of electrolytic solutions in one of the three 

categories. 

(i) Ions finding an ion of opposite charge in the first shell of nearest neighbours 

(contact pairs) with riJ =a. The nearest neighbors to a contact pair are the solvent 

molecules forming a cage around the pairs. 

(ii) Ions with overlapping Gurney's co-spheres (solvent separated pairs). For them 

r;1 =(a+ ns), where n is generally 1 but may be 2, 3 etc.; 's' is the diameter of sphere 

corresponding to the average volume (actual plus free) per solvent molecule. 

(iii) Ions finding no other unpaired ion in a surrounding sphere of radius R, the 

diameter of the co-sphere (unpaired ions). 

Thermal motions and interionic forces establish a steady state, represented by 

the following equilibria: 

A+ +B+ = (A + ...... B+) = = AB (116) 

Solvent separated pair Contact pair Neutral molecule 

Contact pairs of ionogens may rearrange to neutral molecules A+ B- = AB e.g., H30+ and 

CH3Coo-. Le.t r be the fraction of solute present as unpaired ( r > R ) ions. If cy is the 

concentration of unpaired ion and a is the fraction of paired ions ( r s; R ), then the 

concentration of the solvent separated pair is c (l- a)(l- y) and that of contact pair 

isac(l-y). 

The equation constants for (94) are: 

Kn = (1- a)(l- r)/ cy2 
/

2 

K8 = a/(1-a) = exp(-E8 /kT) = e-c 

(117) 

(118) 

where Kn describes the formation and separation of solvent separated pairs by 

diffusion in and out of spheres of diameter R around cations and can be calculated by 

continuum theory; K8 is the constant describing the specific short-range ion-solvent and 

ion-ion interactions by which contact pairs form and dissociate. E8 is the difference in 
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energy between a pair in the states ( r = R) and ( r =a); B is Es measured in units of 

kT. 

Now, (1-a)=l/(l+Ks) (119) 

And the conductometric pairing constant is given by: 

KA =(1-a)/cr2
/

2 =KRI(l-a)=KR(1+Ks) (120) 

The equation determines the concentration, cy of active ions that produce long-range 

interionic effects. The contact pairs react as dipoles to an external field, X and 

contribute only to changing current. Both contact pairs and solvent separated pairs are 

left as virtual dipoles by unpaired ions, their interaction with unpaired ions is, therefore, 

neglected in calculating long-range effects (activity coefficients, relaxation 

field L1X and electrophoresis L1A e). The various patterns can be reproduced by 

theoretical fractions in the form: 

(121) 

which is a three parameter equation A= A(c,A0 ,R,Es) and L1X I X (the 

relaxation field) and L1A e (the electrophoretic counter current) are long-range effects 

due to electrostatic interionic forces and p is the fraction of solute which contributes 

to conductance current. R is the diameter of the Gurney co-sphere. 

The parameter KR (orEs) is a catch-all for all short-range effects: 

p = 1:-- a(l- y) (122) 

In case of ionogens or for ionophores in solvents of low dielectric constant, a is very 

near to unity (- Es I k T) » 1 and the equation becomes: 

A= y[A 0 (1 + /3.X I X)+ Me (123) 

The equilibrium constant for the effective reaction, A+ B- = AB, is then: 

KA = (1- r)/ cy2 
/

2 
r::! K 11 Ks (124) 

asKs »1. The parameters and the variables are related by the set of equations: 

r = 1- K 11 cy2 
/

2 /(1- a) 

K 11 = (47r NA R 3 /3000)exp(fJI R) 

-1nf=fJK/2(1+KR), fJ=e 2 jekT 
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K
2 

= 8 7r fJ r n = 7r fJ N A r c /125 

- & = ln[a/(1- a)] 

(128) 

(129) 

The details of the calculations are presented in the 1978 paper.213The 

shortcomings of the previous equations have been rectified in the present equation that 

is also more general than the previous equations and can be used for higher 

concentrations (0.1 N in aqueous solutions). 

2. 7. 3. Limiting Equivalent Conductance 

The limiting equivalent conductance of an electrolyte can be easily determined 

from the theoretical equations and experimental observations. At infinite dilutions, the 

motion of an ion is limited solely by the interactions with the surroundings solvent 

. molecules, as the ions are infinitely apart. Under these conditions, the validity of 

Kohlrausch's law of independent migration of ions is almost axiomatic. Thus: 

(130) 

At present, limiting equivalent conductance is the only function that can be 

divided into ionic components using experimentally determined transport number of ions, 

and (131) 

Thus, from accurate value of A. 0 of ions it is possible to separate the 

contributions due to cations and anions in the solute-solvent interactions.212However, 

accurate transference number determinations are limited to few solvents only. Spiro213 

and Krumgalz214 have made extensive reviews on the subject. 

In absence of experimentally measured transference numbers, it would be useful 

to develop indirect methods to obtain the limiting equivalent conductance in organic 

solvents for which experimental transference numbers are not yet available. 

The method has been summarized by Krumgalz214 and some important points are 

mentioned below: 

(i) Walden equation,
216 (A. ~)~ater· 7Jo water =(A. ~)~~etone· 7Jo acetone 

' ' 
(132) 

216,217 

(133) 

based on A~1 N . =0.563 
4 p1c 
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Walden considered the products to be independent of temperature and solvent. 

However the A~t N. values used by Walden was found to differ considerably from the 
4 p1c 

data of subsequent more precise studies and the values of (ii) are considerably different 

for different solvents. 

(134) 

The equality holds good in nitrobenzene and in mixture with CCI4 but not realized 

in methanol, acetonitrile and nitromethane. 

(135) 

The method appears to be sound as the negative charge on boron in the Bu4B- ion 

is completely shielded by four inert butyl groups as in the Bu4N+ ion while this 

phenomenon was not observed in case of Ph4 B-. 

(v) The equation suggested by Gill 219 is: 

0 + 2/ 
0 

A25 (R4N )=zF 6trNATJ0 [r;-(0.0103s0 +ry)] (136) 

where Z and lj are charge and crystallographic radius of proper ion, respectively; 

TJ 0 and 8 0 are solvent viscosity and dielectric constant of the medium, respectively; rY = 

adjustable parameter taken equal to 0.85 A and 1.13 A for dipolar non-associated 

solvents and for hydrogen bonded and other associated solvents respectively. 

However, large discrepancies were observed between the experimental and 

calculated values.215
(a) In a paper,215Cbl Krumgalz examined the Gill's approach more 

critically using conductance data in many solvents and found the method reliable in three 

solvents e.g. butan-1-ol, acetonitrile and nitromethane. 

(137) 

It has been found from transference number measurements that the 

A ~5[(i- Arn)3 BuN+] and A ~s(Ph4B-)values differ from one another by l'Yo. 

(vii) A ~5(Ph4B-) = l.OIA ~s(i- Arn4B-)222 

The value is found to be true for various organic solvents. 

(138) 

Krumgalz215 suggested a method for determining the limiting ion conductance in 

organic solvents. The method is based on the fact that large tetraalkyl (aryl) onium ions 

are not solvated in organic solvents due to the extremely weak electrostatic interactions 

between solvent molecules and the large ions with low surface charge density and this 

48 



-,r:. 
. / 

General Introduction 

phenomenon can be utilized as a suitable model for apportioning A 0 values into ionic 

components for non-aqueous electrolytic solutions. 

Considering the motion of solvated ion in an electrostatic field as a whole, it is 

possible to calculate the radius of the moving particle by the Stokes equation: 

(139) 

where A is a coefficient varying from 6 (in the case of perfect sticking) to 4 (in 

case of perfect slipping). Since the r8 values, the real dimension of the non-solvated 

tetraalkyl (aryl) onium ions must be constant, we have: 

A ~170 = constant (140) 

This relation has been verified using A~ values determined with precise 

transference numbers. The product becomes constant and independent of the chemical 

nature of the organic solvents for the i - Am4 B-, Ph4As• and Ph4 B- ions and for 

tetraalkylammonium cations starting with Et4N•. The relationship can be well utilized to 

determine A~ of ions in other organic solvents from the determined A 0 values. 

2. 7. 4. Solvation Number 

If the limiting conductance of the ion i of charge Zi is known, the effective 

radius of the solvated ion can easily be determined from the Stokes' law. The volume of 

the solvation shell V8 , can be written as: 

(141) 

where rc is the crystal radius of the ion; the solvation number, n8 would then be 

obtained from: 

(142) 

Assuming Stokes' relation to hold, the ionic solvated volume should be obtained, 

because of packing effects222 from: 

(143) 

where v; is expressed in mol/litre and r8 in angstroms. However, the method of 

determination of solvation number is not applicable to ions of medium size though a 

number of empirical equations186 and theoretical corrections 223
-
226 have been suggested 

to make the general method. 
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2.7.5. Stokes' Law and Walden's Rule 

The limiting conductance, A~ of a spherical ion of radius, R; moving in a solvent 

of dielectric continuum can be written according to Stokes' hydrodynamics, as: 

(144) 

where TJo = macroscopic viscosity by the solvent in poise, R ; is in angstroms. If 

the radius R; is assumed to be the same in every organic solvent, as would be the case in 

case of bulky organic ions, we get: 

(145) 

This is known as Walden's rule.227 The effective radii obtained using the equation 

can be used to obtain solvation number. The failure of Stokes' radii to give the effective 

size of the solvated ion for small ions is generally ascribed to the inapplicability of 

Stokes' law to molecular motions. 

Robinson and Stokes/86 Nightingale130 and others228-230 have suggested a method 

of correcting the radii. The tetraalkylammonium ions were assumed to be not solvated 

and by plotting the Stokes' radii against the crystal radii of those large ions, a 

calibration curve was obtained for each solvent. However, the experimental results 

indicate that the method is incorrect as the method is based on the wrong assumption of 

the invariance of Walden's product with temperature. The idea of microscopic 

viscosit/31 was invoked without much success232· 233 but it has been found that: 

A ~TJ P = constant (146) 

where p is usually 0.7 for alkali metal or halide ions and p = 1 for the large 

ions.234, 235 

Attempts to explain the change in the Stokes' radius R ; have been made. The 

apparent increase in the real radius, r has been attributed to ion-dipole polarization and 

the effect of dielectric saturation on R . 

The dependence of Walden product on the dielectric constant led Fuoss236 to consider 

the effect of the electrostatic forces on the hydrodynamics of the system. Considering 

the excess frictional resistance caused by the dielectric relaxation in the solvent 

caused by ionic motion, Fuoss proposed the relation: 

(147) 
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(148) 

where R"' is the hydrodynamic radius of the ion in a hypothetical medium of 

dielectric constant where all electrostatic forces vanish and A is an empirical constant. 

Boyd224 gave the expression: 

(149) 

by considering the effect o.f dielectric relaxation in ionic motion; r is the Debye 

relaxation time for the solvent dipoles. 

Zwanzig225 treated the ion as a rigid sphere of radius lj moving with a steady 

state viscosity, v; through a viscous incompressible dielectric continuum. The 

conductance equation suggested by Zwanzig is: 

A~= z;eF / {Avlr17o'i + An[z;e2 (B~ -e;)r/ e~(2e~ + 1)7j
3
]} (150) 

where e~, e; are the static and limiting high frequency (optical) dielectric constants. 

Av = 6 and An = 3/8 for perfect sticking and Av = 4 and An= 3/4 for perfect slipping. 

It has been found that Born's223 and Zwanzig's225 equations are very similar and both 

may be written in the form: 

(151) 

The theory predicts237 that A~ passes through a maximum of 2i14 A/4B114 at 

lj = (3B) 114
• The phenomenon of maximum conductance is well known. The relationship 

holds good to a reasonable extent for cations in aprotic solvents but fails in case of 

anions. The conductance, however, falls off rather more rapidly than predicted with 

increasing radius. 

For comparison with results in different solvents, the equation (150) can be 

rearranged as: 236 

(152) 

(153) 

In order to test Zwanzig's theory, the equation {151) was applied for Me4N• and 

Et4N• in pure aprotic solvents like methanol, ethanol, acetonitrile, butanol and 

pentanol.237
-
242 Plots of L* against the solvent function p* were found to be straight line. 

But the radii calculated from the intercepts and slopes are far apart from equal except 
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in some cases where moderate success is noted. It is noted that relaxation effect is not 

the predominant factor affecting ionic mobility and these mobility differences could be 

explained quantitatively if the microscopic properties of the solvent, dipole moment and 

free electron pairs were considered the predominant factors in the deviation from the 

Stokes' law.243 

It is found that the Zwanzig's theory is successful for large organic cations in 

aprotic media where solvation is likely to be minimum and where viscous friction 

predominates over that caused by dielectric relaxation. The theory breaks down 

whenever the dielectric relaxation term becomes large, i.e., for solvents of high p• and 

for ions of smalllj . Like any continuum theory Zwanzig has the inherent weakness of its 

inability to account for the structural features,238 e.g., 

(i) It does not allow for any correlation in the orientation of the solvent 

molecules as the ion passes by and this may be the reason why the equation is not 

applicable to the hydrogen-bonded solvents.239 

(ii) The theory does not distinguish between positively and negatively 

charged ions and therefore, cannot explain why certain anions in dipolar aprotic media 

possess considerably higher molar concentrations than the fastest cations.238 

The Walden product in case of mixed solvents does not show any constancy but 

it shows a maximum in case of DMF + water and DMA + water237
-
247 mixtures and other 

aqueous binary mixtures.248
-
251 To derive expressions for the variation of the Walden 

product with the composition of mixed polar solvents, various attempts224
•
225

•
252 have 

been made with different models for ion-solvent interactions but no satisfactory 

expression has been derived taking into account all types of ion-solvent interactions 

because (i) it is difficult to include all types of interactions between ions as well as 

solvents in a single mathematical expression and (ii) it is not possible to account for 

some specific properties of different kinds of ions and solvent molecules. 

Ions moving in a dielectric medium experience a frictional force due to dielectric 

loss arising from ion-solvent interactions with the hydrodynamic force. Though Zwanzig's 

expression accounts for a change in Walden product with solvent composition but does 

not account for the maxima. According to Hemmes,253 the major deviations in the 

Walden products are due to the variation in the electrochemical equilibrium between 

ions and solvent molecules of mixed polar solvent composition. 

52 



General Introduction 

In cases where more than one types of solvated complexes are formed, there 

should be a maximum and/or a minimum in the Walden product. This is supported from 

experimental observations. Hubbard and Onsager254 have developed the kinetic theory 

of ion-solvent interaction within the framework of continuum mechanics where the 

concept of kinetic polarization deficiency has been introduced. 

However, quantitative expression is still awaited. Further;· improvements255
•
256 

naturally must be in terms of (i) sophisticated treatment of dielectric saturation, (ii) 

specific structural effects involving ion-solvent interactions. 

From the discussion, it is apparent that the problem of molecular interactions is 

intriguing as well as interesting. It is desirable to explore this problem using different 

experimental techniques. We have, the\efore, utilized four important methods, viz., 

volumetric, viscometric, interferometric and conductometric for the physico-chemical 

studies in different solvent media. 

2. 8. Solvation Models- Some Recent Trends 

The interactions between particles in chemistry have been based upon empirical laws

principally on Coulomb's law. This is also the basis of the attractive part of the potential 

energy used in the Schddinger equation. Quantum mechanical approach for ion-water 

interactions was begun by Clementi in 1970s.22 A quantum mechanical approach to 

salvation can provide information on the energy of the individual ion-water interactions 

provided it is relevant to solution chemistry, because it concerns potential energy rather 

than the entropic aspect of salvation. Another problem in quantum approach is the 

mobility of ions in solution affecting salvation number and coordination number. 

However, the Clementi calculations concerned stationary models and can not have much 

to do with the dynamic salvati~n numbers. Covalent bond formation enters little into the 

aqueous calculations,22 however, with organic solvents the quantum mechanical 

approaches to bonding may be essential. The trend pointing to the future is thus the 

molecular dynamics technique. In molecular dynamic approach, a limited number of ions 

and molecules and Newtonian mechanics of movement of all particles in solution is 

concerned. The foundation of such a approach is the knowledge of the intermolecular 

energy of interactions between a pair of particles. Computer simulation approaches may 

be useful in this regard and the last decade (1990-2000) witnessed some interesting 

trends in the development of solvation models and computer softwares. Based on a 
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collection of experimental free energy of solvation data, C.J. Cramer, D.G. Truhlar and 

co-workers from the University of Minnesota, U.S.A. constructed a series of solvation 

models (SM1-SM5 series) to predict and calculate the free energy of solvation of a 

chemical compound.257
-
261 These models are applicable to virtually any substance 

composed of H, C, N, 0, F, P, S, Cl, Br and/or I. The only input data required are, 

molecular formula, geometry, refractive index, surface tension, Abraham's a (acidity 

parameter) and fJ (basicity parameter) values, and, in the latest models, the dielectric 

constants. 

The advantage of models like SM5 series is that they can be used to predict the 

free energy of self-solvation to better than 1 KCI/mole. These are especially useful 

when other methods are not available. One can also analyze factors like electrostatics, 

dispersion, hydrogen bonding, etc. using these tools. They are also relatively inexpensive 

and available in easy to use computer codes. 

A. Galindo et al.262
•
263 have developed Statistical Associating Fluid Theory for 

Variable Range (SAFT-VR) to model the thermodynamics and phase equilibrium of 

electrolytic aqueous solutions. The water molecules are modeled as hard -spheres with 

four short-range attractive sites to account for the hydrogen-bond interactions. The 

electrolyte is modeled as two hard spheres of different diameter to describe the anion 

and cation. The Debye-HUckel and mean spherical approximations are used to describe 

the interactions. 

Good agreement with experimental data is found for a number of aqueous 

electrolyte solutions. The relative permittivity becomes very close to unity, especially 

when the mean spherical approximation is used, indicating a good description of the 

solvent. E. Bosch et al.264 of the University of Barcelona, Spain, have compared several 

"Preferential Solvation Models" specially for describing the polarity of dipolar hydrogen 

bond acceptor-cosolvent mixture. 

2.9. Conductance- Some Recent Trends 

Recently Blum, Turq and coworkers265
·
266 have developed a mean spherical 

approximation (MSA) version of conductivity equations. Their theory starts from the 

same continuity and hydrodynamic equations used in the more classical treatment; 

however, an important difference exists in the use of MSA expressions for the 

equilibrium and structural properties of the electrolytic solutions. Although the 
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differences in the derivation of the classical and MSA conductivity theories seem to be 

relatively small, it has been claimed that the performance of MSA equation is better 

with a much wider concentration range than that covered by the classical equations. 

However, no through study of the performance of the new equation at the experimental 

uncertainty level of conductivity measurement is yet available in the literature, except 

the study by Bianchi et al. 267 They compared the results obtained using the old and new · 

equations in order to evaluate their capacity to describe the conductivity of different 

electrolytic solutions. In 2000, Chandra and Bagchi268 developed a new microscopic 

approach to ionic conductance and viscosity based on the mode coupling theory. Their 

study gives microscopic ·expressions of conductance and viscosity in terms of static and 

dynamic structural factors of charge and number density of the electrolytic solutions. 

They claim that their new equation is applicable at low as well as at high concentrations 

and it describes the cross over from low to high concentration smoothly. Debye-Huckel, 

Onsager and Falkenhagen expressions can be derived from this self-consistent theory at 

very low concentrations. For conductance, the agreement seems to be satisfactory up to 

1M. 
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CHAPTER III 

Experimental Section 

3 .1 . Source and Purification of the Reagents used 

3 .1 .1 . Pure Solvents 

Acetonitrile (ACN, CH3CN), M.W. 41.05, Merck, India, GR. was distilled from P205 

and then from CaH2 in an all glass distillation apparatus.1 The middle fraction was collected. 

The purified solvent had a density of 776.8 kg. m-3 and a coefficient of viscosity 0~3443 

mPa.s at 298.15 K which agrees with the literature values.1 

1.4-Dioxane (DO, C4H80 2), M.W. 88.11, Merck, India, extrapure, was kept several 

days over potassium hydroxide (KOH). This was followed by refluxing over excess of sodium 

for 12 hours. Finally, it was distilled from sodium.2 The pure compound had a density of 

1028.7 kg. m-3 and a coefficient of viscosity of 1.1779 mPa.s at 298.15 K, in excellent 

agreement with literature values .3 

1,3-Dioxolane. (C3H60 2), M.W. 74.08, S.D.Fine chemicals, India, LR, was heated 

under reflux with Pb02 for 2 hrs., then cooled and filtered. After adding xylene to the 

filtrate, the mixture was fractionally distilled4
• The solvent obtained after purification had 

a density of 1057.7 g. cm-3 and a coefficient of viscosity of 0.5878 mPa.s at 298.15 K, 

compared well with literature values 5. 

Tetrahydrofuran (THF, C4H80), M.W. 72.11, Merck, India, for synthesis, Was kept 

several days over potassium hydroxide (KOH), refluxed for 24 hours and distilled over 

LiAIH4.
6 The purified solvent had boiling point of 339 K I 760 mm, a density of 880.8 kg. m-3 

and a coefficient of viscosity 0.4631 mPa.s at 298.15 K7
• 

2-Ethoxyethanol (Cellosolve, C4H100 2), M.W. 90.12, Merck, India, for synthesis, was kept 

several days over anhydrous CaS04. Then it was refluxed for 4 h over CoO. Finally, it was 

distilled at low pressure. Details have been described elsewhere8
. The pure compound had a 

density of 925.4 kg. m-3 and a coefficient of viscosity of 1.85061 mPa.s at 298.15 K, which 

agrees with the literature values.9
•
10 
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2-Methoxyethanol (ME, C3H802), M.W. 79.07, Merck, India, for synthesis, was 

allowed to stand overnight with Ca504 and distilled from Sodium. Before fractional 

distillation the solvent was treated with 2, 4-dinitrophenyhydrazine 8
. The purity of liquid 

was checked by gas chromatography and purified liquid had a density of 957.7 kg. m-3 at 

30°C, viscosity 1.39329 mPa.s at 30°C which is compared well with literature values 11
• 

Dimethylsulphoxide12 (DMSO, C2H6SO), M.W. 78.13, Merck, India, was kept several 

days over anhydrous Ca504, refluxed for 4 hours over CaO. Finally, it was distilled at low 

pressure. The pure compound had a density of 1095.1 kg. m-3 and a co-efficient of viscosity 

of 1.9923 mPa.s at 298.15 K, in well agreement with the literature values.13 

Monoalcohols (methanol to 1-0ctanol), (E. Merck, India, uvasol grade, 99.5'ro pure) 

were dried over 3A0 molecular sieves and distilled fractionally. The middle fraction were 

collected and redistilled. The purities of the solvents were checked by gas chromatography 

and the water content were found to be 0.023-0.022-weight 'ro. The density and viscosity of 

the purified solvent had compared well with the literature values 14
-
20· 

Normal pentane (C5H12), M.W. 72.15 , hexane(C6H14), M.W. 86.20, heptane (C7Hu6), 

M.W. 100.20, Merck, India, LR, were purified according to the standard procedures.21·22 The 

purities were checked by density determination dilafometrically. The densities and 

viscosities of pure liquids are compared well with the literature values21·22·23 . 

Carbon tetrachloride (CCI4), M.W. 153.82, Merck, India was shaken vigorously with 

potassium hydroxide for several hours and was washed with water. This step was repeated 

for several times and then shaking was done with concentrated sulphuric acid until there 

was no further coloration, washed again with water, dried with CaCI2, and distilled over 

P20 5.The density and viscosity values are in excellent agreement with literature values .8·
22 

tert-butanol, [(CH3)3COH], M.W. 74.12, n-:-butyl acetate, [CH3COO(CH2h CH3], M.W. 

116.16, 2-butarione, (C5H12), M.W. 72.15, n-butylamine, [(CH3hCNH2], M.W. 73.14, (~. D. Fine 

Chemicals, India, Analytical Reagent, Purity > 99'ro) were used after drying. The purity of 
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the solvents was ascertained by GLC and also by comparing experimental values of densities 

and viscosities with those reported in the literature 24-28 

Water was first deionized and then distilled from an all glass distilling set using 

alkaline Kmn04 solution. The double distilled water was then finally distilled using an all glass 

distilling set. Precautions were taken to prevent contamination from C02 and other 

impurities. The triply distilled water had specific conductance less than 1x10·6 ohm-1cm-1
. 

3.1.2. Solutes 

Resorcinol (C6H60 2, M.W. 110.10), S.D.Fine chemicals, India, extrapure, was 

crystallized from benzene/ethyl ether. The compound was dried and stored in.a vacuum 

desiccator29
• 

The mineral salts viz., ammonium acetate (CH3COONH4, ·M.W. 77.08), and sodium 

acetate (CH3COONa.3H20, M.W. 136.08), Lobo Chemie, India, A.R. grade, Lithium acetate 

(CH3COOLi.2H20, M.W. 102.02)and potassium acetate (CH3COOK, M.W. 98.14), S.D.Fine 

chemicals, India, LR, were used after drying over P20 5 in a desiccator for more than 48 

hours. 8 

Lithium chloride (LiCI3, M.W.42.39), Merck, India, AR, was recrystallized from 

conductivity water, dried for several hours at 403 K and stored in a vacuum desiccator. 8 

Sodium chloride (NaCI, M.W. 58.44 ), BDH, ANALAR, was dried for 48 hours under reduced 

pressure in presence of P20 5 at 473 K without preceding purification and stored under dry 

nitrogen. 8 Potassium chloride (KCI, M.W.74.55 ), Merck, India; LR, crystals were dissolved 

in conductivity water, filtered, saturated with chlorine and precipitated by HCI after boiling 

off Excess chlorine. The precipitate was washed, dissolved in conductivity water, 

recrystallized by cooling to 268 K, dried at room temperature in a vacuum desiccator, fused 

under dry nitrogen, cooled and stored in a desiccator.8 

Glycine (C2 H5 N02, M.W. 75.07 ), Merck, India; ANALAR, L-alanine (C3H7N02, M.W. 

89.06 ), S.D. Fine Chemicals, India, L-Valine, (C5H11N02, M.W. 117.15 ), Lobo Chemie, India, 

and L-leucine, (C6H13N02, M.W. 131.18 ), Lobo Chemie, India, Tetra butyl ammonium bromide 

[(C4H9)4NBr], M.W. 322.37 ,Thomas Baker, India, were used for the present study. These 

were used without further purification and dried over anhydrous P20 5 in a vacuum 

desiccator before use. 
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3 .1. 3. mixed Solvents: 

The research work has been carried out with single solvents like 1,4-dioxane, along 

with binary solvent mixtures such as 2-Ethoxyethanol + monoalcohols (Methanol to 1-

0ctanol), Acetonitrile! + (1,4-dioxane: 1,3-Dioxolane; tetrahydrofuran), H20 + 1,4-dioxane, 

H20+ Carbon tetrachloride, DMSO + (tert-butanol; n-butyl acetate; 2-butanone; n

butylamine), H20 +Methanol etc. 

The mixed solvents were prepared accurately by mixing the requisite volume 

of 1,4-dioxane and H20 with earlier conversion of required mass of the respective solvents 

to volume by using experimental densities of the solvents at experimental temperature. 

The mixtures were prepared by mixing pure liquids in airtight-stoppered bottles. The 

density, viscosity and the sound speeds of the mixtures were determined immediately after 

mixing. The reproducibility in mole fraction was within ± 0.0002. The physical properties of 

solvent mixtures at different temperatures are recorded along with literature values 

(wherever available). 

3. 2. Experimental Method 

3. 2.1 . Measurement of Density 

Densities ( p) were measured with an Ostwald-Sprengel type pycnometer having a 

bulb volume of 25 cm3 and an internal diameter of the capillary of about 0.1 em. The· 

pycnometer was calibrated at 298.15, 303.15, 308.15, 313.15 and 318.15 K with doubly 

distilled water and benzene using density and viscosity values from the literature.30
•
31 The 

pycnometer filled with air bubble free experimental liquid was kept vertically in a 

thermostatic water bath maintained at ± O.OlK of the desired temperatures for few 

minutes to attain thermal equilibrium. The pycnometer was then removed from the 

thermostatic bath, properly dried, and weighed. Adequate precautions were taken to avoid 

evaporation losses during the time of actual measurements. An average of triplicate 

measurements was taken into account. Mass measurements accurate to± 0.01 mg were made 

on a digital electronic analytical balance (Mettler, AG 285, Switzerland). The precision of 

the density measurement was± 3 x 10"4 g.cm·3
. 
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The temperature of the thermostatic water bath was preset at the desired 

temperature by using a contact thermometer and relay system. The absolute temperature 

was determined by a calibrated platinum resistance thermometer and Muller bridge.32 The 

solutions were prepared by mixing known volume of pure liquids in airtight-stopper bottles 

and each solution thus prepared was distributed into three recipients to perform all the 

measurements in triplicate, with the aim of the determining possible dispersion of the 

results obtained. Details of methods and techniques of density measurement is given in the 

literature.33
• 
34

"
37 

3 _ 2. 2. Measurement of Viscosity 

The kinematic viscosities were measured by means of a suspended-level Ubbelohde36 

viscometer. The time of efflux of a constant volume of the experimental liquid through the 

capillary was measured with the aid of a Racer stop watch capable of measuring times 

accurate to ± O.ls. The viscometer was always kept in a vertical position in the thermostatic 

bath with an accuracy of ± 0.01 K of the desired temperature. The efflux time for water at 

298.15 K was measured to be 428.9 s. The flow times of pure liquids and liquid mixtures 

ware measured a number of times and the average of the readings was taken into account. 

The kinematic viscosity ( v) and the absolute viscosity ( 17) are given by the following 

equations. 

v=Kt-Ljt 

ry=vp 

(1) 

(2) 

where t is the average time of flow, p is the density and K and L are the 

characteristic constants of the particular viscometer. The values of the constants K and 

L, determined by using water and methanol as the calibrating liquids, were fou'nd to be 

2.1040 xl0-3 and 11.5477 respectively. The kinetic energy corrections were done from these 

values and they were found to be negligible. 

Relative viscosities ( 17,) were obtained using the equation: 

(3) 

where 17, 'llo, p, p 0 and t, t0 are the absolute viscosities, densities and flow times 

for the solution and solvent respectively. The uncertainty in the viscosity measurements, 
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based on our work on several pure liquids, was ± 2 x 10-4 mPa.s. Figure 1 shows a suspended

level Ubbelohde viscometer used in our works. 

Expt. 
liquid 

H+--End mark 

1+-- Capillary 

Figure 1. A suspended-level Ubbelohde viscometer. 

3. 2. 3. Measurement of Ultrasonic Speed 

Ultrasonic speeds were measured, with an accuracy of 0.2 'ro, using a single-crystal 

variable-path ultrasonic interferometer39 (Model M-81, Mittal Enterprise, New Delhi) 

operating at 4 MHz, which was calibrated with water, methanol and benzene at the 
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experimental temperature. The temperature stability was maintained within ± O.Ol1 K by 

circulating thermostatic water around the cell with the aid of a circulating pump. 

The principle used in the measurement of the ultrasonic speed ( u) is based on the 

accurate determination of the wavelength (A,) in the medium. Ultrasonic waves of known 

frequency (f) are produced by a quartz crystal fixed at the bottom of the cell. These 

waves are reflected by a movable metallic plate kept parallel to the quartz crystal. If the 

separation between these two plates is exactly a whole multiple of the sound wavelength, 

standing waves are formed in the medium. This acoustic resonance originates an electrical 

reaction on the generator driving the quartz crystal and the anode current of the generator 

becomes a maximum. 

If the distance is increased or decreased maintaining the variation of exactly one 

half of wave length (A-/2) or integral multiple of it, the anode current becomes maximum. 

From the knowledge of the wave length (A,), the speed (u) can be obtained by the relation: 

u=A-xf (4) 

The ultrasonic interferometer consists of the following two parts: 

(i) the high frequency generator, and (ii) the measuring cell. The measuring cell is connected 

to the output terminal of the high frequency generator through a shielded cable. The cell is 

filled with the experimental liquid before switching on the generator. The ultrasonic waves 

move normal from the quartz crystal till they are reflected back from the movable plate 

and the standing waves are formed in the liquid in between the reflector plate and the 

quartz crystal. The micrometer is slowly moved till the anode current on the meter on the 

high frequency generator deflects a maximum. A number of maxima of anode current are 

observed and their number ( n) is counted. The total distance (d) thus moved by the 

micrometer gives the value of the wavelength (A,) with the following relation. 

d = nxA-/2 (5) 

Further, the speed ( u) determined thus is used for the calculation of the isentropic 

compressibility ( Ks ) using the following formula: 

(6) 

where p is the density of the experimental liquid. 
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Figure 2 shows a Multi-frequency Ultrasonic Interferometer i.e. (A) Cross-section of the 

measuring cell and (B) Position of reflector vs. crystal current. 
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Figure 2. A Multi-frequency Ultrasonic Interferometer- (A) Cross-section of the measuring 

cell and (B) Position of reflector vs. crystal current. 
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3. 2. 4 .. Measurement of Conductance 

Systronics Conductivity meter- 306 is used for measuring specific conductivity of 

electrolytic solutions. It is a microprocessor based instrument and can provide both 

automatic and manual temperature compensation. The instrument shows the conductivity of 

the solution under test at the existing temperature or with temperature compensation. 

Provision for storing the cell constant and the calibrating solution type, is provided with the 

help of battery back-up. This data can be further used for measuring the conductivity of an 

unknown solution, without recalibrating the instrument even after switching it off. 

The conductance measurements were carried out on this conductivity bridge using a 

dip-type immersion conductivity cell, CD-10 with a cell constant of 1.0 ± 10'Yo cm·1
• The 

instrument was standardized using O.l(M) KCI solution. The cell was calibrated by the 

method of Lind and co-workers.40 The measurements were made in a thermostatic water 

bath maintained at the required temperature with an accuracy of ± 0.01 K, described 

earlier. 

Solutions were prepared by weight precise to ± 0.02 'Yo. The weights were taken on a 

Mettler electronic analytical balance (AG 285, Switzerland). The molarities being converted 

to molalities as required. Several independent solutions were prepared and runs were 

performed to ensure the reproducibility of the results. Due correction was made for the 

specific conductance of the solvents at desired temperatures. 

Figure 3 on next page shows the Systronics Conductivity meter- 306 i.e. (A) Isometric view 

and (B) Block diagram of the instrument. 
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COiNDtPCTIVnT CELL 

SCM.mCi 
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Figure 3. The Systronics Conductivity meter 306- (A) Isometric view and (B) Block 

diagram of the instrument. 
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CHAPTER IV 

Studies on Thermodynamic and Transport Properties of Binary 

Mixtures of Acetonitrile with Some Cyclic Ethers at Different 

Temperatures by Volumetric, Viscometric, and Interferometric 

Techniques* 

4 .1. Introduction 

The mixing of different solvents gives rise to solutions that generally do not 

behave ideally. This deviation from ideality is expressed by many thermodynamic 

variables, particularly by excess properties. Excess thermodynamic properties of solvent 

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

the system behaves ideally and, thus, are useful in the study of molecular· interactions 

and arrangements. In particular, they reflect the interactions that take place between 

solute-solute, solute-solvent, and solvent-solvent species.1 

This work is a part of our program to provide data for the characterization of 

the molecular interactions between solvents in binary systems.2
·
3 Acetronitrile is a 

dipolar aprotic solvent lacking strong specific intermolecular forces, where dipole-dipole 

·forces predominate,4
•
5 and tetrahydrofuran, 1,3-dioxolane, and 1,4-dioxane are cyclic 

ethers differing in the number and position of oxygen atom and methylene group.6
•
7 

Tetrahydrofuran, 1,3-dioxolane, and 1,4-dioxane are versatile solvents used in the 

separation of saturated and unsaturated hydrocarbons, in pharmaceutical synthesis, and 

serve as solvents for many polymers. Acetonitrile has important technological 

applications, namely, in battery industry and plating techniques.8
•
9 

In the present chapter, we report densities, viscosities, and ultrasonic speeds 

for the binary systems of acetonitrile + tetrahydrofuran,. acetronitrile +1,3-dioxolane, 

and acetronitrile +1,4-dioxane at the temperatures of (298.15, 308.15, and 318.15) K and 

atmospheric pressure over the entire composition range. The experimental data are used 

to calculate excess molar volumes ( VE ), deviations in viscosity ( !17] ), and deviations in 

isentropic compressibility ( M.8 ) of the mixtures. Various thermodynamic parameters 

. *Published in Journal of Chemical and Engineering data. 
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(e.g., intermolecular free length, specific acoustic impedance, etc.) and their deviations 

have also been derived from the density and ultrasonic speed data. These results are 

useful for the interpretation of the nature of interactions that occur between 

acetonitrile and the cyclic ethers. The work also provides a test of various empirical 

equations to correlate viscosity and acoustic data of binary mixtures in terms of pure 

component properties. 

4. 2. Experimental Section 

4. 2 .1 . Materials 

Acetonitrile (Merck, India) was distilled from P20 5 and then from CaH2 in an all

glass distillation apparatus,10 the middle fraction was collected. 1,4-Dioxane (Merck, 

India) was kept several days over potassium hydroxide (KOH), refluxed for 24 h, and 

distilled over lithiut:n aluminum hydride (LiAIH4) as described earlier.2 1,3-Dioxolane (LR) 

was purified by standard methods. It was refluxed with Pb02 and then fractionally 

distilled after addition of xylene.12 Tetrahydrofuran (Merck, India) was kept several 

days over potassium hydroxide (KOH), refluxed for 24 h, and distilled over LiAIH4 as 

described earlier.11 The methods of purification of the chemicals are also discussed in 

details under chapter III. The purity of the solvents was ascertained by comparing 

experimental values of densities and viscosities with available literature as listed in 

Table 1. 

4. 2. 2. Apparatus and Procedure 

The densities were measured with an Ostwald-Sprengel type pycnometer having 

a bulb volume of 25 cm3 and an internal diameter of the capillary of about O.lcm, 

calibrated at (298.15, 308.15, and 318.15) K with doubly distilled water and benzene. The 

pycnometer with the test solution was equilibrated in a thermostatic water bath 

maintained at ± 0.01 K of the desired temperature, removed from the bath, properly 

dried, and weighed in an electronic balance. The evaporation losses remained 

insignificant during the time of actual measurements. Averages of triplicate 

measurements were taken into account. The mixtures were prepared by mixing known 

volume of pure liquids in airtight stoppered bottles. The reproducibility in mole fraction 

was within ± 0.0002. The mass measurements, accurate to ± 0.01 mg, were made on a 

digital electronic analytical balance (Mettler, AG 285, Switzerland). The total 

uncertainty of density is ± 3 x w-4 gm.cm-3
, and that of temperature is ± 0.01 K. The 
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viscosity was measured by means of a suspended Ubbelohde type viscometer, which was 

calibrated at 298.15 K with triple-distilled water and purified methanol using density 

and viscosity values from the literature. The flow times were accurate to ± 0.1 s, and 

the uncertainty in the viscosity measurements, based on our work on several pure liquids, 

was with-in ± 0.03 io of the reported value. Details of the methods and techniques of 

density and viscosity measurements have been described earlier. 11
•
13

•
14 Speeds of sound 

were determined by a multifrequency ultrasonic interferometer (Mittal Enterprise, New 

Delhi) working at 5 MHz, calibrated with water, methanol, and benzene at 298.15 K. The 

details of the methods11
•
13 and techniques have been described earlier in chapter III. 

The uncertainty of ultrasonic speed measurements is ± 0.2 m.s-1
• 

4. 3. Results and Discussion 

The physical properties of the pure liquids along with their literature values are 

recorded in Table 1. However no literature data for viscosity of 1,3-dioxolane at (308.15 

K and 318.15 K) and sound speed of acetonitrile at 298.15 K were available to us. Table 2 

lists the experimental values of densities ( P;) and viscosities ( 1]; ) of the binary 

mixtures along with the corresponding mole fractions of acetronitrile ( x1 ), excess molar 

volumes ( V E ), viscosity deviations ( 1::.7] ), and interaction parameters ( d12 , 1'..2 , H 12 ) at 

all the experimental temperatures. The plots of VE and /::.1] against x1 at 298.15 K are 

represented in Figure 1 and Figure 2 respectively. Because of similarity in nature, the 

plots at the other two temperatures are not presented here. The excess molar volumes 

( V E) were calculated using equation (1): 15
· 

16 

j 

VE = "Lx;M;(l/p-ljp;) (1) 
i=l 

where p is the density of the mixture, M;.X;and P; are the molecular weight, 

mole fraction, and density of ith component. The estimated uncertainty for VE is from 

(0.001 to 0.014) cm3·mol-1
• 1::.7] can be computed using equation (2), 16

•
17 

j 

L1.r; = 17- L (x;r;;) (2) 
i=l 

82 



Studies on Thermodynamic and ............ Techniques 

where 17 is the absolute viscosity of the mixture and X 0 rJ; are the mole 

fraction and viscosity of ith component in the mixture, respectively. The estimated 

uncertainty for 

!!.17 ranges from (0.001 to 0.003) mPa·s. 

It is seen that, the values of VE and !!.17 (see Table 2) for all the experimental 

binary mixtures are negative over the entire range of composition and temperature. The 

negative values of VE for the three systems are in the following order: 

Acetronitrile + 1,4-dioxane > Acetronitrile + 1,3-dioxolane > Acetronitrile + 

tetrahydrofuran 

Negative values of VE 18 indicate a specific interaction between the mixing 

components. The chemical or specific interaction between the mixing molecules results 

in a volume decrease. The negative values of VE for the binary mixtures of acetonitrile 

with the ethers may be attributed to the dipole-induced dipole interactions between the 

mixing components.19 

The molar volumes of acetonitrile are (52.84, 53.63, 54 cm3·mol-1
) and those of 

tetrahydrofuran, 1,3-dioxolane and 1,4-dioxane are (81.87, 82.74, 83.77, cm3·mol-1
); 

(70.03, 70.80, 71.62 cm3·mol-1
) and (85.65, 86.66, 87.70 cm3·mol-1

) at 298.15 K, 308.15 K 

and 318.15 K, respectively. It is clear that, the molar volume values of acetonitrile and 

the .other components differ considerably; hence, nonassociated acetonitrile molecules 

are interstitially accommodated into clusters of ethers yielding a negative contribution 

to observed VE values. This implies that the complex-forming interactions are almost 

absent in the experimental binary systems and therefore observed !!.17 values are also 

negative.20 

From close observation of Table 2, it is seen that the negative VE values are 

much higher than those of !!.17 for all the binary systems under consideration. This 

clearly supports mere addition of acetonitrile molecules into aggregates of the other 

components.20 

Isentropic compressibility ( K 8 ) values were calculated from experimental 

densities, p and speeds of sound u , using equation (3) 

(3) 
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Where K 8 gives the isentropic compressibility for the l'th component of the 

mixture. 

We also derived the deviations in isentropic compressibility ( M 8 ), deviations in 

intermolecular free length ( M 1 ) and deviations in specific acoustic impedance ( I1Z) 

for the binary mixtures using equations (4), (5) and (6). 

2 

/'J(s = Ks- LX;Ks,i (4) 
i=l 

2 

A.Lf = Lf- L X;Lji (5) 
i=l 

2 

A.Z = z - I X;Z; (6) 
i=l 

Where K 8 ,L1 and Z are the isentropic compressibility, intermolecular free 

length and specific acoustic impedance of the mixture and X;, K s; , L 1 ; and Z; are the 

mole fraction, isentropic compressibility, intermolecular free length and specific 

acoustic impedance of l'th component in the mixture, respectively. Experimental values 

of u ,K8 , M 8 , M 1 , I1Z are listed in Table 3 and the plots of M 8 , 

M 1 and A.Z against x1 are shown in Figure 3 to Figure 5. 

For the investigated binary mixtures, the deviations in isentropic compressibility 

are negative. The composition dependence of M 8 for the investigated binary mixtures 

is shown in Figure 3; it shows that M 8 decrease in the order: 

Acetronitrile + 1, 4-dioxane > acetonitrile + 1, 3-dioxolane > acetonitrile + 

tetrahydrofuran 

These results can be explained in term.s of molecular interactions and structural 

effects. There is a parallel in the qualitative behaviour of the M 8 and VE curves 

(Figure 1 and Figure 3). 

Figure ( 4) and Figure (5) shows that M 1 are positive for all the binary mixture 

and I1Z behaves in opposite manner to M 1 . Positive and negative deviations in these 

functions from linear dependence on composition of the mixtures indicate the extent of 

association or dissociation between the mixing components. 21 The observed values of 
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M 8 and M 1 can be qualitatively explained by considering the factors- (i) the mutual 

disruption of associates present in pure liquids, (ii) dipole-induced dipole interaction 

between the mixing liquids and (iii) interstitial accommodation of one component into 

another. The second two factors contribute negative M 8 andM1 values. Observed 

negative value of M s and M 1 for the mixtures over the entire range of composition 

implies that the weak dipole-induced dipole interactions are predominant between the 

unlike molecules along with interstitial accommodation between the components.22
• 

15 

Thus the graded behaviors of these functions support the results obtained earlier. 

In an attempt to explore the nature of the interactions occurring between the 

mixing components, various thermodynamic parameters 21
-
25 such as intermolecular free 

length ( L 1 ), specific acoustic impedance ( Z ), Vander Waal's constant ( b ), molecular 

radius ( r ), geometrical volume (B), molar surface area ( Y ), available volume ( Va ), 

molar speed of sound ( R ), relative association ( R A ) and molecular association ( M A ) of 

the binary mixtures have been calculated using 

L 1 =K.j/(; 

Z =up 

b ~( ~)-( RYtN){~+(Mu!J'Rrlf -I} 
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(15) 

(16) 

(17) 

where K is a temperature dependent constant, V0 is volume at absolute zero, 

u"" is taken as 1600 ms-1
• These parameters are listed in Table 4 for the pure 

components and in Table 5 for the binary mixtures. Plots of Z, L 1 , R , M A and R A 

against x 1 are shown in Figure 6 to Figure 10. 

The values of Z and L 1 for the mixtures behave in opposite manner and the 

Figures do not exhibit any sudden variation in their behaviour. This implies the absence 

of any complex formation24 between the mixing components; that is further supported 

by the linear variations of R, RA and M A of the binary mixtures against mole fraction 

of acetonitrile.24 M A and RA values decrease for the mixtures with increasing mole 

fraction of acetonitrile. This implies strongly dissociative interactions between the 

unlike molecules in the mixtures. 24
• 
25 

The mixing functions V E . llTJ. M s , M 1 and l!lZ were represented 

mathematically by the following type of Redlich-Kister equation 26 [equation (18)] for 

correlating the experimental data: 

E m k 
Y.. = x .x . .L ak (x. - x . ) ) 

lJ l Jk=l 1 
(18) 

E eve AV AT A7)f h where .r; 
1 

refers to an excess property . l!l TJ , LJ.J.\. s , LJ.J.., 1 and lJ.L or eac 

i-j binary pair, and xi is the mole fraction of l'th component, and ak represents the 

coefficients. The values of coefficients ( ak) were determined by a multiple-regression 

analysis based on the least-squares method and were summarized along with the 

standard deviations between the experimental and fitted values of the respective 

functions in Table 6. The standard deviation was calculated using equation (19). 
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(19) 

where n is the number of experimental points and p is the number of adjustable 

parameters. The small a values for excess properties indicates that the fits are good 

for the present study, 

Several semi-empirical models have been proposed from time to time to estimate 

the dynamic viscosity of the binary liquid mixtures in terms of pure-component data16
• 

17 

and to interpret the molecular interactions in these mixtures. Some of them we 

examined are as follows: 

Grunberg and Nissan27 have suggested the following logarithmic relation between 

the viscosity of the binary mixtures and the pure components: 

(20) 

where d12 is a constant proportional to the interchange energy. It may be 

regarded as an approximate measure of the strength of molecular interactions between 

the mixing components. The values of the interchange parameter ( d12 ) have been 

calculated using equation (20) as a function of the composition of the binary liquid 

mixtures of acetronitrile with tetrahydrofuran, 1, 3-dioxolane and 1,4-dioxane and were 

listed in Table 2. 

Tamura-Kurata 28 put forward the following equation for the viscosity of the 

binary liquid mixtures: 

(21) 

where ~2 is the interaction parameter and ¢; is the volume fraction of ith pure 

component in the mixture. 

The following viscosity mod.el of Hind et al 29 may also interpret the molecular 

interactions: 

(22) 
i=l i=l 
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where H 12 is Hind interaction parameter. In the present study, the values of 

interaction parameter 1;_2 and H 12 have been calculated from equation (21) and (22), 

respectively and were listed in Table 2. It is observed that for a given binary mixture 

1;_2 and H 12 do not differ appreciably from each other; this is in agreement with the 

. view put forward by Fort and Moore 15 in regard to the nature of parameter 1;_2 and H 12 . 

McAllister multibody interaction model30 is widely used to correlate the 

kinematic viscosities ( v =%)of the binary mixtures with mole fraction. 

The three-body model is defined as: 

(23) 

The four-body model is given by 

lnv = x: lnv1 + 4x(x2 lnv1112 + 6x12 x~v1122 + 4x1 x~ lnv2221 + x~ lnv2 

-ln[x1 + x2 ( M 
2 JJ + 4x( x 2 ln[l + M 

2 
] + 6x1

2 x~ ln[_!_ + M 2 
] 

Ml 4 4MI 2 2MI 

+ 4x1 x~ ln[.!.+ 
3
M 2 ]+ x~ ln[M2

] 
3 4MI Ml 

(24) 

Where v, v
1 

and v
2 

are kinematic viscosities of the mixture, the pure 

component 1 and 2 respectively, v
12 

,v
21

, v
1112

, v
1122

, v
2221 

are model parameters and 

M; are the mole fraction and molecular weight of the ith pure component in the mixture, 

respectively. 

Table 7 records the parameters calculated using equation (23) and (24) along 

with the standard deviations. It is seen that the values of both the parameters are 

positive and adequate for all of the binary mixtures. 

Heric and Brewer31 have proposed an equation for the kinematic viscosity of the 

binary liquid mixtures 
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(25) 
Where, a , band care model parameters and M;, X; are the molecular weight and 

mole fraction of the ith pure component in the mixture, respectively. 

The percentage standard deviation24 was calculated by using equation (26). 

a% = 
L (100 (v exp 1/ - V calcd ) / 

/Vexpl/ 

(n- m) 
(26) 

where n represents the number of experimental points and m the number of 

coefficients. 

The values of parameters a, b, c have been calculated using equation (25) and 

listed in Table 7 along with the standard deviations. A perusal of this Table 7 shows 

that the values of a, b are negative for all of the binary mixtures. 

4. 4. Conclusion: 
In summary, the study provided us with some idea about the type and nature of 

molecular interactions between the mixing components. Strong specific interaction 

between acetonitrile and ethers molecules seems to be present. Dipole-induced dipole 

interactions are present between the unlike molecules along with the interstitial 

accommodation of non associated acetonitrile molecules in to the clusters of ether 

molecules. This type of interaction is largest in acetonitritle 1,4-00 mixture and least in 

case of accetonitrile tetrahydrofuran mixture. This study on excess or deviation 

· properties along with acoustic properties seems to be of much use in exploring the 

nature of interactions present in the experimental binary mixtures, however, more 

extensive study will have a better in this field. 
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TABLE 1 

Comparison of density (p), viscosity (II) and sound speed (u) with Literature Data at 

the experimental temperatures .., 
lC 103 T/ u 

p 

Pure Solvent TIK I (kg· m-3) /(mPa·s) /(m · s-1
) 

Expt. Lit. Expt. Lit. Expt. Lit. 

298.15 0.7768 0.7768610 0.3443 0.3446 10 1713.2 

Acetonitrile 
308.15 0.7654 0.7656410 0.3124 0.3125 10 

318.15 0.7547 0.7549810 0.2891 0.2893 10 

·~ 
298.15 0.8808 0.880733 0.4631 0.4630 33 1292.2 129434 

Tetrahydro-
308.15 0.8715 0.871233 0.4276 0.4277 33 

-furan 

318.15 0.8608 0.861433 0.3903 0.3902 33 

298.15 1.0287 1.028234 1.1779 1.17834 1344.4 135834 

1,4-Dioxane 308.15 1.0168 1.016834 0.9985 0.99934 

318.15 1.0047 1.0052637 0.8909 0.90138 

298.15 1.0577 1.0586235 0.5878 0.588635 1338.2 1338.836 

~ 308.15 1.0463 1.0462037 0.5128 
1,3 Dioxolane 

318.15 1.0344 1.0336437 0.4580 
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TABLE 2 ~ 

Values of density (p), viscosity (77,) excess molar volume ( V}, viscosity deviation 

(A77,) Grunberg-Nissan, Tamura-Kurata and Hind interaction parameter (d12, TJZ, 

H12) for binary mixtures 

p "IC 103 I 7]1 V" "11106
/ A77/ 

X1 
(kg· m-3) (m3 • mol- 1

) 
d12 Tu H12 

(mPa·s) (mPa·s) 

Acetonitrile + Tetrahydrofuran 

298.15 K ~ 
0 0.8808 0.4631 0 0 0 0 0 

0.1633 0.8703 0.4419 -0.104 -0.002 0.011 0.393 0.397 

0.3052 0.8595 0.4236 -0.142 -0.003 0.006 0.392 0.396 

0.4295 0.8486 0.4075 -0.145 -0.005 -0.002 0.390 0.394 

0.5394 0.8376 0.3932 -0.124 -0.006 -0.015 0.389 0.392 

0.6372 0.8268 0.3808 -0.093 -0.007 -0.029 0.387 0.389 

0.7249 0.8162 0.3701 -0.062 -0.007 -0.047 0.384 0.387 

0.8039 0.8058 0.3611 -0.037 -0.007 -0.067 0.382 0.383 ~ 

0.8754 0.7959 0.3539 -0.020 -0.005 -0.087 0.380 0.380 

0.9405 0.7862 0.3481 -0.007 -0.003 -0.119 0.376 0.375 

1 0.7768 0.3443 0 0 0 0 0 

Acetonitrile + Tetrahydrofuran 

308.15 K 

0 0.8715 0.4276 0 0 0 0 0 

0.1633 0.8604 0.4066 -0.070 -0.002 0.006 0.357 0.361 

0.3052 0.8492 0.3875 -0.099 -0.005 -0.013 0.353 0.358 ~ 
0.4295 0.8380 0.3701 -0.110 -0.008 -0.039 0.349 0.354 

0.5394 0.8270 0.3550 -0.106 -0.012 -0.067 0.345 0.349 

0.6372 0.8162 0.3425 -0.096 -0.012 -0.095 0.342 0.345 

0.7249 0.8057 0.3321 -0.082 -0.012 -0.126 0.338 0.339 

0.8039 0.7953 0.3242 -0.066 -0.011 -0.155 0.336 0.336 

0.8754 0.7852 0.3184 -0.049 -0.008 -0.184 0.333 0.332 

~-
Contd. 
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~ 
0.9405 0.7752 0.3145 -0.028 -0.005 -0.214 0.331 0.328 

1 0.7654 0.3124 0 0 0 0 0 

Acetonitrile + Tetrahydrofuran 

318.15 K 

0 0.8608 0.3903 0 0 0 0 0 

0.1633 0.8510 0.3683 -0.201 -0.005 -0.106 0.313 0.319 

0.3052 0.8405 0.3497 -0.290 -0.010 -0.135 0.311 0.317 

~· 
0.4295 0.8296 0.3340 -0.311 -0.013 -0.169 0.309 0.313 

0.5394 0.8184 0.3202 -0.288 -0.016 -0.218 0.305 0.308 

0.6372 0.8073 0.3089 -0.245 -0.017 -0.277 0.301 0.303 

0.7249 0.7963 0.3001 -0.196 -0.017 -0.349 0.298 0.298 

0.8039 0.7855 0.2938 -0.141 -0.015 -0.443 0.294 0.292 

0.8754 0.7750 0.2901 -0.094 -0.012 -0.581 0.291 0.287 

0.9405 0.7647 0.2879 -0.045 -0.007 -0.960 0.284 0.276 

1 0.7547 0.2890 0 0 0 0 0 

~ Acetonitrile + 1, 3- Dioxolane 

298.15 K 

0 1.0577 0.5878 0 0 0 0 0 

0.1670 1.0227 0.5233 -0.124 -0.024 -0.193 0.355 0.380 

0.3109 0.9899 0.4737 -0.233 -0.038 -0.231 0.355 0.376 

0.4361 0.9585 0.4360 -0.277 -0.046 -0.266 0.355 0.373 

0.5461 0.9282 0.4046 -0.268 -0.0502 -0.328 0.350 0.364 

0.6435 0.8994 0.3783 -0.239 -0.053 -0.421 0.340 0.351 

~ 0.7302 0.8721 0.3591 -0.197 -0.051 -0.519 0.330 0.337 

0.8081 0.8465 0.3444 -0.160 -0.047 . -0.660 0.314 0.315 

0.8783 0.8221 0.3380 -0.111 -0.036 -0.782 0.301 0.298 

0.9420 0.7989 0.3366 -0.062 -0.022 -0.982 0.277 0.266 

1 0.7768 0.3443 0 0 0 0 0 

Contd. 
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jt---
Acetonitrile + 1, 3- Dioxolane 

298.15 K 

0 0 0 0 0 0 0 0 

0.1670 0.1670 0.1670 0.1670 0.1670 0.1670 0.1670 . 0.1670 

0.3109 0.9792 0.4235 -0.295 -0.027 -0.174 0.333 0.349 

0.4361 0.9478 0.3913 -0.352 -0.034 -0.221 0.329 0.343 

0.5461 0.9177 0.3646 -0.357 -0.034 -0.284 0.323 0.334 

0.6435 0.8890 0.3419 -0.334 -0.042 -0.377 0.312 0.321 

"" 0.7302 0.8619 0.3251 -0.297 -0.041 -0.477 0.302 0.307 

0.8081 0.8361 0.3134 -0.248 -0.038 -0.593 0.290 0.292 

0.8783 0.8116 0.3077 -0.190 -0.029 -0.706 0.279 0.277 

0.9420 0.7882 0.3070 -0.114 -0.017 -0.845 0.264 0.257 

1 0.7654 0.3124 0 0 0 0 0 

Acetonitrile + 1 ,3-Dioxolane 

318.15 K 

+ . 0 1.0344 0.4580 0 0 0 0 0 

0.1670 1.0003 0.4132 -0.202 -0.017 -0.188 0.297 0.313 

0.3109 0.9679 0.3791 -0.336 -0.026 -0.215 0.298 0.311 

0.4361 0.9366 0.3502 -0.390 -0.034 -0.275 0.292 0.304 

0.5461 0.9065 0.3263 -0.392 -0.039 -0.354 0.284 0.293 

0.6435 0.8780 0.3065 -0.369 -0.043 -0.460 0.274 0.280 

0.7302 0.8511 0.2910 -0.342 -0.044 -0.597 0.260 0.262 

0.8081 0.8255 0.2817 -0.290 -0.040 -0.737 0.246 0.245 

0.8783 0.8009 0.2780 -0.219 -0.032 -0.890 0.231 0.225 __.k_ 
0.9420 0.7775 0.2797 -0.128 -0.019 -1.093 0.210 0.198 

1 0.7547 0.2891 0 0 0 0 0 

Acetonitrile + 1 ,4-Dioxane 

298.15 K 

0 1.0287 1.1780 0 0 0 0 0 

0.1926 0.9976 0.9468 -0.100 -0.071 0.119 0.53 0.41 
~· 
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,-1l 
0.3492 0.9686 0.7720 -0.193 -0.115 0.031 0.51 0.40 

0.4791 0.9410 0.6349 -0.258 -0.144 -0.115 0.47 0.38 

0.5886 0.9146 0.5315 -0.289 -0.156 -0.297 0.44 0.36 

0.6822 0.8891 0.4573 -0.275 -0.152 -0.494 0.41 0.35 

0.7630 0.8645 0.4099 -0.237 -0.132 -0.648 0.40 0.35 

0.8336 0.8412 0.3679 -0.191 -0.115 -0.998 0.35 0.32 

0.8957 0.8185 0.3482 -0.115 -0.0831 -1.253 0.32 0.31 

~ 0.9508 0.7972 0.3389 -0.057 -0.0464 -1.632 0.27 0.28 
' -

1 0.7768 0.3443 0 0 0 0 0 

Acetonitrile + 1,4-Dioxane 

308.15 K 

0 1.0168 0.9985 0 0 0 0 0 

0.1926 0.9812 0.8244 -0.194 -0.042 0.207 0.432. 0.520 

0.3492 0.9484 0.6862 -0.288 -0.073 0.135 0.415 0.495 

0.4791 0.9187 0.5802 -0.342 -0.090 0.055 0.405 0.475 

~ 0.5886 0.8914 0.5030 -0.357 -0.092 -0.007 0.405 0.466 

0.6822 0.8661 0.4477 -0.331 -0.083 -0.044 0.412 0.464 

0.7630 0.8430 0.4079 -0.301 -0.067 -0.048 0.424 0.469 

0.8336 0.8212 0.3775 -0.229 -0.049 -0.029 0.438 0.478 

0.8957 0.8014 0.3531 -0.168 -0.031 0.014 0.453 0.490 

0.9508 0.7828 0.3340 -0.090 -0.012 0.207 0.486 0.525 

1 0.7654 0.3124 0 0 .o 0 0 

Acetonitrile + 1 ,4-Dioxane 

~ 318.15 K 

0 1.0047 0.8909 0 0 0 0 

0.1926 0.9755 0.7189 -0.254 -0.056 0.015 0.322 0.409 

0.3492 0.9468 0.5994 -0.364 -0.081 -0.014 0.337 0.411 

0.4791 0.9194 0.5014 -0.430 -0.101 -0.143 0.324 0.387 

0.5886 0.8930 0.4305 -0.450 -0.106 -0.268 0.318 0.370 

~ Contd. 
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~ 
0.6822 0.8675 0.3854 -0.421 -0.095 -0.324 0.328 0.371 

0.7630 0.8430 0.3542 -0.364 -0.078 -0.352 0.341 0.375 

0.8336 0.8193 0.3354 -0.276 -0.054 -0.279 0.366 0.395 

0.8957 0.7968 0.3194 -0.188 -0.033 -0.190 0.389 0.416 

0.9508 0.7752 0.3076 -0.093 -0.011 0.142 0.438 0.471 

1 0.7547 0.2891 0 0 0 0 
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~ 
TABLE 3. 

Values of Ultrasonic Speeds u, isentropic compressibility Ks. Deviations in isentropic 

compressibility LJKs for binary mixtures at 298.15 K. 

X1 u Ks x 1012 L1Ks x 1012 L1L, L1Z 

I (m· s-1
) I Pa-1 I Pa-1 /A I (Kg· m2 

• s-1
) 

Acetonitrile + Tetrahydrofuran 

0 1292.2 679.94 0 0 0 

~ 
0.1633 1344.3 635.81 -4.72 -0.0004 0.3119 

0.3052 1395.2 597.70 -8.16 -0.0013 2.2063 

0.4295 1443.9 565.25 -10.64 -0.0020 4.3811 

0.5394 1490.4 537.47 -12.11 -0.0025 6.2800 

0.6372 1533.8 514.14 -11.73 -0.0027 7.2298 

0.7249 1573.6 494.81 -9.96 -0.0023 6.5553 

0.8039 1610.3 478.56 -7.36 -0.0015 4.5467 

0.8754 1645.5 464.04 -4.62 -0.0008 2.8429 

~ 0.9405 1679.0 451.20 -1.75 -0.0001 0.6821 

1 1713.2 438.59 0 0 0 

Acetonitrile + 1, 3- Dioxolane 

0 1338.2 527.95 0 0 0 

0.1670 1388.9 506.89 -6.14 -0.0006 2.7010 

0.3109 1436.2 489.75 -10.42 -0.0013 8.2001 

0.4361 1481.5 475.34 -13.65 -0.0024 15.5741 

0.5461 1524.4 463.62 -15.54 -0.0039 25.0101 

0.6435 1563.5 454.83 -15.63 -0.0048 29.1401 

0.7302 1597.8 449.15 -13.56 -0.0045 27.6649 

0.8081 1628.8 445.28 -10.47 -0.0037 23.1053 

0.8783 1658.2 442.39 -7.09 -0.0026 16.1342 

0.9420 1686.4 440.14 -3.65 -0.0015 8.6832 

1 1713.2 438.61 0 0 0 

Acetonitrile + 1 ,4-Dioxane 

:i- 0 1344.4 537.84 0 0 0 

Contd. 
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Jr 

0.1926 1399.3 511.94 -6.79 -0.0007 3.7000 

0.3492 1451.0 490.37 -12.82 -0.0015 9.1001 

0.4791 1498.4 473.32 -16.98 -0.0025 15.5741 

0.5886 1540.2 460.91 -18.52 -0.0036 25.0101 

0.6822 1575.7 453.00 -17.15 -0.0045 29.1401 

0.7630 1606.5 448.20 -13.93 -0.0042 27.6649 

0.8336 1633.5 445.52 -9.60 -0.0034 23.1053 ....,., 
0.8957 1660.1 443.32 -5.64 -0.0023 16.1342 

0.9508 1686.3 441.13 -2.36 -0.0012 8.6832 

1 1713.2 438.61 0 0 0 

99 



.... 
0 
0 

·+- ·~ ~ 

TABLE 4. 

.,t., 
!~ 

·,i 
c~ 

Vander Wall's Constant b, Molecular Radius r , Geometric.al Volume 8, Collision Factor S, Molar Speed of Sound R, Available Volume Va , 

Intermolecular Free Length L,, Molar Volume at Absolute Zero V0 , Molar Surface Area Y and Specific Acoustic Impedance Z of the Pure 

Components at 298.15 K. 

s R 1J( Jd 
b1J(1cf r Bx1cf V0 K1cf L, V0 1J(1cf YKJ(j4 z 1J( J(j3 

Pure Solvent I /(nr ·mor1 

/nr /nm /{nr . mof1) /{cu·m) /A /(cu·m) /A · /(Kg· ni · s-1
) 

{m·s-Ij/3} 

Acetonitrile 
I 4.94 0.170 1.24 4.58 632.32 -3.74 0.431 5.658 21.82 1330.81 

Tetrahydrofuran I 7.66 0.197 1.91 3.45 891.72 1.57 0.536 6.612 29.22 1138.17 

1,3-Dioxolane 6.57 0.187 1.64 3.57 771.81 1.15 0.473 5.858 26.38 1415.41 

1,4-Dioxane 8.07 0.200 2.02 3.57 945.32 1.37 0.477 7.197 30.26 1382.98 

~ 
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TABLE5. * 
Intermolecular Free Length L,, Molar Speed of Sound R, Relative association RA, 

Molecular association MA, Available Volume V0 , Specific Acoustic Impedance Z of 

Binary Mixtures at 298.15 K 

x1 Lt R 1C 106 RA MA Vax105 z x 1o-3 

lA /{m3 · mol-1 I (cu··m) /(Kg· m2 
• s-1) 

(m. s-1)113} 

Acetonitrile + Tetrahydrofuran 
--,If 

0.1633 0.5186 911.85 1.2147 -0.5911 1.18 1169.94 

0.3052 0.5029 842.69 1.1848 -0.634 8.72 .1199.17 

0.4295 0.4890 791.88 1.1565 -0.6681 6.26 1225.29 

0.5394 0.4768 753.03 1.1295 -0.6961 4.19 1248.36 

0.6372 0.4664 722.31 1.1043 -0.7193 2.43 1268.15 

0.7249 0.4575 697.28 1.0809 -0.7389 9.41 1284.37 

0.8039 0.4500 676.55 1.059 -0.7558 -3.58 1297.58 ~ 
0.8754 0.4431 659.27 1.0385 -0.7703 -1.55 1309.65 

0.9405 0.4369 644.61 1.0189 -0.7831 -2.65 1320.03 

Acetonitrile + 1 ,3-Dioxolane 

0.1670 0.4654 937.98 1.3773 -0.4928 8.64 1403.98 

0.3109 0.4587 860.66 1.3224 -0.5567 6.26 1397.31 

0.4361 0.4523 804.77 1.2715 -0.6074 4.32 1394.09 

0.5461 0.4462 762.5 1.2241 -0.6487 2.66 1394.22 

0.6435 0.4412 729.26 1.1801 -0.6831 1.25 1390.11 

0.7302 0.4378 702.28 1.1391 -0.7124 7.42 1381.30 
,A_· 

0.8081 0.4354 679.94 1.1013 -0.7373 -9.61 1370.15 

0.8783 0.4335 661.37 1.0652 -0.7591 -1.93 1357.24 

0.9420 0.4319 645.71 1.0317 -0.7779 -2.85 1344.40 

Acetonitrile + 1,4-Dioxane 

0.1926 0.4654 1039.22 1.3739 -0.5033 9.08 1395.94 

0.3492 0.4555 917.01 1.3179 -0.5677 6.05 1405.44 
·~ 

Contd. 
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·~ 

0.4791 0.4475 837.8 1.2667 -0.6173 3.84 1409.99 

0.6822 0.4378 740.65 1.1769 -0.6897 8.45 1400.95 

0.7630 0.4354 708.61 1.1370 -0.7173 -2.21 1388.82 

0.8336 0.4341 683.07 1.1002 -0.7407 -1.12 1374.1 

0.8957 0.4331 662.64 1.0648 -0.7611 -2.00 1358.79 

0.9508 0.4320 645.97 1.0317 -0.7788 -2.85 1344.32 

* 
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TABLE 6 

Redlich-Kister coefficients On and standard deviations o- for the binary mixtures 

Binary mixture Excess 
TIK 

Oo OJ 02 OJ (T 

property 

298.15 -0.535 0.439 0.238 -0.157 0.004 
yE x 106 

I (m3 
• mol- 1 

) 
308.15 -0.435 0.081 0.000 -0.046 0.000 

318.15 -1.198 0.489 0.054 -0.116 0.001 

All 
298.15 -0.023 -0.023 -0.014 - 0.000 

Acetonitrile 308.15 -0.041 -0.044 - - 0.001 

+ Tetrahydrofuran I (mPa·s) 
318.15 -0.060 0.047 -0.023 0.000 -

A Ks x 1012 

298.15 -46.921 -20.28 16.041 28.30 0.101 
/(Pa-1) 

ALt 
·1, 

298.15 -0.001 -0.0096 0.008 0.0125 0.000 
·-;~ lA 

AZ 
298.15 22.952 33.3804 -8.691 -31.4791 0.195 

I (Kg· m2 ·s-1
) 

298.15 -1.104 0.187 0.333 -0.650 0.002 
yE x 106 

308.15 
I (m3 

• mol- 1 
) 

-1.431 -0.288 - - 0.014 

318.15 -1.580 -0.014 -0.254 -0.777 0.002 

All 
298.15 -0.195 -0.080 -0.108 -0.059 0.001 

308.15 -0.141 -0.090 -0.090 - 0.002 
I (mPa·s) 

318.15 -0.148 -0.105 -0.111 -0.022 0.000 Acetonitrile + 1 , 3-

Dioxolane. A Ks x 1012 

298.15 -59.821 -34.96 6.201 66.24 0.063 
I (Pa-1) 

ALt 
298.15 

lA 
-0.013 0.015 - - 0.001 

AZ 
298.15 86.912 106.635 - . - 1.712 

I (Kg· m2 
• s-1

) 

Contd. 
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298.15 -1.069 -0.714 0.219 0.424 0.005 
yE X 106 

308.15 -1.380 -0.368 -0.180 - 0.006 
I (m3 

• mol-1 
) 

318.15~ -1.771 -0.377 - - 0.009 

298.15 -0.583 -0.279 -0.115 - 0.003 
A11 

308.15 -0.365 -0.112 0.131 0.102 0.001 
I (mPa·s) 

318.15 -0.408 -0.168 0.066 0.332 0.001 

Acetonitrile + 1,4- A Ks x 1012 

Dioxane 
298.15 -70.221 -41.531 31.130 46.671 0.101 

I (Pa-1
) 

ALt 

/A 
298.15 -0.031 -0.021 0.014 0.023 0.001 

AZ. 
298.15 213.983 113.683 -36.983 -77.647 0.163 

I (Kg· m2 ·s-1
) 

~-
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Table 7 

Parameters of McAllister Model, Herric and Brewer Parameters and Standard Deviations for Kinematic Viscosities at Various Temperatures. 

McAllister McAllister Herric and Brewer parameter 

(three body model) (four body model) 
Binary System TIK 

ax102 bx102 ex 102 

vl2 V21 (} viii2 vii22 v222I (} (} 

I cm2 s·1 I cm2 s·1 I cm2 s·1 

298.15 0.4472 0.4953 0.004 0.4422 0.4809 0.3976 0.001 -0.1092 -0.0851 -0.1719 0.009 

Acetonitrile + 308.15 0.3992 0.4621 0.004 0.3961 0.4358 0.4554 0.001 -0.6990 -0.0797 -0.0048 0.002 

Tetrahydrofuran 

318.15 0.3481 0.4175 0.015 0.3499 0.3967 0.1921 0.003 -0.2939 -0.2417 -0.4706 0.025 

298.15 0.3181 0.4772 0.025 0.3339 0.4365 0.0950 0.011 -0.7160 -0.5678 -1.2469 0.063 

Acetonitrile + 

308.15 0.3028 0.4280 0.021 0.3204 0.4244 0.2383 0.005 -0.4759 -0.2327 -0.7290 0.026 
1,3-Dioxolane 

318.15 0.2541 0.3887 0.023 0.2739 0.3861 0.1297 0.006 -0.4963 -0.4096 -0.9001 0.042 

Contd. 
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Acetonitrile + 

1 ,4-Dioxane 
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298.15 

308.15 

318.15 
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0.3131 0.8765 0.054 0.2817 0.5868 0.0175 

0.4955 0.0428 0.031 0.4467 0.2183 0.8251 

0.3815 0.2167 0.046 0.3034 0.0921 0.6748 

~~~ 

0.025 -1.8590 -2.0151 -2.7610 

0.025 -0.5120 -3.4702 -2.8854 

0.046 -0.7564 -5.1889 -4.3310 
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Figure!. 
Excess molar volumes (II) for binary mixtures of Acetonitrile (1) with+ I 

Tetrahydrofuran; • I 1 ~3-Dioxolane; .A I 1 ~4-Dioxane at 298.15 K. 
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Figure2. 
Viscosity deviations (L177) for binary mixtures of Acetonitrile (1) with+. 

Tetrahydrofuran; •. 1,3-Dioxolane; .A.. 1,4-Dioxane at 298.15 K. 
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Figure3. 

Deviations in isentropic compressibility (IlKs) for binary mixtures of 

Acetonitrile (1) with+, Tetrahydrofuran: •, 1 ,3-Dioxolane: .A, 1 ,4-Dioxane 

at 298.15 K. 
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Figure4. Deviations in intermolecular free length (ll.L,) for binary mixtures of 

Acetonitrile (1) with+, Tetrahydrofuran; •, 1,3-Dioxolane; A, 1,4-Dioxane at 

298.15 K. 
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Figure5. Deviations in specific acoustic impedance (LlZ) for binary mixtures of 

Acetonitrile (1) with+ I Tetrahydrofuran; • I 1 ~3-Dioxolane; .A I 1 ~4-Dioxane at 
298.15 K. 
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Figure6.Zvalues for binary mixtures of Acetonitrile (1) with+,Tetrahydrofuran; • 

1,3-Dioxolane; A., 1,4-Dioxane at 298.15 K. 
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Figure7. L,values for binary mixtures of Acetonitrile (1) with+, Tetrahydrofuran; 

•, 1,3-Dioxolane; .6., 1,4-Dioxane at 298.15 K. 
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Figure9. MA values for binary mixtures of Acetonitrile (1) with+, 

Tetrahydrofuran: •, 1 ,3-Dioxolane; .&. , 1 ,4-Dioxane at 298.15 K. 
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CHAPTER V 
Volumetric, viscometric and acoustic studies of binary mixtures 

of 2-ethoxy ethanol with 1-alkanols at 298.15 K* 

5.1. Introduction 

The volumetric and viscometric properties of mixed solvent systems and their 

dependence on composition find applications in many important chemical, industrial, and 

biological processes. Such systems find industrial applications such as heat transfer, 

fluid flow, and so forth. The study of functions such as excess molar volume, deviation in 

viscosity, excess free energy of activation of viscous flow, excess isentropic 

compressibility, etc. of binary liquid mixtures are useful in understanding the nature and 

strength of molecular interactions between the component molecules 1
-
3

. 

The present work deals with the study of excess thermodynamic and transport 

properties of some non - aqueous binary liquid mixtures. The liquids under investigation 

have been chosen on the basis of their industrial applications. The alkoxyethanols and 

alkanols are good industrial solvents which occupiers an important place in many 

industrial processes such as pharmaceutical and cosmetics industry and have greatly 

stimulated the need for extensive information on the thermodynamic, acoustic and 

transport properties of these solvents and their mixtures.4
-9 

In this chapter, we extend our studies to the binary mixtures formed by 2-

Ethoxy ethanol represented as (1) with eight monoalcohols, represented as (2), including 

Methanol, Ethanol, 1-Propanol, 1-Butanol, 1-Pentanol, 1-Hexanol, 1-Heptanol and 1-0ctanol 

at 298.15 K. The various thermodynamic properties such as excess molar volume ( VE ), 

viscosity deviations( 111]) and Gibbs excess free energy of activation for viscous flow 

( 11G*E) obtained from experimental observations have been rationalized. 2-Ethoxy 

ethanol and the monoalcohols have both a proton donor and a proton acceptor group. It 

is expected that there will be a significant degree of H-bonding leading to self

association in pure state in addition to mutual association in. their binaries. 10 

Besides this, isentropic compressibilities as well as deviations in isentropic 

compressibility ( I1K8 ) calculated from measured speed of sound (u) of 2-Ethoxy ethanol 
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and monoalchol mixtures are presented at 298.15K. The measurement of ultrasonic 

speed enables the accurate determination of isentropic compressibility coefficients 

( Ks) which can be used to provide qualitative information about the physical nature of 

the aggregates occurring in the liquid phase. To investigate the nature of the 

interactions, various thermodynamic parameters such as specific acoustic impedance 

11
( Z ), intermolecular free length ( L 1 ) 12

, Vander Wall's constant (b) 13
, molecular radius 

(r) 12
, geometrical volume (B), molar surface area (Y), available volume (Va) 12

, molar 

speed of sound ( R ) 14
, collision factor ( S )15 and molecular association ( M A ), 

16 has been 

calculated using the sound speed and density of the mixtures and pure solvents which 

are sensitive to interaction between solute and solvent. These properties for the 

mixtures studied are presented, compared and analyzed. A comparative study of the 

sound speeds calculated using different theoretical formulations and equations with the 

experimentally measured value is also performed, the results are represented 

graphically and the standard deviation in each case has been reported. 

5. 2. Experimental Section 

5. 2 .1 . Materials 

2-Ethoxy ethanol, Merck, India, was purified as described elsewhere 17 and is 

also mentioned chapter III. Methanol, Ethanol, Propanol, 1-Butanol, 1-Pentanol, 1-

Hexanol, 1-Heptanol and 1-0ctanol (5. D. Fine Chemicals, Analytical Reagent, Purity > 

99'Yo) were used. Their methods of purification are also mentioned in chapter III. The 

liquids were stored over molecular sieves. The density, viscosity and the sound speeds of 

the mixtures were determined immediately after mixing. The purity of the solvents was 

ascertained by GLC and· also by comparing experimental values of densities and 

viscosities with those reported in the literature as listed in Table 1. 

5. 2. 2. Apparatus and Procedure 

The details of the methods and techniques for determination of the parameters 

i.e. density ( p ), viscosity ( 17) and ultrasonic speed ( u) were described in earlier 

papers17
-
19and have been included in Chapter III. The weights were taken accurate to 

0.0002 g. The precision of the speed of sound, density and viscosity measurements are± 

0.2 m. s-1, ± 3 x 10-4 kg. m-3 and± 2 x 10-4 poise ( P) respectively. 
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5. 3. Results and Discussion 

The experimentally measured densities ( p ) and viscosities ( 7J) of the pure 

liquids at 298.15 K along with the reference values are recorded in table 1. 

The values of experimental density ( p ) and viscosity ( 7J ), the excess 

properties, ( VE, IJ.7] and !J.G*E) along with the interaction parameters ( d12 , ~2 , H 12 ) of 

the studied mixtures are recorded in table 2 and the corresponding graphs for VE and 

IJ.7] against the mole fractions of 2-ethoxy ethanol ( x1 ) are marked as Figure 1 and 

Figure 2 respectively. 

5. 3.1 Excess molar volume 

The excess molar volumes ( V E) were calculated using the molar masses ( M;) 

and densities of the pure liquids and the mixtures using the following equation, 6
• 

23 

E j ( 1 1 J V =:Lx;M;---
i=l P P; 

(1) 

where, M;, P;. X; are the molar mass, density, mole fraction of the ith component 

and p is the density of the mixture respectively. 

From figure!, we observe that, for the binary mixtures studied here, the VE values 

gradually changes from higher negative to less negative values and finally turns positive 

with the increase of chain length along the alcohol homologous series. It has the highest 

negative value for methanol and ultimately turns positive for the higher alkanols. 

VE values are negative for Methanol, Ethanol, !-Propanol and then they turn gradually 

more and more positive from !-Butanol to 1-0ctanol. Positive VE values for higher 

alkanols and negative VE values for lower alkanols were also reported by some other 

workers 21
-
23

. The observed trend in terms of negative values of VEin 1- alkanol + 2-

Ethoxy ethanol mixture is: 

Methanol > Ethanol > !-Propanol > !-Butanol >1-Pentanol > 1-Hexanol > 1-

Heptanol >1-0ctanol 

Such behavior is the result of contribution from several contraction and 

expansion processes which proceed simultaneously when 2-Ethoxy ethanol-- alkan-1-ol 

molecules are formed. The following effects can be considered: (a) disruption of liquid 

order on mixing and unfavorable interactions between unlike molecules producing a 
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positive contribution of VE; (b) contraction due to free volume difference of unlike 

molecules and (c) possible association through hydrogen bond formation between alkan-

1-ol and 2-Ethoxy ~thanol producing a negative contribution to VE. 

The alkanols are known to be extremely self associated through H- bonding and 

in 2-Ethoxy ethanol also self association through H- bonding is present. 24
. Mixing of 1-

Aikanols to 2- Ethoxy ethanol can be expected to bring changes in the H-bonding 

equilibria and electrostatic interactions with different resultant contributions in the 

volume of mixing. The negative values obtained for lower 1- alkanols suggest that the 

interaction between the unlike molecules exceed the structure breaking effect between 

the like molecules. These interactions are relatively strong between 2-Ethoxy ethanol 

and Methanol molecule thereby showing the highest negative VE value for their binary 

mixture .. Increasing the chain length of the alkanols tends to dilute this unlike 

interaction and finally for the higher alkanols this unlike interaction becomes 

unfavorable producing a positive contribution of VE. 

5. 3. 2 Viscosity deviations 

The deviation in viscosities from linearity (~1]) can be computed using the 

relationship, 

j 
~11=11- I (X.TJ.) 

. 1 l l 
l = 

(2) 

The values of ~1] figure2 are positive for Methanol and Ethanol and decreases 

regularly as the size of the alkan-1-ol is increased. The positive ~77 values indicate the 

predominance of H-bonding interactions between the unlike molecules over the 

dissociation effects of the mixing components25
• 

26
• This results in a liquid structure 

where the flow is rather difficult than would be expected on the basis of the viscosities 

of the pure components. 

It is known that the strength of the molecular hydrogen bonding is not only factor 

influencing the viscosity deviations in liquid mixtures. 27
• 

28 The molecular size and shape 

of the components and average degree of association of the mixture are equally 

important factors. The negative values of ~1] for higher alkanols indicate that the 

average degree of cross- association of mixtures gradually decreases as the chain 

length of alkan-1-ol is increased 27
• 

29
. Thus, larger the chain length of 1-alkanol, the 
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greater is the decrease in the average degree of association, as a result more negative 

deviations in viscosity versus mole fraction curve are observed. These conclusions are 

supported by the conclusions drawn from VE values. 

5.3.3 Excess Gibbs energies for activation of viscous flow (LJG7tE): 

It has been reported that, !!.G*E parameter can be considered as a reliable 

criterion to detect or exclude the presence of interactions between unlike molecules. 38
• 

30 

On the basis of the theories of absolute reaction rates 40
, the excess Gibbs energy 

of activation for viscous flow ( !!.G*E) was calculated from the equation, 41 

*E j 
!!.G = RT [ ln7JV- L (xi ln7J;V;)] (3) 

i=l 

According to Reed and Taylor and Meyer et. al. positive !!.G*E values indicate 

specific interactions while negative values indicate the dominance of dispersion forces 

38,39 

The magnitude of the positive value of !!.G*E is an excellent indicator of the 

strength of specific interactions. From the !!.G*E values recorded in table2, it is seen 

that, these values are negative or positive keeping similarity with the 1!!.77 values and 

thereby supports our conclusion drawn from VE and 1!!.77 considerations. 

5. 3. 4 Correlating equations: 

Apart from expressing 1J as a polynomial fit, several semi empirical relations 

have been proposed to estimate the dynamic viscosity 1J of liquid mixtures in terms of 

pure component data. 39
• 

31 We have examined equations proposed by Grunberg-Nissan, 

Tamura-Kurata and Hind et al. 

The single parameter Grunberg-Nissan equation 32 reads as: 

j j 

17 = exp[ L ( x; In 1J;) + d 12 [J x;] (4) 
i=l i=l 

where d12 is a parameter proportional to the interchange energy and has been 

regarded as an approximate measure for the non-ideal behaviors of binary mixtures. 

Tamura-Kurata 33 put forward the following equation for the viscosity of the binary 

liquid mixtures: 
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(5) 
i=l i=l 

where 7;_ 2 is the interaction parameter and ¢; is the volume fraction of ith pure 

component in the mixture. 

The following viscosity model of Hind et al 34 may also interpret molecular 

interactions 

j 

1] = L X ;21] i + 2 H 12 IT Xi 
i= I 

where H 12 is the interaction parameter. 

( 6) 

The interaction parameters have their merits in ascertaining the strength of 

molecular interactions in binary mixtures. Among the three parameters determined 

here, the Grunberg-Nissan parameter provides the best measure to ascertain the 

strength of interaction. At any given composition, the variation of d12 with strength of 

interaction is similar to that of !17] , being negative for systems in which dispersion 

forces are dominant, becoming less negative and then increasingly positive as the 

strength of interaction increases25
•
34

-
36

. 

According to Fort and Moore 25 the values of 7;_2 and H 12 are not very 

different except where the values of the components differ considerably. Further T12 

and H 12 show some variation with composition although this is only large for systems 

where there is ·a strong specific interaction between the components. There is a 

tendency of 7;_2 and H 12 at a certain composition to increase with the strength of 

interaction of the components but this is not well defined and 7;_2 and H 12 can not 

generally be regarded as a measure of the strength of interaction. 37 

A perusal of table2 shows that the variations and signs of d12 are similar to 

those of 111] and thereby supports our conclusion. It is also seen that, 7;_ 2 and H 12 

values are positive for all binary mixtures and are almost identical and do not change 

appreciably with the change of composition of binary mixtures. 

5. 3. 5 Isentropic compressibility 

Table 5 contains the sound velocity ( u ), isentropic compressibility ( K 8 ) and 

deviations in isentropic compressibility (M8 ) data for the binary mixtures at 298.15 K. 
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Isentropic compressibility K8 and deviations in isentropic compressibility 11K8 

were calculated from experimental densities, p, and speeds of sound u , using the 

following equations 

j 

Ms = Ks - L (x;Ks,i) 
i~l 

(7) 

(8) 

where, K 8 , gives the isentropic compressibility for the i th component of 

the mixture 

The ultrasonic speeds are given in table 3, together with the isentropic 

compressibility K 8 and deviations in isentropic compressibility !1K8 for 2-Ethoxy 

ethanol + 1-alkanol mixtures at 298.15 K. Experimental values for !1K8 are plotted 

against mole fraction of 2-Ethoxy ethanol in Fig. 3 

We have attempted to explain the physico-chemical behavior of the_ mixtures in 

order to know the nature of molecular interactions between the components by various 

acoustical parameters calculated using the speeds of sound and density data. Various 

parameters such as specific acoustic impedance Z , intermolecular free length L 1 , 

Vander Waal's constant b, molecular radius r, geometrical volume B , molar surface 

area Y, available volume Va, molar speed of sound R, relative association, RA, collision 

factor S and molecular association M A has been calculated using the following relations: 

L1 =K.[i(; 
Z =up 

b = ( ~)-U:, J{[~+( :;Jt -~} 
I 

( 
3b )3 

r = 16nN 
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Va=V-Va 
I 

R=Mzi3 
p 

umix 
2 

LX;U; 
i=l 

2 

-1 

(15) 

(16) 

(17) 

(18) 

(19) 

where K is a temperature dependent constant, V0 is volume at absolute zero, 

u~ is taken as 1600 ms-1
• These parameters are listed in Table 4for the pure components 

and in Table 5 for the binary mixtures. Plots of L 1 . Z, Va and R against the mole 

fraction of 2-Ethoxy ethanol (x1 ) are shown in figures (4), (5), (6) and (7) respectively. 

It is observed that, the value of specific acoustic impedance Z increases with 

increasing x 1 for all the mixtures, while the L 1 behaves in an opposite manner. The 

graphs do not show any sudden variation in their behaviour, thereby implying the 

absence of complex formation. 16 

The RA values increase with increasing x 1 for all the mixtures which signifies 

that the 1-2 interactions in these mixtures are not strongly dissociative. The decrease 

in L f and va with increase in XI indicates significant interaction between the mixing 

molecules. 28 

From Fig 3, it is evident that the M 5 values are negative for lower 

monoalcohols but the magnitude of negative values diminishes and the positive values 

increases with the increasing chain length of the alcohols. The values of M 5 in terms 

of negativity are enhanced by the following order: -

Methanol > Ethanol > !-Propanol > !-Butanol >1-Pentanol > 1-Hexanol > 1-Heptanol 

>1-0ctanol 
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These results can be explained in terms of molecular interactions and structural 

effects. Positive M
8 

values are due to the breaking of interactions and the 

corresponding disruption of molecular order in the pure components 
42

. The donor

acceptor interaction between the 2-Ethoxy ethanol and the alcohols play an important 

part for the mixtures containing lower alcohols like Methanol, Ethanol, 1-Propanol where 

there is strong specific interaction between the component molecules leading to 

negative value of M.8 . Interactions between the molecules of 2-Ethoxy ethanol or 

monoalcohols are broken in the mixing process; the breaking leads to positive M 8 

values for the mixtures containing higher chain length of alcohols as compared to the 

lower alcohols. There is a parallel in the qualitative behaviour of i}.q and VE curves. 

5.3.6 Redlich-Kister polynomial equation 

The excess properties (VE,!}.q,!}.G·Eand M.8 ) were fitted to the Redlich-

Kister polynomial equation 43
, 

(20) 

where Y E refers to excess properties, x1 is the mole fraction of 2-Ethoxy ethanol 

and Xz is that of the other component of the binary mixtures respectively. The 

coefficients (A;) were obtained by fitting eqn. 20 to experimental results using a least-

squares regression method. In each case, .the optimal number of coefficients was 

ascertained from an approximation of the variation in the standard deviation ( G" ). The 

calculated values of A; along with the tabulated standard deviations ( G") are listed in 

Table 6. The standard deviation ( G") was calculated using the equation, 

(21) 

where n is the number of data points and m is the number of coefficients. 

5. 3. 7 Predictions of sound speeds 

The sound speeds of binary mixtures are often predicted by free length theory 

(FL T), collision factor theory (CFT), the Nomoto Equation, the Vandeal Vangael ideal 

mixing relation (V V), the impedance dependence relation (I D) etc. For comparison, the 
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theoretical values of the sound speed u has been calculated by using the above five 

theories and empirical equations. The following final relations were used for calculating 

sound speeds: 

According to FL T 12
, the speed of sound is given by, 

UFLT = Ks / Lfpl/2 

The free length L 1 is obtained by: 

(22) 

(23) 

where, Vo; is the molar volume of the pure component i at absolute zero and is 

given by Sugden's formula, 

Vo; = v(1-TJo.3 
' Tci 

(24) 

where Tc is the critical temperature for the pure components. Y; is the surface 

area per mole for the pure component I and is given by, 

Y; = (36 1tNV 0~ )
113 

Collision factor theory 15
, 

UcFT=u.J~S1 ]+[(x1E; +x2B2)/1';"2] 

Nomoto equation, 56 

Vandeal Vangael 57 ideal mixing relation 

1 1 X 1 X 2 
--2-=--2 +--2 

x!MI + x2M2 umix Mlu! M2u2 

Impedance dependence relation 58
• 
59 

U= 

(25) 

(26) 

(27) 

(28) 

(29) 

where, K 8 , S, B, R, Z, p are the isentropic compressibility, collision 

factor, geometrical volume, molar speed of sound, specific acoustic impedance and 

density respectively for pure 2-ethoxy ethanol (1), 1-alkanols (2), and the mixtures (12) 

respectively. U
00 

is a constant value taken asl600ms-1
• 
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The compositional dependence of the experimental and sound speeds calculated 

by the free length theory(FL T),collision factor theory(CFT)and the Nomoto Equation 

of the binary mixtures of 2-ethoxy ethanol and 1-alkanols are shown in figures 9 (a -

h).The results show that, the Nomoto equation and the Collision factor theory predicts 

the experimental data extremely well, whereas the Free length theory gives the 

maximum deviation for the present set of binary mixtures. Table 7 summarizes the 

deviations for different prediction methods. Based on deviation values obtained, the 

following order for the relative predictive capability for each of the methods is 

obtained, 

Nomoto ~ CFT > I D ~ V V > FL T 

5. 4. Conclusions 

In this work, eight binary mixtures formed by 2-Ethoxy ethanol with eight 

monoalcohols have been studied in terms of excess molar volumes, viscosity 

deviations, acoustic impedance, intermolecular free length . isentropic compressibility 

and interaction parameters. It is seen that, increasing the chain length of the alkanols 

tends to dilute the unlike interaction and finally for the higher alkanols this unlike 

interaction becomes unfavorable. The theoretical values of the sound speed were 

calculated by using the free length theory, collision factor theory, the Nomoto Equation, 

the Vandeal Vangael ideal mixing relation, the impedance dependence relation and 

compared with the experimentally measured sound speed. The results showed that, the 

Nomoto equation and the Collision factor theory predicts the experimental data 

extremely well, whereas the Free length theory gives the maximum deviation for the 

experimental set of binary mixtures. 
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TABLE 1. 

Comparison of density (p), viscosity (fl) and sound speeds (u) with Literature 

Data at 298.15 K. 

p X 103 
TJ u 

· Pure Liquid I (kg· m-3
) /(mPa·s) /(m·s-1

) _.,. 
Expt. Lit. Expt. Lit. Expt. Lit. 

2-ETHOXY 
0.9254 0.925344 1.8506 1.851 60 1309.00 1300.4051 

ETHANOL 

METHANOL 0.7866 0.7865645 0.5509 0.542245 1104.2 1103.052 

ETHANOL 0.7857 0.785146 1.0892 1142.0 1145.0053 

1-PROPANOL 0.7993 0.799547 2.0074 1209.4 1206.5 47 

1-BUTANOL 0.8062 0.805848 2.5571 2.5600 49 1240.2 1240.0054 

1-PENTANOL 0.8112 0.811148 
3.5104 3.51050 

1277.2 1277.0054 

1-HEXANOL 0.8151 0.8151548 4.5917 4.59050 
1328.3 1328.0056 

~ 
1-HEPTANOL 0.82068 0.818 7 59 5.9368 1331.5 1330.0054 

1-0CTANOL 0.8218 0.821648 7.3646 7.36350 1347.7 1347.4 55 
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TABLE 2. 

Values of density (p), viscosity (rt), excess molar volume (Ve), viscosity deviation 

(~rt), excess Gibbs energy of activation for viscous flow (~G*E>, Grunberg-Nissan, 

Tamura Kurata and Hind interaction parameters (d12, T12, H12) for binary mixtures 

of 2-Ethoxy ethanol + Methanol, Ethanol, Propanol, Butanol, Pentanol, Hexanol, 

Heptanol and Octanol at 298.15 K 

p x1o-3 ve x106 
~G*E ll /(m3.mol- ~ll 

d12 T12 X1 /(kg.m3
) /(mPa.s) /(mPa.s) /(J".mol-1) 1) 

2-Ethoxy ethanol + Methanol 

0 0.7866 0.5509 0 0 0 

0.0380 0.7997 0.6216 -0.058 0.021 227.32 1.66 1.22 

0.0816 0.8131 0.7062 -0.118 0.049 454.06 1.81 1.26 

0.1322 0.8267 0.7916 -0.176 0.069 625.16 1.65 1.25 

0.1916 0.8406 0.8844 -0.231 0.085 758.35 1.48 1.25 

0.2623 0.8550 0.9885 -0.298 0.097 852.25 1.32 1.24 

0.3478 0.8694 1.1144 -0.349 0.111 914.00 1.21 1.26 

0.4534 0.8839 1.2555 -0.379 0.115 898.30 1.07 1.27 

0.5871 0.8981 1.4225 -0.350 0.109 787.40 0.95 1.29 

0.7619 0.9117 1.6248 -0.211 0.084 531.16 0.85 1.33 

1 0.9254 1.8506 0 0 0 

2-Ethoxy ethanol + Ethanol 

0 0.7857 1.0892 0 0 0 

0.0538 0.7985 1.1465 -0.058 0.016 72.83 0.45 1.55 

0.1133 0.8115 1.2067 -0.104 0.031 137.4 0.42 1.55 

0.2542 0.8382 1.3413 -0.165 0.059 241.19 0.39 1.56 

H12 

1.49 

1.53 

1.50 

1.47 

1.45 

1.45 

1.43 

1.42 

1.43 

1.63 

1.63 

1.62 

Contd ... 
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.~ -

0.3383 0.8521 1.4165 -0.186 0.070 274.98 0.37 1.57 1.63 

0.4341 0.8662 1.4966 -0.194 0.077 290.16 0.36 1.58 1.63 

0.5440 0.8806 1.5810 -0.185 0.078 280.19 0.34 1.58 1.63 

0.6716 0.8953 1.6690 -0.159 0.068 236.54 0.32 1.59 1.63 

0.8215 0.9103 1.7613 -0.099 0.047 150.98 0.31 1.61 1.63 

-+ 1 0.9254 1.8506 0 0 0 

2-Ethoxy ethanol + Propanol 

0 0.7993 2.0074 0 0 0 

0.0690 0.8108 1.9415 -0.037 -0.055 -64.37 -0.43 1.57 1.50 

0.1429 0.8224 1.8906 -0.066 -0.094 -111.04 -0.39 1.60 1.54 

0.2223 0.8344 1.8521 -0.100 -0.121 -142.92 -0.36 1.63 1.58 

~ 0.3078 0.8466 1.8256 -0.114 :..0.134 -158.58 -0.33 1.65 1.62 

0.4001 0.8591 1.8108 -0.126 -0.135 -158.41 -0.30 1.68 1.65 

0.5001 0.8717 1.8056 -0.113 -0.123 -144.40 -0.26 1.71 1.68 

0.6088 0.8844 1.8105 -0.075 -0.102 -116.02 -0.23 1.73 1.72 

0.7273 0.8976 1.8226 -0.049 -0.071 -78.28 -0.19 1.76 1.75 

0.8572 0.9113 1.8386 -0.022 -0.034 -35.95 -0.15 1.80 1.79 

1 0.9254 1.8506 0 0 0 

-~ 
2-Ethoxy ethanol + Butanol 

0 0.8062 2.5571 0 0 0 

0.0837 0.8166 2.4339 0.011 -0.064 -54.64 -0.29 1.81 1.79 

0.1706 0.8272 2.3117 0.030 -0.125 -112.00 -0.32 1.78 1.76 

0.2606 0.8381 2.2060 0.054 -0.167 -154.92 -0.33 1.79 1.77 

0.3541 0.8493 2.1129 0.076 -0.194 -186.25 -0.33 1.79 1.78 

~· 

Contd ... 
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'4 

0.4513 0.8609 2.0349 0.088 -0.203 -201.16 -0.33 1.81 1.79 

0.5523 0.8729 1.9838 0.087 -0.183 -183.33 -0.30 1.84 1.83 

0.6574 0.8854 1.9489 0.074 -0.144 -143.54 -0.26 1.89 1.88 

0.7669 0.8984 1.9249 0.048 -0.090 -87.34 -0.20 1.96 1.95 

0.8810 0.9117 1.9016 0.019 -0.033 -27.22 -0.11 2.05 2.05 
/ 

1 0.9254 1.8506 0 0 0 
'~ 

2- Ethoxy ethanol + Butanol 

0 0.8112 3.5104 0 0 0 

0.0980 0.8210 3.1674 0.045 -0.180 -54.64 -0.45 1.57 1.66 

0.1965 0.8309 2.8637 0.103 -0.321 -112.00 -0.50 1.59 1.67 

0.2954 0.8412 2.6191 0.148 -0.401 -154.92 -0.50 1.65 1.72 

0.3947 0.8518 2.4305 0.187 -0.425 -186.25 -0.48 1.74 1.79 
~ 

0.4945 0.8628 2.2827 0.212 -0.407 -201.16 -0.46 1.82 1.87 

0.5947 0.8742 2.1783 0.222 -0.345 -183.33 -0.40 1.93 1.96 

0.6953 0.8861 2.0992 0.203 -0.257 -143.54 -0.33 2.04 2.07 

0.7964 0.8986 2.0275 0.161 -0.161 -87.34 -0.24 2.16 2.18 

0.8980 0.9117 1.9541 0.093 -0.066 -27.22 -0.12 2.29 2.32 

1 0.9254 1.8506 0 0 0 

2-Ethox~ ethanol + Hexanol 
~-

0 0.8151 4.5917 0 0 0 

0.1119 0.8244 3.9460 0.080 -0.339 -114.65 -0.50 2.10 1.52 

0.2209 0.8340 3.4770 0.147 -0.509 -175.78 -0.45 2.08 1.74 

0.3270 0.8440 3.0803 0.191 -0.615 -232.06 -0.46 2.04 1.82 

0.4305 0.8543 2.7757 0.221 -0.636 -254.08 -0.46 2.01 1.92 

0.5314 0.8649 2.5612 0.240 -0.574 -225.06 -0.40 1.97 2.07 

Contd ... 
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Volumetric, viscometric .................... 1-alkanols at 298.15 K* 

0.6297 0.8758 2.3806 0.254 -0.485 -185.27 -0.36 1.93 2:18 

0.7257 0.8873 2.2425 0.237 -0.360 -119.92 -0.29 1.89 2.32 

0.8193 0.8992 2.1213 0.209 -0.225 -51.23 -0.19 1.85 2.46 

0.9108 0.9119 2.0053 0.126 -0.090 7.83 -0.01 1.81 2.67 

1 0.9254 1.8506 0 0 0 

~ 
2-Ethoxy ethanol + Heptanol 

0 0.8207 5.9368 0 0 0 

0.1253 0.8277 4.9665 0.125 -0.435 -55.68 -0.30 1.16 1.80 

0.2438 0.8367 4.2073 0.238 -0.712 -110.60 -0.33 1.36 1.90 

0.3559 0.8464 3.6548 0.320 -0.811 -126.78 -0.31 1.64 2.08 

0.4623 0.8561 3.2302 0.377 -0.818 -120.28 -0.28 1.88 2.25 

0.5632 0.8661 2.9021 0.414 -0.733 -92.86 -0.24 2.10 2.40 
~ 

0.6592 0.8771 2.6169 0.410 -0.626 -75.95 -0.23 2.24 2.50 

0.7505 0.8882 2.3828 0.372 -0.487 -51.16 -0.20 2.38 2.59 

0.8376 0.8995 2.1996 0.296 -0.315 -7.38 -0.12 2.55 2.74 

0.9207 0.9118 2.0410 0.168 -0.134 32.75 0.07 2.79 2.98 

1 0.9254 1.8506 a· 0 0 

2-Ethoxy ethanol + Octanol 

0 0.8218 7.3646 0 0 0 _. 
0.1384 0.8302 6.0618 0.169 -0.540 24.99 -0.03 1.33 2.34 

0.2654 0.8389 5.0613 0.289 -0.840 36.69 -0.04 1.60 2.45 

0.3825 0.8481 4.2677 0.366 -0.988 29.89 -0.07 1.79 2.52 

0.4907 0.8576 3.6490 0.409 -1.010 19.57 -0.10 1.98 2.59 

0.5910 0.8675 3.1718 0.428 -0.934 16.36 -0.11 2.16 2.68 

0.6843 0.8778 2.8054 0.416 -0.786 26.02 -0.09 2.36 2.79 

~ 0.7713 0.8887 2.5039 0.370 -0.608 30.75 -0.08 2.52 2.88 
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0.9002 

0.9123 
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2.2662 
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0.291 
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Volumetric, viscometric .................... 1-alkano.ls at 298.15 K* 

~ 
- TABLE 3. 

Values of Ultrasonic Speeds (u), Isentropic compressibility (Ks), Deviations 
in isentropic compressibility (~ Ks) for binary mixtures of 2-Ethoxy ethanol 

+ Methanol, Ethanol, Propanol, Butanol, Pentanol, Hexanol, Heptanol and 
Octanol at 298.15 

u u 

/m sec-1 Ks x1012 AKs x1012 
/m sec-1 Ks x1012 AKsx1012 

X1 /Pa-1 /Pa- 1 x1 /Pa-1 /Pa-1 

·~ 2-Ethoxy ethanol + Methanol 2-Ethoxy ethanol + Ethanol 

0 1104.2 1042.63 0 0 1142.0 975.89 0 

0.0380 1130.9 981.86 -45.11 0.0538 . 1174.6 907.67 -49.66 

0.0816 1151.5 931.90 -77.10 0.1133 1199.2 856.88 -79.88 

0.1322 1167.5 886.36 -101.80 0.1798 1220.6 813.83 -100.01 

0.1916 1188.6 842.09 -121.60 0.2542 1238.6 777.63 -110.49 

0.2623 1205.1 803.78 -130.80 0.3383 1253.7 746.68 -112.40 -.f, 
0.3478 1220.5 771.62 -127.72 0.4341 1265.2 721.24 -104.80 

0.4534 1233.1 744.02 -111.81 0.5440 1275.7 697.77 -90.30 

0.5871 1246.9 716.60 -84.14 0.6716 1288.2 673.06 -70.96 

0.7619 1266.2 684.13 -44.62 0.8215 1301.4 648.68 -43.60 

1 1309.0 630.65 0 1 1309.0 630.65 0 
2 -Ethoxy ethanol + Propanol 2-Ethoxy ethanol + Butanol 

0 1209.4 806.49 0 0 1240.2 806.49 0 

_,.,.._ 0.0690 1224.6 790.01 -17.36 0.083·7 1245.0 790.01 -1.76 

0.1429 1238.7 770.83 -30.71 0.1706 1252.3 770.83 -5.67 

0.2223 1249.6 749.95 -37.90 0.2606 1261.4 749.95 -10.71 

0.3078 1259.5 728.42 -41.50 0.3541 1271.4 728.42 -15.80 

0.4001 1268.0 708.33 -41.43 0.4513 1280.6 708.33 -18.81 

0.5001 1276.6 689.16 -39.01 0.5523 1289.3 689.16 -20.21 

0.6088 1285.0 672.37 -33.70 0.6574 1296.1 672.37 -18.52 

-* 
Contd ... 
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Volumetric, viscometricoooooooooooooooooo 0 0 1-alkanols at 298 015 K"' 

~ 

0.7273 129306 657.40 -26.11 007669 1301.2 657.40 -14024 

008572 130205 644023 -15088 008810 130408 644023 -7035 

1 130900 630065 0 1 130900 630065 0 
2-Ethoxy ethanol + Pentanol 2-Ethoxy ethanol + Hexanol 

0 127702 755071 0 0 132803 695034 0 

000980 1281.8 741.34 -2.11 0.1119 132403 691.70 3060 
~ 

0.1965 128605 727.16 -3098 002209 132009 687023 6.18 

002954 1291.0 713023 -5054 003270 131800 682002 ·7083 

003947 1295.1 699089 -6.46 0.4305 1315.7 676.16 8067 

0.4945 129808 687.10 -6077 005314 131402 669.44 8.47 

005947 1301.6 675020 -6.14 006297 1313.1 662024 7064 

006953 130308 663086 -4089 007257 131202 654055 6.15 

007964 130506 652085 -3026 008193 1311.5 646056 4022 

008980 1307.1 641.99 -1.42 009108 1310.7 638033 1.91 $;.-

1 130900 630065 0 1 130900 630065 0 
2-Ethoxy ethanol + Heptanol 2-Ethoxy ethanol + Octanol 

0 1331.5 687028 0 0 1347.7 669096 0 

0.1253 1326.4 686.72 6054 0.1384 133903 671.52 7001 

002438 132203 683052 10004 002654 133208 671.02 11.49 

003559 131902 678085 11.73 003825 132703 669033 14.40 

0.4623 131605 673094 12084 0.4907 132205 666064 15097 

005632 131402 668051 13.12 005910 1318.7 662089 16.16 
~-

006592 131205 661.87 11.92 006843 131506 658.17 15.11 

0.7505 1311.1 655000 10022 007713 131303 652039 12.75 

008376 130909 647096 8011 008525 1311.5 645084 9039 

009207 130907 639034 4020 009286 131002 638054 5008 

1 130900 630065 0 1 130900 630065 0 

~ 
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TABLE 4. 

Vander Wall's Constant b, Molecular Radius r, Geometrical Volume 8, Collision Factor S, Molar Speed of Sound R, Available 

Volume Va , Intermolecular Free Length L,, Molar Volume at Absolute Zero Vo , Molar Surface Area Y and Specific Acoustic 

Impedance Z of the Pure Components at 298.15 K. 

b X 105 B X 105 s R x106 
VaX 105 Lt Vox 105 Yx1o-4 zx1o-3 < r 0 

Component /(m3) I( nm) /(m3mol-1) /{ m3mol-1 /(cu m) (Ao) /(cu m) /(Ao) /Kgm2s-1 c 
3 

(ms-1)113} 
(I) 
-+ , 
r;· 

2-Ethoxy 
i065.30 

<·. 
ethanol 9.17 0.209 2.29 3.48 1.77 0.5165 7.97 32.94 1211.3 iii"::, n .. 

0 

Methanol 3.69 0.154 0.92 3.05 420.98 1.26 0.6641 2.81 17.95 868.61 
3 
(I) 
-+ , 

Ethanol 5.38 0.174 1.34 3.11 613.01 1.67 0.6425 4.19 23.08 897.29 
r; 

.-
w Propan-1-ol 6.97 0.190 1.74 3.26 801.07 1.84 0.6015 5.68 27.45 966.71 ...., 

Butan-1-ol 8.59 0.204 2.15 3.32 987.77 2.07 0.5841 7.13 31.54 999.79 -· I 

e.. 
" Pentan-1-ol 10.21 0.216 2.55 3.40 1179.00 2.19 0.5654 8.67 35.40 1036.06 Q 
::::s 
0 
iii' 

Hexan-1-ol 11.84 0.227 2.96 3.52 1378.00 2.13 0.5424 10.41 39.08 1082.70 
Q 
-+ 
N 
\0 

Heptan-1-ol 13.42 0.237 3.35 3.51 1557.70 2.38 0.5392 11.78 42.47 1092.76 
(X) 

.-
U1 

Octan-1-ol 15.06 0.246 3.77 3.54 1750.42 2.50 0.5323 13.35 45.87 1107.54 "' lt 



Volumetric, viscometric .................... 1-alkanols at 298.15 K* 

·~ 
TABLE 5. 

Speeds of Sound, Isentropic Compressibility and Excess Isentropic 
Compressibility, Deviation of Speed of Sound, Excess Intermolecular Free 

Length and Excess Acoustic Impedance of Alkan-1-ol +2-Ethoxy ethanol at 
298.15 K 

2-Ethoxy ethanol + Methanol 

R X 106 

Vax105 
ks Lt /{m3mol-1 MA x 10-3 x1 /TPa-1 /(Ao) RA z 

(ms-1)1/3} /(cu m) ~ 

0.0380 977.74 0.6431 370.86 0.9073 -0.4828 1.20 904.38 

0.0816 927.53 0.6264 384.99 0.9170 -0.4738 1.17 936.28 

0.1322 887.44 0.6127 402.39 0.9281 -0.4660 1.15 965.17 

0.1916 842.05 0.59(>9 424.43 0.9381 -0.4596 1.12 999.14 

0.2623 805.36 0.5837 451.84 0.9497 -0.4548 1.11 1030.36 

0.3478 772.16 0.5715 488.29 0.9617 -0.4529 1.13 1061.10 

0.4534 744.05 0.5610 539.29 0.9744 -0.4548 1.18 1089.94 ~ 

0.5871 716.16 0.5504 617.87 0.9864 -0.4620 1.27 1119.84 

0.7619 684.14 0.5380 756.05 0.9962 -0.4766 1.44 1154.39 
2-Ethoxy ethanol + Ethanol 

0.0538 907.71 0.6197 539.56 0.8946 :..o.5187 1.58 937.92 

0.1133 856.90 0.6021 560.05 0.9029 -0.5114 1.51 973.15 

0.1798 813.87 0.5868 583.40 0.9122 -0.5049 1.45 1006.63 

0.2542 777.66 0.5736 610.62 0.9226 -0.4992 1.42 1038.19 

0.3383 746.66 0.5620 643.28 0.9341 -0.4945 1.40 1068.28 ~~ 

0.4341 721.21 0.5524 683.56 0.9467 -0.4913 1.41 1095.92 

0.5440 697.79 0.5433 735.61 0.9598 -0.4898 1.45 1123.38 

0.6716 673.08 0.5336 806.51 0.9727 -0.4904 1.49 1153.33 

0.8215 648.63 0.5238 908.28. 0.9856 -0.4936 1.58 1184.66 

Contd. 
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Volumetric, viscometric .................... 1-alkanols at 298.15 K* 

~-
TABLE5. 

Speeds of Sound, Isentropic Compressibility and Excess Isentropic Compressibility, 
Deviation of Speed of Sound, Excess Intermolecular Free Length and Excess 

Acoustic Impedance of Alkan-1-ol +2-Ethoxy ethanol at 298.15 K 

2-Ethoxy ethanol + Methanol 

R X 106 

Vax105 
ks Lt -/{m3mol-1 MA 

X 10-3. x1 /TPa-1 /(Ao) RA z 
(ms-1)1/3} /(cu m) 

~ 0.0380 977.74 0.6431 370.86 0.9073 -0.4828 1.20 904.38 

0.0816 927.53 0.6264 384.99 0.9170 -0.4738 1.17 936.28 

0.1322 887.44 0.6127 402.39 0.9281 -0.4660 1.15 965.17 

0.1916 842.05 0.5969 424.43 0.9381 -0.4596 1.12 999.14 

0.2623 805.36 0.5837 451.84 0.9497 -0.4548 1.11 1030.36 

0.3478 772.16 0.5715 488.29 0.9617 -0.4529 1.13 1061.10 

0.4534 744.05 0.5610 539.29 0.9744 -0.4548 1.18 1089.94. 

-:-f. 0.5871 716.16 0.5504 617.87 0.9864 -0.4620 1.27 1119.84 

0.7619 684.14 0.5380 756.05 0.9962 -0.4766 1.44 1154.39 
2-Ethoxy ethanol + Ethanol 

0.0538 907.71 0.6197 539.56 0.8946 -0.5187 1.58 937.92 

0.1133 856.90 0.6021 560.05 0.9029 -0.5114 1.51 973.15 

0.1798 813.87 0.5868 583.40 0.9122 -0.5049 1.45 1006.63 

0.2542 777.66 0.5736 610.62 0.9226 -0.4992 1.42 1038.19 

0.3383 746.66 0.5620 643.28 0.9341 -0.4945 1.40 1068.28 
~ 0.4341 721.21 0.5524 683.56 0.9467 -0.4913 1.41 1095.92 

0.5440 697.79 0.5433 735.61 0.9598 -0.4898 1.45 1123.38 

0.6716 673.08 0.5336 806.51 0.9727 -0.4904 1.49 1153.33 

0.8215 648.63 0.5238 908.28 0.9856 -0.4936 1.58 1184.66 
2-Ethoxy ethanol + Propanol 

0.0690 822.43 0.5899 711.17 0.8958 -0.5556 1.78 992.91 

--t Contd. 
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Volumetric, viscometric .................... 1-alkanols at 298._15 K* 

0.1429 792.47 0.5790 732.34 0.9052 -0.5483 1.73 1018.71 

0.2223 767.51 0.5698 755.46 0.9157 -0.541 1.70 1042.67 

0.3078 744.60 0.5613 781.48 0.9267 -0.5339 -1.68 1066.29 

0.4001 723.97 0.5534 811.03 0.9383 -0.5271 1.68 1089.34 

0.5001 703.92 0.5457 845.34 0.9499 -0.5208 1.67 1112.81 

0.6088 684.77 0.5382 885.67 0.9616 -0.5151 1.68 1136.45 
~ 

0.7273 665.77 0.5307 933.91 0.9738 -0.5097 1.69 1161.12 

0.8572 646.86 0.5231 992.71 0.9863 -0.5047 1.72 1186.90 
2- Ethoxy ethanol + Butanol 

0.0837 790.05 0.5781 874.65 0.8973 -0.5705 2.04 1016.67 

0.1706 770.86 0.5711 890.28 0.9072 -0.5634 2.01 1035.90 

0.2606 749.89 0.5632 907.40 0.9169 -0.5562 1.96 1057.18 :¥-
0.3541 728.41 0.5551 925.91 0.9267 -0.5489 1.91 1079.80 

0.4513 708.30 0.5474 945.54 0.9371 -0.5414 1.87 1102.47 

0.5523 689.17 0.5400 966.52 0.9480 -0.5336 1.83 1125.43 

0.6574 672.33 0.5333 988.67 0.9599 -0.5256 1.80 1147.57 

0.7669 657.42 0.5274 1012.20 0.9728 .:0.5172 1.78 1169.00 

0.8810 644.26 0.5221 1037.50 0.9863 -0.5088 1.78 1189.59 
2- Ethoxy ethanol + Pentanol 

0.0980 741.34 0.5600 1036.97 0.8934 -0.5888 2.14 1052.36 ~ 

0.1965 727.16 0.5546 1040.48 0.9031 -0.5809 2.09 1068.95 

0.2954 713.26 0.5493 1043.95 0.9132 -0.5725 2.04 1085.99 

0.3947 699.93 0.5442 1047.35 0.9237 -0.5638 1.99 1103.17 

0.4945 687.08 0.5391 1050.66 0.9348 -0.5547 1.94 1120.60 

0.5947 675.20 0.5345 1053.74 0.9465 -0.5451 1.91 1137.86 

0.6953 663.89 0.5300 1056.69 0.9588 -0.5349 1.87 1155.30 
~ 

Contd. 
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_.,. 

0.7964 652.85 0.5255 1059.56 0.9719 -0.5241 1.84 1173.21 

0.8980 641.99 0.5212 1062.36 0.9857 -0.5125 1.81 1191.68 
2-Ethoxy ethanol + Hexanol 

0.1119 691.65 0.5409 1194.66 0.8874 -0.6135 1.20 1091.75 

0.2209 687.22 0.5392 1176.73 0.8985 -0.6032 1.17 1101.63 

~ 0.3270 682.07 0.5372 1159.86 0.9099 -0.5924 1.15 1112.39 

0.4305 676.20 0.5349 1144.01 0.9216 -0.5811 1.12 1124.00 

0.5314 669.44 0.5322 1129.16 0.9334 -0.5694 1.11 1136.65 

0.6297 662.22 0.5293 1115.14 0.9454 -0.5572 1.13 1150.01 

0.7257 654.53 0.5262 1101.84 0.9580 -0.5442 1.18 1164.32 

0.8193 646.56 0.5230 1089.20 0.9711 -0.5306 1.27 1179.30 

~ 0.9108 638.33 0.5197 1077.11 0.9850 -0.5160 1.44 1195.23 

2-Ethox}': ethanol + He~tanol 

0.1253 686.72 0.5390 1331.37 0.8905 -0.6119 2.32 1097.86 

0.2438 683.55 0.5378 1287.40 0.9011 -0.6019 2.25 1106.37 

0.3559 678.90 0.5359 1248.55 0.9123 -0.5910 2.18 1116.57 

0.4623 673.96 0.5340 1213.83 0.9233 -0.5801 2.12 1127.06 

0.5632 668.51 0.5318 1182.65 0.9347 -0.5687 2.06 1138.23 

0.6592 661.84 0.5291 1154.56 0.9470 -0.5562 1.99 1151.19 

-A 0.7505 654.96 0.5264 1129.09 0.9593 -0.5435 1.94 1164.52 

0.8376 647.92 0.5236 1105.85 0.9718 -0.5304 1.89 1178.26 

0.9207 639.38 0.5201 1084.81 0.9851 -0.5161 1.83 1194.18 
2-Ethoxy ethanol + Octanol 

0.1384 671.52 0.5330 1461.25 0.8903 -0.6175 2.41 1109.65 

0.2654 671.06 0.5328 1385.10 0.9011 -0.6066 2.32 1114.39 

* Contd. 
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0.3825 669.29 0.5321 1321.61 0.9122 -0.5951 2.24 1122.97 

0.4907 666.69 0.5311 1267.83 0.9236 -0.5834 2.16 1131.60 

0.5910 662.89 0.5296 1221.83 0.9351 -0.5712 2.09 1142.32 

0.6843 658.20 0.5277 1182.02 0.9470 -0.5586 2.02 1154.83 

0.7713 652.40 0.5254 1147.29 0.9593 -0.5452 1.96 1167.13 

0.8525 645.84 0.5227 1116.70 0.9722 -0.5312 1.89 1180.61 

0.9286 638.54 0.5197 1089.59 0.9855 -0.5163 1.83 1195.30 
~ 
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-~ 

TABLE 6 

Redlich-Kister coefficients and standard deviations (a) for the binary mixtures of 
2-Ethoxy ethanol + Methanol, Ethanol, 1-Propanol, 1-Butanol, 1-Pentanol, 1-

Hexanol, 1-Heptanol and 1-0ctanol at 
T = 298.15 K. 

Binary Excess Ao A1 A2 A3 A4 a 
mixture pro~erty 

~ 
ye x 106 

3.16995 -0.19613 9.25258 0.49292 
/(m3

• mol-1 
) 

2-Ethoxy 811 0.45326 -0.06186 0.15702 0.00207 
ethanol /(mPa 5) 

+ 8G*E 
Methanol /(J".mol-1

) 
3479.34 -1432.39 1298.143 -2197.38 -1306.92 2.65174 

8 K5 x 1012 -410.03 418.665 -260.832 -231.895 186.4851 0.26013 
/(Pa- 1) 

ye x 106 -0.7623 0.1832 -0.14364 -0.26987 0.10883 0.0013 _. 
/(m3 • mol-1 

) 

2-Ethoxy 811 0.31223 0.00246 0.00039 

ethanol 
/(mPa 5) 

+ 8G*E 
Ethanol 

/(J".mol-1
) 

1146.97 -231.093 71.5142 0.69754 

8 K5 x 1012 

-384.08 270.833 -468.176 -422.724 1819.404 0.0000 (Pa-1) 

vex 106 

-0.4525 0.63921 0.95591 -4.03612 -7.6092 0.0000 /(m3 • mol- 1 
) 

-~ 
2-Ethoxy 811 -0.4924 0.31418 -0.06658 0.06129 0.00028 

ethanol /(mPa 5) 

+ 8G*E -576.47 417.062 -40.3791 4.6357 -17.0632 0.29871 
1-Propanol /(J".mol-1

) 

8 K5 x 1012 -155.20 77.5243 -64.4247 9.7579 0.2561 
(Pa-1) 

~ Contd. 
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·~ 

yE X 106 0.35678 0.0052 -0.31737 0.00057 
/(m3

• mol-1 
) 

2-Ethoxy 811 -0.7822 0.34872 0.3328 0.00137 

ethanol /(mPa S) 

+ 8G*E 1.65605 
1-Butanol /(J.mol- 1

) 
-778.52 278.131 472.5683 71.41829 

8 Ks x 1012 -79.574 -24.6251 50.09514 -3.56549 0.13396 
/(Pa-1

) ·q.._ 

yE X 106 0.8571 0.30517 -0.11772 0.00185 
/(m3 • mol- 1 ) 

2- Ethoxy 811 -1.6096 0.90572 0.24544 -0.11007 0.1719 0.00167 

ethanol . 
/(mPa S) 

+ b.G*E 
1-Pentanol 

-794.99 56.0249 511.5964 241.345 1.67093 
/(J.mol- 1

) 

8 Ks x 1012 -27.041 4.06096 24.6518 6.48988 -105.956 
0.0000 »--

(Pa-1) 

yE X 106 0.9441 0.36152 0.52195 0.15616 
0.25529 

0.00331 
/(m3

• mol-1 
) 

2-Ethoxy 811 -2.4006 1.13292 0.20876 0.37026 0.0073 

ethanol 
/(mPa S) 

+ 
8G*E 

1-Hexanol 
-958.04 416.3159 634.288 439.316 5.67164 

/(J.mor1
) 

8 K5 x 1012 34.552 -5.8076 -7.03454 4.42241 7.98105 0.03121 
(Pa-1) ~ 

yE X 106 1.58018 0.71001 0.21536 0.00249 
/(m3 .mol-1

) 

2-Ethoxy 811 -3.1936 1.24977 0.13886 0.01012 ethanol /(mPa S) 
+ 

1-Heptanol 8G*E 
-436.66 432.54 -307.04 -728.23 1304.31 2.29942 /(J.mol- 1) 

4--
Contd. 
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~ 

1::!. Ks x 1012 51.664 3.5555 12.7633 -7.78112 0.19454 
(Pa-1) 

VEX 106 1.6506 0.51687 0.46603 0.26796 0.00234 
/(m3 .mol-1

) 

2-Ethoxy 1::!.11 -4.0219 0.70295 0.44447 0.61789 . 0.00719 

ethanol 
/(mPci S) 

+ /J.G*E 
1-0ctanol 

74.122 -213.353 649.694 2647.44 -2950.2 
0.0000 

+ /(J.mol-1
) 

1::!. Ks x 1012 64.149 14.7396 3.89818 -6.8375 2.27945 0.0169 
(Pa-1) 
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TABLE 7 

Values of standard deviation CYo) for sound speeds by various methods. 

a% 
Solvent mixture UcfT UfLT Unomoto Uvv UrD 

2-Ethoxy ethanol+ Methanol 0.11 0.85 0.1 0.63 0.15 

2-Ethoxy ethanol + Ethanol 
0.20 1.19 0.12 0.35 0.16 

2-Ethoxy ethanol +!-Propanol 
0.04 1.35 0.05 0.13 0.05 

2-Ethoxy ethanol +1- Butanol 
0.05 1.44 0.04 0.07 0.04 

2-Ethoxy ethanol+ 1-Pentanol 
0.02 1.59 0.02 0.02 0.02 

2-Ethoxy ethanol+ 1-Hexanol 0.01 1.79 0.02 0.01 0.01 

2-Ethoxy ethanol +1-Heptanol 0.01 1.71 0.02 0.02 0.01 

2-Ethoxy ethanol +1- Octanol 
0.01 1.76 0.04 0.02 0.02 
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Figure1. Excess molar volumes (VE) for binary mixtures of 2-Ethoxy ethanol with 

Methanol (•), Ethanol (+ ), !-Propanol (.A.), 1-Butanol ( • ), 1-Pentanol ( o ), 1-Hexanol (¢ ), 1-
Heptanol (~)and 1-0ctanol (o) at 298.15 
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Figure2. Viscosity deviations (~11) for binary mixtures of 2-Ethoxy ethanol with Methanol (•), 
Ethanol (+), 1-Propanol (..6.), 1-Butanol (•), 1-Pentanol (o), 1-Hexanol (¢), 1-Heptanol (~)and 1-
0ctanol ( o) at 298.15 
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Figure3. Deviations in isentropic compressibility (.6 Ks ) for binary mixtures of 2-Ethoxy 
~ ethanol with Methanol (•). Ethanol (+), 1-Propanol (A.), 1-Butanol (•), 1-Pentanol (o), 1-Hexanol 

(¢), 1-Heptanol (.6) and 1-0ctanol (o) at 298.15 
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Figure4. Lf values for the experimental mixtures against the mole fraction of2-ethoxy -~ 
ethanol with Methanol (•). Ethanol (+), !-Propanol (.A), !-Butanol (•), 1-Pentanol (o), 1-Hexanol 
(¢), 1-Heptanol (Ll) and 1-0ctanol (o) at 298.15 
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Figure5. Z values for the experimental mixtures against the mole fraction of2-ethoxy ethanol 
with Methanol (•), Ethanol (+), !-Propanol (.A), 1-Butanol (•). 1-Pentanol (o), 1-Hexanol (0), 1-
Heptanol (~) and 1-0ctanol ( o) at 298.15 

151 



-I 

0 
E 

(Y) 

E 
a 

> 

Volumetric, viscometric .................... 1-alkanols at 298.15 K* 

3 ~------------------------------------

2.5 

1.5 

2 ·-·-1 ·-·--·-· ... ,---... --·-·-· ---... ---... -----~ 

i
·'-..... ,___A:-·-~ ~ ~ • 

--·-- --·---·-·-·--·-· ~· 
., ----· ·--· . -·-·-·-·--1 

0.5 

0 
0 0.2 0.4 0.6 0.8 1 

Figure6. Va values for the experimental mixtures against the mole fraction of 2-ethoxy ethanol 
with Methanol (•). Ethanol (+), !-Propanol (.&.), !-Butanol (•), 1-Pentanol (o), 1-Hexanol (¢). 1- ~ 
Heptanol (6) and 1-0ctanol ( o) at 298.15 
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Chapter- VI 

Excess Molar Volume, Excess Energy and Viscosity Deviation of 

Binary Mixtures of Tetrahydrofuran with Some Hydrocarbons 

at Various Temperatures 

6 .1. Introduction 

Grouping of solvents into classes often is based on the nature of the 

intermolecular forces because the nature of association between the solute and solvent 

molecules brings about a marked effect on the resulting properties. After the 

introduction of the concept of ionization power of solvent,1 much work has been devoted 

to the solvent effects on the rate and equilibrium processes.2 Because of the close 

relation between liquid structure and macroscopic properties, determination of 

volumetric and viscometric properties is a valuable tool to learn the liquid state.3 On the 

other hand, the obtaining of reliable measurements of solvent properties over a wide 

range of composition, pressure and temperature often is not feasible; hence, prediction 

and correlation methods constitute a valuable option to overcome such difficulties.4
•
5 

The present work contributes to the study of the structure and interactions of 

ether (THF) containing binary mixtures. Tetrahydrofuran (THF) is a good industrial 

solvent. It figures prominently in the high energy battery industry and has found its 

applications in organic syntheses as manifested from the physicochemical studies.6
•
7 

Since no reports are available of density and viscosity studies of tetrahydrofuran (THF) 

with normal aliphatic hydrocarbons, the effect of chain-length of hydrocarbons (C5, C6, 

C7) on these properties of binary mixtures of tetrahydrofuran with normal hydrocarbons 

at 288.15, 293.15 and 298.15 K is reported in the present investigation. 

6. 2. Experimental Section 

6.2.1 Materials 

Tetrahydrofuran (THF, Merck) was kept for several days over KOH, refluxed 

for 24 h and distilled over LiAIH4 as described earlier.8 Normal pentane, hexane and 

heptane were purified according to the standard procedures.9•
10 The purities were 
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checked by density determination dilafometrically11 at (288.15, 293.15 and 298.15 K) ± 

0.1 K which almost agreed within the accuracy of ± 1x10-4 g cm-3 with the available 

literature12
•
13 values. All the studies were prepared volumetrically14 in stoppered bottles. 

6. 2. 2. Apparatus and Procedure 

The densities were measured with an Ostwald-Sprengel type pycnometer having 

a bulb volume of 25 cm3 and an internal diameter of the capillary of about 0.1 em. The 

pycnometer was calibrated at (288.15, 293.5 and 298.15) K with doubly distilled water 

and benzene. The pycnometer with the test solution was equilibrated in a water bath 

maintained at ± 0.01 K of the desired temperature by means of a mercury in glass 

thermoregulator, and the temperature was determined with a calibrated thermometer 

and an Muller bridge. The pycnometer was then removed from the thermostatic bath, 

properly dried, and weighed. The evaporation losses remained insignificant during the 

time of actual measurements. Averages of triplicate measurements were taken into 

account. The density values were reproducible to ±3x10-4 g cm-3
. Details have been 

described earlier.15 

The viscosities were measured by means of suspended-level Ubbelohde16 

viscometer at the desired temperature (accuracy ± 0.01 K). The precision of the 

viscosity measurements was 0.05/o. Details have been described earlier.17 

The physical properties of tetrahydrofuran (THF), normal pentane, hexane and 

heptane at various temperatures are given in Table 1. The experimental values of mole

fractions, densities, viscosities and various derived parameters of various binary 

mixtures of solvents studied here at different temperatures are recorded in Table 2. 

6. 3. Results and Discussion 

The experimental density ( p ) values (Table 1) have been used to calculate the 

excess molar volume ( v,; ), viscosity deviation ( 1'177) excess Gibbs free energy ( G*E) 

and interaction parameter (d ) using the following equations16 (1-4): 

VE=M-~x.M; 
m L..J 1 

P i=l P; 

c 

Aq = 17- L X;TJ; 
i=l 

G *E = RTin qM- RTix; In TJ;M; 
P i=l P; 
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c c 

ln7] =LX; ln7]; + diJx; (4) 
i=l i=l 

Where c stands for the number of components of the mixture, M and M; are 

the molar masses of the mixture and of the pure components, p and P; represent the 

density of the mixture and pure components, 7] and 7]; are the corresponding 

viscosities, R is the gas constant T is the temperature in Kelvin and x1 is the mole 

fraction. The values of these functions and d are recorded in Table 2 along with the 

values of p , 7] and x1 • 

The excess molar volume were correlated by Redlich kister equation. 

(5) 

The coefficient in eqn. (5) was estimated by the least-squares fit method, where 

the squares of the difference between the calculated and experimental excess molar 

volumes results is minimized. The optimal values of the coefficients in eqn. (5) are listed 

in table 3. The standard deviation was calculated by 

()(VE) = [L(VmEexpt- V,!a,J
2

] 

m (D-N)o.s 
(6) 

where D and N are the number of data points and parameters, respectively. 

The experimental values of /).7] are also reported in Table 1. The viscosity deviations 

were.correlated by the following equation: 

(7) 

Where Q = /).7] /(m pa. S). The coefficient in equation (7) are also regressed 

by employing the least square fit method. Standard deviations for the viscosity 

calculations were determined by equation (8). 

(8) 

The optimal parameters in correlating deviations of viscosity are listed in Table 4. 

From Table-2 it is observed that the values of v,; for all binary mixtures THF + 

n-pentane, THF + n-hexane and THF + n-heptane at different temperatures over the 

entire composition are positive indicating the mutual dissociation of the component 

molecules. Because of the small difference in the molar volumes of the components, 
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tetrahydrofuran will not fit into the structure of the normal aliphatic hydrocarbons 

(C5H12, C6H14, C7H16), thereby increasing the volume of the mixture.19 Positive v,; also 

suggests that the dispersion forces prevail between THF and normal hydrocarbons. 

It is also found from Table-2 that the difference in the molar volumes of the 

mixtures of the components follows the following order: 

THF + n-heptane > THF + n-hexane > THF + n-pentane 

at any temperature studied here. This indicates the higher value of v,; for THF + n-

pentane mixture than that of THF + n-hexane mixture which is in turn higher than that 

of THF + n-heptane (?hown in figures. 1, 2 and 3). 

There is a systematic increase in v,; with a rise in temperature for all mixtures 

studied here and such changes or variations are included in Figs. 1, 2 and 3. This increase 

in v,; with temperature is as expected from Theoretical considerations.20 

Deviations in viscosity ( f).q) shown in Figs. 4, 5 and 6 for the mixtures of 

tetrahydrofuran (THF) with normal aliphatic hydrocarbons (C5 - C7 ) are negative which 

increase with increasing size of hydrocarbons. The trend in f)..q is 

The dominance of exothermic enthalpy of mixing over endothermic mixing 

resulting THF-hydrocarbon interaction, leads to less negative f)..q values for higher 

aliphatic hydrocarbons than for lower ones.21 It seems that in tetrahydrofuran + 

hydrocarbon systems, the forces between pairs of unlike molecules are far less than 

that between pairs of like molecules. Therefore, the binary mixtures of tetrahydrofuran 

with higher hydrocarbons are less fluid due to enhanced non-covalent forces between 

like molecules. Negative f)..q values in the present investigation can also be attributed 

due to unequal molecular sizes of the constituent molecules of the mixture where 

dispersion forces are dominant.22 

The effect of temperature increase is to disrupt hetero and homo association of 

the molecules which causes increase in fluidity of the liquid. So, f).q values are higher at 

higher temperatures. Similar results was obtained as reported earlier.23 
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The negative values of excess Gibbs free energy of flow (shown in Figs. 7, 8, 9) 

for tetrahydrofuran + n-hydrocarbons over the entire range of composition and 

temperature which indicate the formation of molecular complex between unlike 

molecules through non-covalent bonds. Subba et a/.24 made a similar observation from 

G*E studies for the binary mixtures of some solvents. 

The negative values of Grunberg and Nissan parameter ( d ) indicates the 

presence of strong molecular interactions due to appreciable dipole-dipole and dipole

induced dipole interactions23 while the negative values of d may be attributed to 

dominance of dispersion type of forces22 between the like molecules. The last conclusion 

is in excellent agreement with the values of d (shown in Table-2) obtained from the 

experiment in our investigation. 

6. 4 Conclusion 

. In this chapter , we studied the interactions occurring in binary mixtures of 

ethers with some members of the normal hydrocarbon series. The work reveals the 

dominance of dispersive forces between the ethers and hydrocarbons. It seems that, in 

the Ether+ Hydrocarbon binary systems, the forces between the unlike pairs of 

molecules are far less than that between like pair of molecules. The effect of 

temperature increase is to disrupt the homo and hetero association of component 

molecules in the mixtures. There is scope of improvisation of the conducted study 

covering the detailed nature of the interacting forces between the mixing components 
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Table 1 

Physical Properties of Tetrahydrofuran, n-Pentane, n-Hexane and n-Heptane at 

Various Temperatures 

p • 10-3 17 

T/K /kg m-3 /m. Pa. S 

This Work Literature This Work Literature 

~ Tetrahydrofuran (THF) 

288.15 0.88720 0.88720 12 0.50924 0.50923 12 

293.15 0.88358 0.88357 12 0.49107 0.49106 12 

298.15 0.87888 0.87888 12 0.45999 0.45999 12 

n-Pentane 

288.15 0.62528 0.62527 9•
10

•
11 0.23145 0.231449

•
10

•
11 

293.15 0.62131 0.621329
•
10

•
11 0.21996 0.219959

•
10

•
11 

~ 298.15 0.61883 0.618839.1°·11 0.21210 0.212109
•
10

•
11 

"--'" 

n-Hexane 

288.15 0.66125 0.661249
•
10

•
11 0.33381 0.333819

•
10

•
11 

293.15 0.65472 0.654719
•
10

•
11 0.31256 0.312559

•
10

•
11 

298.15 0.65253 0.652529
•
10

•
11 0.29191 0.291909

•
10

•
11 

n-Heptane 

288.15 ·o.68192 0.68192 9
•
10

•
11 0.42121 0.42121 9

•
10

•
11 

293.15 0.67951 0.6 7950 9
•
10

•
11 0.40020 0.40010 9

•
10

•
11 

298.15 0.67669 0.6 7669 9
•
10

•
11 0.38450 0.38450 9

•
10

•
11 

_... 
·~ 

162 



Excess Molar Volume .......... at Various Temperatures. 

~ 
Table 2 

Density ( p ), viscosity ( 17 ), excess molar volume ( v,; ), viscosity deviation ( !l17 ), 

excess free energy of activation of viscous flow ( G*E ), interaction parameter ( d ) 

and mole fractions of tetrahydrofuran ( x1 ) with different normal hydrocarbons at 

various temperatures 

x, p x 10-3 17 VE ll77 G*E d m 

/kg. m-3 /m. Pa. S /Cm3mol- 1 /m. Pa. S I J mol- 1 

288.15 K + 
THF + n-Pentane 

0 0.62528 0.23145 0 0 0 0 

0.10005 0.64384 0.24404 0.08012 -0.01520 -48.30241 -0.28795 

0.20009 0.66314 0.25863 0.22501 -0.02841 -85.07026 -0.29207 

0.30012 0.68356 0.27829 0.38213 -0.03653 -87.33218 -0.24928 

0.40013 0.70536 0.29859 0.52531 -0.04401 -98.96688 -0.25388 

0.50014 0.72910 0.32188 0.60112 -0.04850 -103.4397 -0.25829 
j;_ 

0.60013 0.75389 0.34765 0.75452 -0.05051 -104.1155 -0.27671 

0.70012 0.78256 0.38240 0.65501 -0.04354 -70.39536 -0.23806 

0.80009 0.81536 0.41850 0.35254 -0.03521 -57.71623 -0.24135 

0.90005 0.85002 0.46314 0.15231 -0.01833 -19.71319 -0.17868 

1 0.88720 0.50924 0 0 0 0 

THF + n-Hexane 

0 0.66125 0.33381 0 0 0 0 

0.11713 0.67683 0.34235 0.31001 -0.01201 -27.52968 -0.23410 

0.22998 0.69396 0.35205 0.47510 -0.02211 -52.41408 -0.24807 -~ 

0.33863 0.71227 0.36440 0.58502 -0.03002 -63.79133 -0.24709 

0.44335 0.73168 0.37894 0.67511 -0.03265 -65.71838 -0.24491 

0.54436 0.75343 0.39784 0.59002 -0.03147 -50.21391 -0.21945 

0.64184 0:77676 0.41661 0.47512 -0.02980 -43.40952 -0.21533 

0.73598 0.80164 0.43672 0.36013 -0.02631 -36.22659 -0.21676 

0.82695 0.82184 0.45847 0.25003 -0.02041 -27.60456 -0.22318 

0.91491 0.85643 0.48214 0.14561 -0.01217 -17.23062 -0.24081 ~ 

1 0.88720 0.50924 0 0 0 0 

Contd. 
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'* THF + n-Heptane 

0 0.68192 0.42121 0 0 0 0 

0.13376 0.69798 0.42314 0.01801 -0.00984 -7.43921 -0.17964 

0.25784 0.71408 0.42721 0.16810 -0.01670 -7.72454 -0.18181 

0.37327 0.73105 0.43232 0.29111 -0.02175 -9.27331 -0.19153 

0.48091 0.74900 0.43746 0.38112 -0.02608 -17.43592 -0.21398 

0.58153 0.76886 0.44679 0.32102 -0.02561 -12.01893 -0.21126 

-:j 0.67580 0.78996 0.45649 0.24515 -0.02421 -11.42528 -0.21828 

0.76430 0.81226 0.46761 0.17321 -0.02088 -9.62714 -0.22511 

0.84753 0.83579 0.47985 0.11213 -0.01597 -8.13692 -0.23610 

0.92597 0.86066 0.49304 0.06122 -0.00968 -7.39667 -0.26666 

1 0.88720 0.50924 0 0 0 0 

293.15 K 

THF + n-Pentane 

~ 
0 0.62131 0.21996 0 0 0 0 

0.10005 0.63975 0.23307 0.10009 -0.01401 -40.13625 -0.24946 

0.20009 0.65882 0.24979 0.28215 -0.02442 -52.82306 -0.20946 

0.30012 0.67932 0.26882 0.42501 -0.03250 -58.50596 -0.19254 

0.40013 0.70091 0.28943 0.60002 -0.03901 -64.64248 -0.19537 

0.50014 0.72427 0.31156 0.72551 -0.04399 -74.89723 -0.21415 

0.60013 0.74962 0.33706 0.80432 -0.04560 -76.91300 -0.22744 

0.70012 0.77846 0.36856 0.68511 -0.04121 -61.08626 -0.21975 

0.80009 0.81076 0.40335 0.44004 -0.03352 -50.21842 -0.22649 

~ 0.90005 0.84594 0.44846 0.18603 -0.01551 -5.25559 -0.11664 

1 0.88358 0.49107 0 0 0 0 

THF +n-Hexane 

0 0.65472 0.31256 0 0 0 0 

0.11713 0.67030 0.32340 0.34011 -0.01001 -13.78878 -0.18204 

0.22998 0.68750 0.33559 0.52012 -0.01802 -24.35637 -0.18527 

0.33863 0.70596 0.34898 0.63510 -0.02403 -31.96879 -0.19098 

4,- 0.44335 0.72573 0.36001 0.70001 -0.03169 -61.24642 -0.23893 

0.54436 0.74763 0.37971 0.62503 -0.03002 -41.13155 -0.20693 

0.64184 0.77130 0.40073 0.50002 -0.02640 -22.50561 -0.18047 
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~ 
0.73598 0.79649 0.42074 0.38215 -0.02320 -18.26332 -0.18161 

0.82695 0.82346 0.44201 0.26002 -0.01817 -14.90494 -0.18918 

0.91491 0.385273 0.46499 0.10003 -0.01089 -11.68659 -0.20717 

1 0.88358 0.49107 0 0 0 0 

THF + n- Heptane 

0 0.67951 0.40020 0 0 0 0 
~ 

0.13376 0.69541 0.40303 0.03211 -0.00932 -6.19986 -0.17964 

0.25784 0.71116 0.40749 0.23101 -0.01614 -6.62451 -0.18181 

0.37327 0.72815 0.41302 0.32905 -0.02110 -8.97066 -0.19153 

0.48091 0.74110 0.41907 0.39811 -0.02483 -14.95693 -0.21398 

0.58153 0.76587 0.42849 0.33521 -0.02455 -10.38316 -0.21126 

0.67580 0.78682 0.43850 0.26115 -0.02302 -9.17771 -0.21828 

0.76430 0.80901 0.44949 0.18522 -0.02016 -8.91551 -0.22511 

0.84753 0.83246 0.46185 0.11609 -0.01537 -7.42920 -0.23610 
_( 

0.92597 0.85715 0.47507 0.06713 -0.00927 -7.24725 -0.26666 

1 0.88358 0.49107 0 0 0 0 

298.15 K 

THF +n-Pentane 

0 0.61884 0.21210 0 0 0 0 

0.10005 0.63627 0.22409 0.25510 -0.01281 -37.51550 -0.24948 

0.20009 0.65502 0.24048 0.46001 -0.02122 -39.51000 -0.18319 /~ 

0.30012 0.67532 0.25800 0.59870 -0.02850 -45.81660 -0.17346 

0.40013 0.69680 0.27677 0.75420 -0.03452 -54.29800 -0.18177 

0.50014 0.71991 0.29768 0.88000 -0.03840 -59.58580 -0.19288 

0.60013 0.74504 0.32036 0.94801 -0.04051 -67.55300 -0.21753 

0.70012 0.77317 0.34700 0.87505 -0.03865 -66.34380 -0.23686 

0.80009 0.80424 0.38003 0.71900 -0.03040 -43.53820 -0.22629 

0.90005 0.84004 0.42120 0.34599 -0.01401 -1.44872 -0.11918 * 
1 0.87888 0.45999 0 0 0 0 

Contd. 
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... -- THF + n-Hexane 

0 0.65253 0.29191 0 0 0 0 

0.11713 0.66764 0.30251 0.40111 -0.00909 -10.00730 -0.17017 

0.22998 0.68449 0.31417 0.61002 -0.01546 -19.08990 -0.17560 

0.33863 0.70279 0.32582 0.71502 -0.02155 -34.60930 -0.19689 

0.44335 0.72236 0.33805 0.77501 -0.02838 -51.08960 -0.24782 

0.54436 0.74425 0.35700 0.66541 -0.02748 -28.97290 -0.18652 

~ 0.64184 0.76770 0.37358 0.53021 -0.02621 -17.33250 -0.17095 

0.73598 0.79261 0.39434 0.41001 -0.02127 -15.01330 -0.17459 

0.82695 0.81936 0.41503 0.27512 -0.01587 -7.93677 -0.16881 

0.91491 0.84793 0.43648 0.15003 -0.00921• -4.84634 -0.17684 

1 0.87888 0.45999 0 0 0 0 

THF + n-Heptane 

0 0.67669 0.38450 0 0 0 0 

~ 
0.13376 0.69246 0.38606 0.05512 -0.00854 -5.49011 -0.17200 

0.25784 0.70808 0.38915 0.26102 -0.01481 -5.70903 -0.17872 

0.37327 0.72492 0.39354 0.35621 -0.01914 -6.60921 -0.18669 

0.48091 0.74273 0.39842 0.41111 -0.02238 -11.48670 -0.20288 

0.58153 0.76231 0.40609 0.35005 -0.02231 -8.35571 -0.20388 

0.67580 0.78308 0.41463 0.28106 -0.02089 -6.83200 -0.20859 

0.76430 0.80505 0.42423 0.19514 -0.01797 -5.56499 -0.21470 

0.84753 0.82828 0.43559 0.13008 -0.01289 -4.67554 -0.21027 

0.92597 0.85272 0.44651 0.07201 -0.00789 -3.80617 -0.24030 

__.. 1 0.87888 0.45999 0 0 0 0 
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_..._ 
. Table 3 

Regression results for the excess volumes of THF + Normal Hydrocarbons 

mixture at various temperatures 

System Temp ao Ql 02 Q3 04 05 cr 

(K) 

288.15 2.6628 2.0239 -2.0835 2.8456 0.0405 

THF + n- 293.15 2.9725 1.8899 -2.0609 -2.3361 0.0187 

Pentane + 
298.15 3.5424 1.3472 0.0341 

288.15 2.5410 -1.2884 -2.0980 2.6035 3.2279 -2.9888 0.0138 

THF + n- 293.15 2.6047 -1.0650 0.4984 0.0173 

Hexane 

298.15 2.8035 -1.3676 0.0200 

. _. 
288.15 1.4462 -0.0143 -2.6272 1.1404 1.6129 0.0115 

THF + n- 293.15 1.5076 -0.4841 -1.6890 1.6837 0.0113 
Heptane 

298.15 1.5802 -0.5575 -1.5346 1.6635 0.0096 
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Table 4 

Regression results for the deviation of viscosity of THF +Normal 
Hydrocarbons mixture at various temperatures 

System Temp oo Ot 02 03 04 05 

(K) 

288.15 0.1945 -0.0376 0.0011 

~ THF + n-"'. 293.15 0.1761 -0.0428 0.0015 
Pentane 

298.15 -0.1572 -0.0444 0.0016 

288.15 -0.1311 -0.0102 0.0009 

THF + n-
293.15 -0.1168 -0.0165 0.0014 

Hexane 
298.15 -0.1103 -0.0198 0.0274 0.0010 

~ 288.15 -0.1021 -0.0288 0.0005 

THF + n-
293.15 -0.0986 -0.0236 0.0206 -0.0097 -0.0487 0.0003 

Heptane 

298.15 -0.0884 -0.0213 0.0003 
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Fig. 1: Plot of excess molar volume ( v,;) vs. mole fraction ( x 1 ) of THF + n-

Pentane mixtures at 288.15 K (•); 293.15 K (•) and 298.15 K (.&). 
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Fig. 2: Plot of excess molar volume (Vn!') vs. mole fraction (x1 ) of THF + n-Hexane 

mixtures at at 288.15 K (•); 293.15 K (•) and 298.15 K (.6.). 
l 

170 



Excess Molar Volume .......... at Various Temperatures. 

~ 

0.45 

0.4 

0.35 

0.3 

0.25 

w + E 0.2 > 

0.15 

0.1 

0.05 

Fig. 3: Plot of excess molar volume (V,;) vs. mole fraction (x1 ) of THF + n-

Heptane mixtures at at 288.15 K (•); 293.15 K (•) and 298.15 K (A.}. 
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Fig. 4: Plot of viscosity deviation ( !177 /m. Pa. S) vs. mole fraction ( x1 ) of 

THF + n-Pentane mixtures at at 288.15 K (•); 293.15 K (•) and 298.15 K (.A.). 
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Fig. 5: Plot of viscosity deviation ( Aq /m. Pa. S) vs. mole fraction ( x1 ) of THF + 

n-Hexane mixtures at at 288.15 K (•); 293.15 K (•) and 298.15 K (.~). 
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Fig. 6: Plot of viscosity deviation ( !117 /m. Po. S) vs. mole fraction ( x1 ) of THF + 

n-Heptane mixtures at at 288.15 K (•); 293.15 K (•) and 298.15 K (.._). 
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Fig. 7: Plot of excess free energy of activation of viscous flow (G*E I:J. mol- 1
) vs. 

mole fraction (x1 ) of THF + n-Pentane mixtures at at 288.15 K (•): 293.15 K (•) 

and 298.15 K (.&). 
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Fig. 8: Plot of excess free energy of activation of viscous flow (G*E /J. 

mol-1
) vs. mole fraction (x1 ) of THF + n-Hexane mixtures at at 288.15 K (•); 

293.15 K (•) and 298.15 K (.A). 
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Fig 9 excess free energy of activation of viscous flow (G*E IJ. mol-1
) vs. mole 

fraction (x1 ) of THF + n-Heptane mixtures at at 288.15 K (•); 293.15 K (•) and 

298.15 K (_.). 
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CHAPTER VII 

Physico-Chemical Studies on the Solute-Solvent Interactions 

and Ultrasonic Speed of Resorcinol in 2-Methoxyethanol and 

Tetrahydrofuran at Different Temperatures* 

7 .1. Introduction 

Studies on viscosities, densities and ultrasonic speeds of solutions help in 

characterizing the structure and thermodynamic properties of solutions. Various types 

of interactions exist between the solutes in solutions and of these solute-solute and 

solute-solvent interactions are of current interest in all branches of chemistry. These 

interactions help in better understanding the nature of solute and solvent, that is, 

whether the solute modifies or distorts the structure of the solvent. 

Tetrahydrofuran (THF) and 2-methoxyethanol (ME) are very important solvents· 

wid~ly used in various industries. These are industrial solvents and figure prominently in 

the high-energy battery technology and have also found wide application in the organic 

synthesis as manifested from the physico-chemical studies in these media 1
-
10

. In this 

present work, an attempt has been made to provide an unequivocal interpretation of 

solute-solvent and solute-solute interactions prevailing in the studied solutions. Several 

workers have reported volumetric, Viscometric and ultrasonic studies of this compound 

in non-aqueous solutions 11
-
15 but such studies in pure THF and 2-methoxyethanol is still 

scanty. 

7. 2. Experimental Section 

7. 2 .1. Materials 

Tetrahydrofuran (Merck, India] was kept several days over KOH, refluxed for 

24 hours and distilled over LiAIH4 described earlier 1
• 2-Methoxyethanol was allowed to 

stand overnight with CaS04 and distilled from Sodium. Before fractional distillation the 

solvent was treated with 2, 4-dinitrophenyhydrazine to remove aliphatic ketones. 

Resorcinol (A.R.) was purified by the reported procedure 11 and the compound was dried 

and stored in a vacuum desiccator. 
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7. 2. 2. Apparatus and Procedure 

Densities, p at 303.15, 313.15 and 323.15 K were measured with Ostwald

Sprengel type Pycnometer having a bulb volume of 25 cm3 and an internal diameter of 

the capillary of ~ 0.1 em. It was calibrated at 303.15, 313.15 and 323.15 K with double

distilled water and benzene. The pycnometer with the test solution was equilibrated in a 

water-bath maintained at the desired temperature (± 0.01°C) by means of a mercury-in

glass thermo-regulator, and the absolute temperature was determined by a calibrated 

platinum resistance thermometer and Muller bridge. The pycnometer was then removed 

from the thermostatic bath, properly dri.ed and weighed. The evaporation losses 

remained insignificant during time of actual measurements. An average of triplicate 

measurement was taken into account. The density values were reproducible to± 3x10-4 g 

cm-3
• Details have been described earlier 16

. The viscosity was measured by means of a 

suspended level Ubbelohde 17 viscometer at the desired temperature with a thermostat 

. bath controlled to ±0.01°C. 

Sound speeds were determined with an accuracy of 0.3'Yo using a single crystal 

variable path ultrasonic interferometer (Mittal Enterprises, New Delhi, India) working 

at 4 MHz which was calibrated with water, methanol and benzene at each temperature, 

described in detail elsewhere 18
-
19

. The solutions studied here were made by mass and 

the conversion of molality into molarity was done 20
• 

7. 3. Results and Discussion 

The experimental values of concentration c, densities p , viscosities 7J and derived 

parameters at 303.15, 313.15 and 323.15 K are recorded in table 2. 

The apparent molar volumes V¢ were determined from the solution densities using the 

following equation, 

M 1000(p- p0 ) v =--__ ;__....:..___::_ 
rp Po CPo 

(1) 

Where, M is the molar mass of the solute, cis the molarity of the solution and 

the other symbols have their usual significance. 
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The limiting apparent molar volumes Vq,0 were calculated using the least-squares 

I 

treatment of the plot of Vq, vs. /i using the Masson equation 21
, 

(2) 

where V¢1° is the partial molar volume at infinite dilution and s; the experimental slope. 

The values of Vq,0 and s; along with temperature of resorcinol in solvents 

follows the polynomial , 

(3) 

over the temperature range under investigation, where A is the temperature in degree 

Kelvin. 

Values of coefficients of the above equation for resorcinol in pure THF and 2-

methoxyethanol are recorded in table 3. 

From the values of coefficients the following equations are obtained 

Resorcinol in THF 

v: =-643.0947/cm 3 mol-1 +3.6120T/cm 3 mol-1K- 1 

-4.9985 X 1 o-3 T 2 I em 3 mol-1 K-2 

Resorcinol in ME 

v; = -548.53663/ cm 3 mol-1 +2.50172T/c m 3 mol-1K- 1 

-2.0465 xl0-3 /cm 3 mol-1K-2 

·~, 

(4) 

(5) 

The apparent molar expansibilities t/J~ can be obtained by the following equation, 

(6) 

The values of t/J~ of the studied compound at 303.13, 313.15 and 323.15 K are 

determined and reported in table 4. 
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Hepler 22 developed a technique of examining the magnitudes of ( O'V~, J' 
for solute in terms of long range structure-making and breaking capacity of the solutes 

in mixed solvent systems using the general thermodynamic expression. 

(7) -

The viscosity of resorcinol in pure THF and in pure 2-methoxyethanol has been 

analyzed using the Jones-Dole 23 equation: 

l=l+Ac 112 +Be 
'Ia 

(_!]__ -1)/ c 112 =A+ Bc 112 

'Ia 

L 
Where rJ = (Kt--)p 

t 

(8) 

where, 7]0 and 17 are the viscosities of solvent and solution respectively. K and 

L are the constant for a particular viscometer. The values of A and Bare estimated 

by computerized lest square method and recorded in table 1. 

Isentropic compressibility, Ks was calculated from the following relation. 

(9) 

where p is the solution density and u is the speeds of sound in the solution. 

The apparent molal isentropic compressibility ¢K of the solution was determined from 

the relation 

(10) 

The limiting apparent molal isentropic compressibility, ¢~ was obtained by 

extrapolating the plots of ¢K versus the square root of molal concentration of the 

solute to zero concentration by the computerized least square method: 
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(11) 

where s; is the experimental slope. 

The values of u . fJ . t/JK, t/J~ and s; are recorded in table 2. 

We have determined the p and 7] and calculated the vrP • V,p0. s; . tPK • t/J~. B 

and A at 303.15, 313.15 and 323.15 K using appropriate equations and graphical 

representations. 

As the investigated systems are characterized by hydrogen bond, the solute

solvent and solute-solute interactions can be interpreted in terms of structural changes, 

which arise due to hydrogen bond interactions present between various components of 

the solvent and solution systems. 

To examine the solute-solvent interactions, the VrP can be used. Tablel and 

Figs.l and 3 in case of ME reveal that the V,p0 values are positive and increases with rise 

in temperature. This indicates the presence of strong solute-solvent interaction and 

these interactions are strengthened with rise in temperature. Whereas in case of THF 

the VrP values are small at various temperatures and the values of VrP increases with 

increase of temperature. This indicates the presence of weak solute-solvent interaction 

and such interaction increases with rise of temperature. Similar results were obtained 

for some 1:1 electrolyte in aqueous DMF 24 and aqueous THF 1
. 

It is also evident (Table1 and Figs. 1 and 3) that s; are positive in both system 

at different temperatures. Since s; is a measure of solute-solute interactions, the 

results indicate the presence of strong solute-solute interactions. As expected, the s; 
values decrease with increasing temperature in these solvents for the studied solute, 

which is attributed to more violent thermal agitation at higher temperature resulting in 

diminishing the force of solute-solute interactions 25
• 

It is found from table4 that the value of t/J~ of solute decreases with rise in 

temperature in studied solvents, which can be ascribed to the absence of caging or 

packing effect 26
• 
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In our present investigations, it is evident from table 4 that the ( O'V~2 ) P 

values are negative for resorcinol in studied solvents, suggesting thereby that resorcinol 

acts as a structure-breaker in such solvents. 

It is observed (table 1 and Figs.2 and 4) that the values of B of resorcinol in 

the studied solvent systems are positive and these values increase with increasing 

temperature. This indicates that this solute acts as structure-breaker in such solvents. 

These conclusions are excellent agreement with that drawn from magnitude of 

(
8

2
V,

0 j ) ~ 0!' 2 P illustrated earlier. 

It has been reported by a number of workers that (&/or )is a better criterion 

27
-
28 for determining the structure making/breaking nature of any solute rather than 

simply the value of B . It is found from table 1 that the values of B increase with rise 

in temperature [positive (oo/or )l suggesting structure-breaking tendency. A similar 

result was reported by some workers 29 studied solvents in case of viscosity of some 

salts in propionic acid + ethanol mixtures. 

A perusal of table 2 and Figs. 5 and 6 show that the values of ¢~ are negative 

and become more negative on increasing the temperature. Negative ¢~ values of 

resorcinol can be interpreted in terms of the loss of compressibility of solvents due to 

electrostrictive forces in the vicinity of the solute particles. On raising the temperature 

of the system, the solute particles lose some solvent molecules from their first 

coordination sphere in a process, which is expected to increase the compressibility. But 

at higher temperature, breakdown of the non-covalent bonding between the solvent 

molecules also takes place more effectively resulting in a loss of compressibility. Thus it 

may be concluded that for the solute solution under study, the later effect is growing 

faster and overriding the former as far as the present temperature range is concerned. 

From Table 2 (figs.5 and 6), it is evident that S~ have positive values indicating the 

existence of strong solute - solute interactions in the studied solvent system which 

resembles the agreement drawn from s: discussed earlier. A similar result was 

183 



Physico-Chemical Studies .......................... at Different Temperatures 

reported by worker 30 in the case of ultrasonic studies of some alkali metal halides and 

nitrates in THF + Water mixture. 

7.4 Conclusion: 

The study shows the nature of interactions occurring in solution of 

Resorcinol in ME and THF were probed with the aid of their apparent molar volume and 

apparent molar isentropic compressibility at three different temperatures in this 

chapter. It appears that weak solute-solvent (Resorcinoi-ME/THF) interactions were 

present here, and such interactions increases with rise of temperature whereas the 

solute-solute interaction in the above case is very strong but diminishes with rise of 

temperature due to the breaking of non covalent bonding between the solute molecules. 

These are the notable points as obtained from the above work. 
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~ 
Table 1 

Molar Concentration (c), Densities ( p }, Viscosities ( 1J ), Apparent Molar Volumes 

( V¢ ), Limiting Apparent Molar Volume ( V¢0 
), Experimental Slope ( s:) and Values of 

A and B of Resorcinol in Various Solvents at Different Temperatures. 

c/ px103/ 1J x103/ v¢ x106
/ V¢0 x106

/ s: X 106
/ AI Bl 

mol. dm-3 kg.m-3 Pa. s m3 .mol-1 m3 .mol-1 ( m9. mol-3)1/2 m3'2moll/2 m3 mol-1. 

Resorcinol in ME 

303.15 K ~ 

0.00803 0.9583 1.4015 34.2162 

0.0562 0.9610 1.4359 53.2808 

0.1044 0.9627 1.4683 65.0445 
21.7866 135.4508 0.02071 0.4634 

0.1526 0.9635 1.5013 75.5418 

0.2007 0.9638 1.5372 83.2368 

0.2489 0.9640 1.5706 88.5811 

313.15K 'jr 

0.00795 0.9494 1.2159 44.3659 

0.0557 0.9517 1.2383 62.0655 

0.1033 0.9530 1.2629 72.9971 
34.1912 118.3329 -0.0273 0.4847 

0.1511 0.9540 1.2893 80.1794 

0.1987 0.9542 1.3167 87.5660 

0.2464 0.9544 1.3438 91.9686 

323.15 K 

0.00789 0.9421 1.0468 55.0455 

0.0552 0.9440 1.0660 70.9719 ~ 

0.1025 0.9451 1.0867 80.9737 
46.1865 106.6030 -0.0344 0.4940 

0.1497 0.9456 1.1088 88.9894 

0.1970 0.9458 1.1320 94.1862 

0.2448 0.9462 1.1548 96.8548 

Resorcinol in THF 

303.15 K 
·~ 

0.00806 0.8768 0.4495 5.3602 
-7.4616 145.6027 0.0794 

0.2191 

0.0564 0.8808 0.4590 26.9953 
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-t-
0.1048 0.8838 0.4668 40.0985 

0.1532 0.8861 0.4738 49.9931 

0.2016 0.8879 0.4808 58.1998 

0.2500 0.8893 0.4884 64.5511 

313.15 K 

0.00797 0.8671 0.41034 9.8467 

0.0558 0.8709 0.41594 31.3241 

~ 0.1036 0.8738 0.42164 43.1172 
-2.1468 140.2331 0.0152 0.2508 

0.1542 0.8760 0.4268 53.0209 

0.1993 0.8776 0.4323 61.2416 

0.2472 0.8793 0.4374 66.2484 

323.15 K 

0.007906 0.8613 0.3894 14.4522 

0.05542 0.8649 0.3933 35.0664 

0.10291 0.8677 0.3978 46.9925 
~; 2.16829 139.4083 -0.0199 0.2806 

0.15039 0.8698 0.4026 56.0956 

0.19782 0.8713 0.4074 64.6902 

0.24526 0.8726 0.4125 70.7684 
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Ji_ 
Table 2 

Molal Concentration ( m ), Sound Velocity ( u ), Isentropic Compressibility ( Ks ), 

Apparent Molal Isentropic Compressibility ( rjJK ), Limiting Apparent Molal Isentropic 

Compressibility ( rp;) and Experimental Slope ( s;) of Resorcinol in Various Solvents 

at Different Temperatures 

ml u/ Ks x 1071 rjJK X 107 I ¢; X 107 I s; x 1o7 1 

Moi.Kg-1 (m · s-1) Pa-1 m3moi-1Pa-1 m3moi-1Pa-1 ( m9. mol-3)112pa -1 

Resorcinol in ME »-
303.15 K 

0.008389 1302.4 6.1514 -3.5306 

0.0589 1315.1 6.0164 -2.6057 
... 

0.1097 1323.7 5.9283. -2.0206 
-4.0555 6.0166 

0.1612 1329.9 5.8684 -1.5810 

0.2132 1335.4 5.8183 -1.2911 

0.2658 1338.1 5.7938 -1.0056 ·• 313.15 K 

0.008386 1268.7 6.5438 -4.1709 

0.05887 1282.8 6.3855 -3.0711 

0.10973 1292.5 6.2807 -2.4066 
-4.8330 7.2967 

0.16115 1299.0 6.2119 -1.9011 

0.21316 1301.8 6.1837 -1.4104 

0.26576 1304.9 6.1525 -1.1225 

323.15K 

0.008386 1240.7 6.8960 -4.9125 

0.58870 1256.4 6.7110 -3.6126 

0,10973 1267.2 6.5897 -2.8322 
-5.7239 8.7415 

0.16115 1274.5 6.5108 -2.2314 

0.21316 1277.5 6.4782 -1.6762 

0.26576 1279.8 6.4526 -1.3099 

Resorcinol in THF 

303.15 K 
-~ 

0.0092057 1252.9 7.2654 -4.5522 -5.2802 7.9261 

Contd. 
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~ 
0.06453 1263.8 7.1076 -3.2512 

0.12017 1270.9 7.0051 -2.5363 

0.17625 1273.7 6.9564 -1.8841 

0.23287 1274.8 6.9304 -1.4088 

0.29005 1276.1 6.9050 -1.1056 

313.15 K 

0.0092057 1193.6 8.0952 -5.3215 

·~ 0.06453 1205.2 7.9056 -3.9084 

0.12017 1211.9 7.7915 -2.9865 
-6.1470 8.9247 

0.17625 1216.3 7.7167 -2.3412 

0.23287 1218.3 7.6765 -1.8060 

0.29005 1219.7 7.6452 -1.4413 

323.15K 

0.0092057 1148.1 8.8090 _-7.3286 

0.06453 1162.0 8.5620 -5.2087 
~-
·-· 0.12017 1169.8 8.4220 -3.9104 

-8.5072 13.0257 
0.17625 1173.0 8.3554 -2.9009 

0.23287 1174.4 8.3514 -2.1771 

0.29005 1175.1 8.3339 -1.6740 
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Solvent 

THF 

ME 

Table 3 

Values of Coefficient for Resorcinol in THF and ME 

aox 106 a1x 106 a2x 106 

(m3mol-1
) (m3moi-1K- 1) (m3moi- 1K-2) 

-643.0947 3.61"21 -4.9985x10-3 

-548.5366 2.0517 -2.0465x10-3 

Table 4 

Limiting Apparent Molar Expansibilities ( rjJ~ ) for Resorcinol in THF and ME at 

Different Temperatures 

Solvents 

THF 

ME 

303.15 K 

0.5726 

1.2609 

313.15 K 

0.4904 

1.2199 

191 

323.15 K 

0.4081 

1.1791 

Negative 

Negative 
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Fig.l. Plots of C/Jv0 and S v* versus temperature T for resorcinol in ME. 

Experimental points: cJJ/ (A), S v* (•). 
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Fig.2. Plots of A and B versus temperature T for resorcinol in ME. Experimental 
points: A (A), B(•). 
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Fig.3. Plots of (/J / and S v * versus temperature T for resorcinol in THF. 

Experimental points: (/J /(!), S v* (•) 
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Fig.4. Plots of A and B versus temperature T for resorcinol in THF. Experimental 
points: A (A), B (•). 
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Fig.5. Plots of if> K 
0 and S K • versus temperature T for resorcinol in ME . 

. Experimental points: <l>K0 (! ), SK • (1). 
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Fig.6. Plots of if> K 
0 and S K * versus temperature T for resorcinol in THF. 

Experimental points: if> K 
0 (! ), S K * ( • ). 
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Fig.7. Plots of c!JE
0 versus temperature T for resorcinol in different solvents. 
Experimental points: ME(!), THF (1) 
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Fig.8. Variation of ultasonic speeds u with concentration m of resorcinol in ME. 
Experimental points: 303.15 K ( • ), 313.15 K (j.), 323.15 K (1). 

195 



Physico-Chemical Studies .......................... at Different Temperatures 

1300 

1280 

1260 

1240 ,......., 

"' g 1220 

;::! 

1200 

1180 

1160 

1140 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 

m (mol.kg-1) 

Fig.9. Variation of ultrasonic speeds u with concentration m of resorcinol in THF. 
Experimental points: 303.15 K ( • ), 313.15 K (A), 323.15 K (•). 
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CHAPTER VIII 
Electrical Conductance of Alkali Chlorides in Mixed Solvents: 

Methanol + Carbon Tetrachloride and Methanol + 1,4-Dioxane 

at 298.15 K* 

8 .1. Introduction 

Study of electrical conductance of mixed organic solvent systems plays a 

significant role in examining the nature and magnitude of ion-ion and ion-solvent 

interactions.1
-
7 Other solvent properties such as viscosity and permittivity have also 

been taken into account in determining the extent of these interactions. 

1, 4-dioxane is a good industrial solvent and figures prominently in the high

energy battery technology 8 and has also found its application in the organic 

syntheses.9
•
10

•
11

•
12 Carbon tetrachloride is used to make compounds such as 

Chlorofluoromethanes, used as refrigerants and aerosol-spray propellants, in fire 

extinguishers and for dry cleaning of fabrics. Methanol- is very widely used in industry, 

including the manufacture of pharmaceuticals and cosmetic products, in enology and as 

an energy source.13 

The alkali metal salts, specially, Li salts has been used for many years in non

aqueous batteries.8 In such systems, the choice of electrolyte solution and optimization 

of its salt concentration are two important factors. An electrolyte possessing high 

specific conductivity and, hence, minimal ion-ion interaction is required to maintain the 

cell at low resistance. Knowledge of the application of the solvent and solute studied and 

the state of association of the electrolytes and their interactions with solvent molecules 

is essential for the optimal choice of solvent and electrolyte14
• 

Methanol is extremely self-associated by hydrogen bonding in pure state15
• But, this 

type of strong intermolecular forces are either very week or totally absent in case of 

carbon tetrachloride or 1,4-dioxane while the dipole-induced dipole forces along with 

dispersive forces predominate in these cases. 
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The conductance and viscosity of three alkali chlorides is studied to reveal the 

nature of ionic association and mobility of ions in these mixed solvent systems. which 

have not been studied earlier as per available literature. 

In the present work, an attempt has been made to ascertain the complete nature 

of ion-solvent, solvent-solvent interactions of the alkali metal chlorides in solvent 

mixtures of methanol with carbon tetrachloride and 1,4-dioxane at 298.15 K. A 

comparison between the natures of interactive forces operating in these two different 

solvent systems is also analyzed. 

8. 2 Experimental Section 

8. 2 .1. Materials 

Lithium chloride (Merck, India), Sodium chloride (Loba Chemie) and Potassium 

chloride (Merck, India) was recrystallized, dried by the procedures mentioned in Chap 

III and stored in desiccators before use. 

Methanol (Merck, India, Uvasol grade, 99.5io pure) was dried over 3A molecular 

sieves and distilled fractionally. Carbon tetrachloride (Merck, India) was dried, and 

destilled as mentioned procedures ( vide Chap III). 1,4-dioxane (Merck, India) with 

initial water content of 120 ppm found by Karl-Fischer titration and 0.15io impurities 

found by gas chromatography was used after redistillation10
. 

The purity of the solvents was ascertained by GLC and also by comparing experimental 

values of densities and viscosities with those reported in the literature as listed in 

Table 1. 

8. 2. 2. Apparatus and Procedure 

Digital Temperature controller BP-41 (Bose-Panda Instruments, India) (± O.lK) 

was used to maintain the temperature. 

Conductance measurements of the solvent systems were executed in a Systronic 

308 conductivity-TDS meter (accuracy ± 0.1 io) working at a frequency of 1kHz, using a 

dip type immersion cell (cell constant 1.07at 298.15 K). 

Densities ( p ) were measured at the mentioned temperatures with an Ostwald-

Sprengel type pycnometer having bulb volume of about 25 cm3 and an internal diameter 

of the capillary of about 1 mm. Viscosities (7]) have been measured by means of a 

suspended Ubbelohde type viscometer 31
. The details of density and viscosity 
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measurements were described earlier9
• 

23 in Chap III. The precision of the density and 

viscosity measurements is ± 3x10"4 g.cm·1 and± 2x10 -4 m.Pa.s respectively. 

All the solvent mixtures were prepared by mass. Three sets of each binary 

solvent mixtures (90.6io, 82.31io, 66.89io) of methanol with carbon tetrachloride and 

1,4-dioxane having mole fractions of methanol (x1) as 1.0000, 0.97885, 0.95712, 0.90657 

and 1.0000, 0.96364, 0.92747, 0.84752 respectively were chosen as the·solvent media 

for present study. A stock solution of each salt was prepared by mass and working 

solutions were prepared by weight dilution. 

8. 3. Results and Discussion 

The physical properties of the pure solvent and solvent mixtures are given in 

Table 1, where 8 is the dielectric constant, Po is the density (Kg.m-3
) and 77o is the 

viscosity (m.Pa.s). Conductivities of electrolyte solutions as a function of molar 

concentration (c) are given in Table 2 in different solvent mixtures at 298.15K. 

Permittivity ( 8) of the solvent-mixtures were estimated by a computerized 

extrapolation programme, using 8 and W% values from literature14
• The conductance 

data have been analyzed by Fuoss conductance- concentration equation. (Fuoss, 1978 a, 

b).16,17 

A=P[A0 (1+Rx)+EJ (1) 

P=l-a(l-r) (2) 

r=l-KAcrzfz (3) 

-ln/ =p~(l+xR) (4) 

p-e% - clcT (5) 

KA =Kii-a)=KR(l+Ks) (6) 

Where, Rx is the relaxation field effect, EL is the electrophoretic counter 

current, K-1 is the radius of the ion atmosphere, 8 is the relative permittivity of the 

solvent, e is the electron charge, k is the Boltzmann constant, r is the fraction of 

solute present as unpaired ion, f is the activity coefficient, c is the molarity of the 

solution, Tis the absolute temperature, j3 is twice the Bjerrum distance, and a 

denotes the fraction of the paired ions, K R describes the formation and separation of 
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solvent separated pairs by diffusion in and out of spheres of diameter R around cations, 

and K8 is a constant describing the short range process by which contact pairs form 

and dissociate. KR and K8 are given as follows, 

K _ (1-a)(l-r)/ 
R- I cr2!2 

The computations were performed in a computer using the programme suggested by 

Fuoss. The initial A 0 values for iteration procedure were obtained from Shedlovsky 

extrapolation19 of the data. Input for the program is the set, 

(c1 ,A 1,j = l, ............ ,n),n,1],&,T, 

initial value of A 0 and a set of instructions to cover a protected range of R values. 

(7) 

(8) 

In practice calculations were performed by fitting the values of A 0 and a , 

which minimize the standard deviation (a), 

(9) 

For a sequence of R values and then plotting a against the best-fit R 

corresponds the minimum of a versus R curve. First, approximate run over a fairly 

wide range of R values are made to locate the minimum and then a fine scan around the 

minimum was made. Finally with this minimizing value of R, corresponding A 0 and KA 

were calculated. 

In the present analysis, however, since a rough scan of R values gave no 

significant minima in the (a 'Yo vs. R ) curves, the R value was assumed to be, R = a+ d 

where, a is the sum of crystallographic radii and d , the average distance corresponding 

to the side of a cell occupied by a solvent molecule. The distance' d' is given by, 17 

1 

d(A
0

) = 1.183( %J3 
(10) 

Where, M is the molar weight of the solvent and p 0 is its density. In mixed 

solvent studies M is replaced by the mole fraction average molecular weight M Av , 

given by, 
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(11) 

Where, W1, W2 and M 1, M 2 are the weight fraction and molecular weight of the first 

and second component respectively. Though, this is an over simplification ignoring 

possible selective solvation, it at least provides a self consistent way to obtain an 

acceptable value for the parameter when a broad range of R values fits the data. 

The limiting equivalent conductance, (A 0 ). the association constant (KA ). and 

the Walden products ( A 0770 ) for the three salts at all the mole fractions of the solvent 

mixtures studied here are recorded in Table 3. These data are interpreted in terms of 

ion-solvent and ion-ion interactions and structural changes in the mixed solvent systems. 

It is observed from Table 3 that, the limiting equivalent conductance A 0 values 

for alkali chlorides increases with the increase in size of the cation for any mole 

fraction of the mixed solvent systems. For the three alkali chlorides, having common 

anion, the A 0 value is enhanced by the following order: 

Li • < Na • < K• 

The trend of variation of A 0 values predicts the relative actual sizes of these 

ions as they exist in solution.18 Thus the actual sizes of the cations as they exist in 

solution, follow the order: 

Li • > Na • > K•. 

This is due to solvation of the ions by the solvent mixtures. For these 

electrolytes having the common anion, as the size of the cation increases, the solvation 

decreases. So, it can be said that, Lt. which has the largest size in solution, is the most 

solvated one, and K•, having the smallest size is the least solvated one.19 

The conductivity enhancement in case of solvent mixtures can qualitatively be 

well explained by a favorable combination of high permittivity and low viscosity of 

solvents as observed by some researchers 20
• In the discussed solvent mixtures, 

methanol is the common solvent having higher permittivity compared to 1,4-Dioxane or 

Carbon tetrachloride. In both the solvent mixtures the conductivity measurements were 

done by taking the same salts. So, the combination of a solvent of higher permittivity 

(Methanol) with the one having low viscosity of (1,4-Dioxane) has comparatively higher 

mobility resulting in higher conductivity values. 
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The associations constant ( K A), as recorded in Table 3 indicates that, all the 

salts are highly associated in both the solvent mixtures. This is expected because of the 

lower permittivity of the components added. 21 For the alkali metal chlorides studied 

here, the K A values decreases with increasing size of the cations in the order: 

u·< Na • < K•, 

This is due to an apparent decrease in ion dipole interactions.5
•
22

•
23 

It is further seen from Table 3 that A. 0 values decrease gradually with the 

addition of CCI4 or 1,4 Dioxane to pure methanol with corresponding increase in K A 

values. This indicates that association of ions increase with the addition of 1,4-dioxane 

or CCI4 to pure methanol rendering to the decrease of the mobility of ions in the mixture 

and thereby decreasing A. 0 values. The significantly large values of K A and exothermic 

ion-pair formation in the solvent mixture indicate the presence of specific short-range 

interaction within the ion-pair. 

The values of Walden product (A 0770 ) for the studied electrolytes pass through 

a maximum at about 0.97885 mole fraction of methanol, in methanol carbon 

tetrachloride solvent system, whereas for, methanol, 1,4-dioxane solvent system, the 

Walden product is maximum at 0.96364 mole fraction of methanol (table 3). The Walden 

products then decrease continuously for all the lower mole fractions. The representative 

plots for the selected chlorides for solvent mixture!, (methanol+ carbon tetrachloride) 

is given in figure 1, and that for solvent mixture 2, (methanol + 1,4- dioxane) is given 

figure 2. 

There are lots of models to account for the dependence of the Walden product 

on solvent composition. The theory based on "gel effect,"24
•
25 proposes that, the initial 

increment in A. 07]0 is due to migration process, occurring free of viscous force through 

the interstices created by long range order in the solvent. Some researchers26 have also 

put forward a 'sorting mechanism' depending upon the 'acid base properties' of the 

organic solvent. It is suggested that, in this experiment, ion.:. methanol interactions are 

stronger than ion- carbon tetrachloride or ion- 1,4-dioxane interactions presumably 

because of the weaker acid- base properties of the later two solvent components. The 

theory envisages a comparative enrichment of methanol in the ionic co sphere and this 

causes the local viscosity near the ions to be lower than the bulk viscosity of the solvent 
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medium, which in turn increases the mobility and as a result the Walden product appears 

higher for the next solvent mixtures. The theories based on solvent- dipole relaxation 

effects 27•
28 can be used to explain the decrease in Walden product (A 01]0 ) as the 

carbon tetrachloride or 1,4-dioxane concentration in the solvent mixture increases. It is 

generally accepted that, retardation due to relaxation of solvent dipoles around the ions 

in motion can decrease their mobility and the dielectric-shifting coefficient can be 

computed. However, to obtain meaningful data, it is essential to take into account the 

microscopic nature of the solvent in the vicinity of the ions as also the influence of the 

ions in the structure of the solvent. 

There is another proposed scheme based on the assumption that, the 

progressive addition of carbon tetrachloride or 1,4-dioxane to methanol causes initial 

contraction of the solvation sheath around the ions present in solvent media. This 

"desolvation effect" 24
•
29 decreases the effective size of the cations and anions and as a 

result, the ionic mobility and Walden product of the salts can increase initially in the 

methanol rich region of the mixture. Gluekuf, 30 has noted that, as the ion size 

decreases, its first solvation sheath also contracts and therefore the friction between 

this layer and the ion increases. It appears that, this enhanced drag of the solvation 

layer decreases the mobility and so the Walden product (A0q0 ) shows a maximum at a 

particular solvent composition and then decreases monotonously. Extensive solvation of 

the ions with carbon tetrachloride or 1,4-dioxane can also decrease the mobility of the 

ions but this process is significant at higher concentration of carbon tetrachloride or 

1,4-dioxane in the solvent mixture and helps in the continuous decrease of Walden 

product ( A 07]0 ). 

It should still be mentioned25 that, the theories discussed here or other 

contemporary theories do not predict quantitatively either the value of the maximum or 

its enhanced dependence for certain electrolytes in different solvent medium. 

8.4 Conclusion: 

In this chapter, the conductance and viscosity of three alkali chlorides is 

studied to reveal the nature of ionic association and mobility of ions in methanol+ carbon 

tetrachloride and methanol + 1.4- dioxane mixed solvent systems. It is found that, for 

these electrolytes having the common anion, as the size of the cation increases, the 
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solvation decreases. All the salts are highly associated in both the solvent mixtures. 

Also the combination of a solvent of higher permittivity with the one having low viscosity 

of has comparatively higher mobility resulting in higher conductivity values. The values 

of Walden product for the studied electrolytes pass through a maximum at a particular 

mole fraction and then decrease continuously for all the lower mole fractions. These are 

the main conclusions drawn from the above conductance study. 
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Table 1. 
Physical Properties of solvent Mixtures at 298.15 K. 

Methanol + Carbon tetrachloride 

Mass'Yo of x1 s Po x 10-3 17o 

-j- Methanol /Kg .m-3 I mPa.s 

100.00 1 32.66 0.7866 0.5470 
90.60 0.97885 26.72 1.0313 0.5672 
82.31 0.95712 22.22 1.0401 0.5875 
66.89 0.90657 15.31 1.0405 0.6438 

Methanol + 1 ,4-Dioxane 

100.00 1 32.66 0.7866 0.5470 
90.60 0.96364 29.12 0.8058 0.5589 
82.31 0.92747 26.41 0.8225 0.5488 

-+ 66.89 0.84752 21.25 0.8570 0.5684 
' 
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~ 
Table 2. 

Electrical conductance A as a function of concentration c for alkali chlorides 
in mix~d solvents at 298.15 K. 

C x104 A cx104 A C x104 A 

/mol.dm-3 /S.cm3mol-1 /mol.dm-3 /S.cm3mol-1 /mol.dm-3 /S.cm3mol-1 

Methanol + Carbon tetrachloride 

X1= 1.0000 

LiCI NaCI KCI 
12.35, 83.2 12.54, 89.1 13.53, 94.2 ~. 
21.17, 76.8 21.49, 83.3 23.20, 87.7 

27.79, 72.6 28.21, 79.4 30.45, 84.5 
32.94, 69.2 33.43, 76.6 36.09, 81.4 
37.06, 67.5 37.61, 74.3 40.06, 79.4 
40.43, 65.8 41.03, 73.1 44.29, 78.2 
43.24, 64.9 43.88, 71.8 47.37, 77.2 
45.62, 63.6 46.29, 70.6 49.97, 75.6 
47.66, 62.6 48.36, 69.6 52.20, 74.9 
49.42, 62.4 50.15, 68.7 54.13, 74.6 
50.96, 61.8 51.72, 67.7 55.82, 74.1 
52.32, 60.9 53.10, 67.1 57.31, 73.5 -+-

X1= 0.97885 
6.37, 82.7 7.76, 86.8 7.74, 92.3 
10.92, 76.6 13.30, 80.3 13.26, 85.5 
14.33, 72.9 17.46, 76.8 17.40, 82.0 
16.99, 70.2 20.69, 74.1 20.62, 79.8 
19.11, 67.8 23.28, 71.7 23.20, 77.6 
20.85, 66.2 25.39, 70.0 25.31, 75.8 
22.30, 65.1 27.15, 68.7 27.07, 74.8 
23.53, 63.8 28.64, 67.4 28.56, 74.0 
24.58, 62.9 29.92, 67.2 29.84, 73.3 
25.49, 62.4 31.03, 66.0 30.94, 72.7 
26.29, 61.6 32.00, 65.3 31.91, 72.0 
26.99, 61.0 32.86, 65.0 32.76, 71.5 ~ 

X1= 0.95712 
4.44, 80.5 4.40, 83.4 4.50, 87.6 
7.61, 76.6 7.54, 78.5 7.72, 80.8 
9.99, 74.4 9.86, 76.0 10.13, 76.8 
11.84, 72.9 11.73, 73.2 12.01, 74.0 
13.32, 71.9 13.20, 72.0 13.51, 72.2 
14.53, 70.8 14.40, 71.0 14.74, 70.5 
15.54, 70.1 15.40, 69.8 15.76, 69.4 
16.39, 69.5 16.25, 69.1 16.63, 68.6 
17.12, 69.1 16.98, 68.5 17.37, 68.3 

"' 17.75, 68.7 17.61, 68.0 18.01, 66.9 
18.30, 68.3 18.16, 67.4 18.57, 66.6 

Contd. 
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~ 
18.79, 68.1 18.64, 66.8 19.07, 66.0 

Xt= 0.90657 
1.57, 50.8 6.1 47.5 1.53, 70.6 
2.69, 47.4 10.5 37.3 2.61, 67.1 
3.53, 45.6 13.8 31.3 3.64, 63.8 
4.19, 44.0 16.3 27.3 4.26, 61.8 
4.71, 43.3 18.4 24.6 4.74, 60.0 
5.13, 42.3 20.0 21.6 5.14, 58.9 
5.49, 42.0 21.4 20.0 5.48, 58.0 
5.79, 41.8 22.6 18.6 5.76, 57.3 
6.05, 41.5 23.6 17.5 6.02, 57.0 

-1 6.28, 40.7 24.5 . 16.0 6.21, 56.0 
6.48, 40.7 25.3 15.2 6.40, 55.2 
6.65, 40.3 26.0 14.6 6.56, 55.4 

Methanol + 1 ,4-Dioxane 
X1= 0.96364 

LiCI NaCI KCI 
10.11 102.1 10.22 97.3 9.52 100.4 
17.33 100.5 17.51 91.2 16.32 95.8 
22.75 99.5 22.98 89.1 21.42 92.9 
26.96 98.6 27.23 86.7 25.39 91.1 
30.30 98.1 30.63 85.1 28.57 89.5 

-+ 33.09 97.7 33.42 84.1 31.17 88.3 
35.39 97.4 35.74 83.1 33.33 87.5 
37.34 97.2 37.70 82.3 35.16 86.8 
39.01 96.9 38.38 81.8 36.73 86.1 
40.45 96.7 40.48 81.3 38.09 85.9 
41.71 96.5 42.12 80.9 39.28 85.3 
42.83 96.4 43.25 80.5 40.33 85.1 

Xt= 0.97747 
9.68 96.8 9.84 98.3 7.89 96.9 
16.60 93.3 46.86 93.6 13.52 92.9 
21.79 91.1 22.13 90.6 17.75 90.5 
25.82 89.5 26.23 88.8 21.04 88.5 
29.05 88.5 29.51 87.1 23.67 87.0 

~ 31.69 87.3 32.19 85.8 25.82 86.1 
33.89 86.9 34.43 84.9 27.61 85.5 
35.75 86.2 36.32 84.1 29.13 84.5 
37.35 85.7 37.94 83.6 30.43 84.1 
38.73 85.5 39.34 83.1 31.56 83.6 
39.94 85.2 40.57 82.6 32.55 83.1 
41.01 84.9 41.65 82.3 33.42 82.7 

Xt= 0.97747 
3.62 87.9 3.59 89.5 3.85 91.4 
6.20 84.7 6.16 85.9 6.60 87.0 

~ 8.14 82.7 8.09 83.5 8.66 84.6 
9.65 81.2 9.59 81.8 10.26 82.6 
10.85 80.2 10.79 81.2 11.54 81.6 
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~ 
11.84 79.4 11.77 80.0 12.59 80.5 
12.66 78.7 12.59 79.2 13.46 79.7 
13.35 78.2 13.28 78.7 14.20 79.0 
13.94 77.7 13.87 78.2 14.83 78.7 
14.46 77.2 14.38 77.8 15.38 78.2 
14.91 76.8 14.83 77.3 15.86 77.9 
15.31 76.5 15.23 77.1 16.28 77.5 
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• Table 3. 

Values of derived conductance parameters (Ao, KA, R, Ao17o, u) for alkali 

chlorides in mixed solvents at 298.15 K. 

Mass'Yo of x1 Ao KA R Ao77o a 

Methanol /S.cm3mol-1 /dm3mol-1 /A 
LiCI I Methanol + Carbon Tetrachloride 

100.00 1 108.25±0.50 328.34±0.51 6.38 59.21 0.51 
90.60 0.97885 106.79±0.71 492.40±0.71 6.14 60.57 0.71 
82.31 0.95712 90.54±0.10 570.23±0.10 6.23 53.19 0.10 .. 66.89 0.90657 60.22±0.18 642.41±0.18 6.43 38.77 0.18 

NaCI I Methanol+ Carbon Tetrachloride 

100.00 1 111.85±0.79 253.35±0.79 6.73 61.18 0.50 
90.60 0.97885 110.79±0.67 447.99±0.67 6.49 62.84 0.33 
82.31 0.95712 98.23±0.33 460.91±0.10 6.58 57.71 0.10 
66.89 0.90657 72.23±1.31 481.35±1.31 6.78 46.50 1.31 

KCI I Methanol+ Carbon Tetrachloride 

100.00 1 113.77± .15 187.62± .15 7.11 62.22 0.15 
90.60 0.97885 112.18± .31 344.69± .31 6.87 63.63 0.31 

+ 82.31 0.95712 103.22± .49 565.86± .49 6.96 60.64 0.49 
66.89 0.90657 86.32± .34 776.44± .34 7.16 55.57 0.34 

LiCI I Methanol + 1 ,4-Dioxane 

100.00 1 108.65± .51 328.34± .51 6.38 59.21 0.51 
90.60 0.96364 107.35± .04 335.18± .04 6.43 59.99 0.04 
82.31 0.92747 103.39± .11 341.24± .11 6.48 56.75 0.11 
66.89 0.84752 96.85± .17 434.19± .17 6.69 55.05 0.17 

NaCI I Methanol + 1 ,4-Dioxane 

100.00 1 111.85± .79 253.35± .79 6.73 61.18 0.79 
90.60 0.96364 110.92± .26 241.87± .26 6.78 61.99 0.26 

f~ 
82.31 0.92747 106.21± .16 284.22± .16 6.83 58.29 0.16 

:P 66.89 0.84752 99.22± .28 370.31±. 17 6.94 56.40 0.17 
KCI I Methanol + 1 ,4-Dioxane 

100.00 1 113.77±0 .15 187.62± 0.15 7.11 62.22 0.15 
90.60 0.96364 112.72±0 .16 248.24± 0.16 7.16 63.02 0.16 
82.31 0.92747 108.63± 0.21 254.63± 0.21 7.21 59.62 0.21 
66.89 0.84752 101.45± 0.08 429.15± 0.08 7.32 57.66 0.08 
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Fig1: Walden products for several alkali metal cations (+ = LiCI, • = NaCI, A= KCI) as a 

function of the mole fraction of methanol in Methanoi-CCI4 solvent mixture. 
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Fig2: Walden products for several alkali metal cations(+= LiCI, il = NaCI, A= KCI) as a 

function of the mole fraction of methanol in Methanol- 1,4-DO solvent mixture. 
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CHAPTER IX 
Physicochemical investigation on interactions of some amino 

acids with aqueous tetra butyl ammonium bromide solution at 
298.15 K* 

9.1 . Introduction 

Amino acids are monomers that constitute proteins and are considered to be the 

model compounds of proteins. The behavior of proteins in mixtures is highly influenced 

by many factors such as PH, solvent properties, chemical structure and surface charge 

distribution of proteins, and type and concentration of the electrolyte. The influence of 

electrolyte on the behavior of protein is one of the important topics in physical 

chemistry of the substances. It has long been known that there is a strong interaction 

between electrolytes and proteins, 1 which causes a departure from ideal behavior. To 

understand the finer details, the interactions of the monomers of the protein i.e. the 

interactions of the amino acids with electrolytes must be studied owing to the complex 

structural organization of the biological macromolecules. 

There are investigations on the changes of thermodynamic behaviour of proteins by the 

effect of various co-solutes/co-solvents, such as guanidine hydrochloride, sodium 

thiocyanate, magnesium chloride, urea and alcohols.2
-
7 However, there are few 

measurements on interactions between amino acid and organic salts. 8
-
4 

Better insight can be gained into the effect of electrostatic and hydrophobic 

interactions on the stability of proteins with the help of tetraalkylammonium salts as 

these salts are expected to influence the macromolecular conformation by weakening 

attractive or repulsive inter- and intra-chain, charge-charge interactions and .by 

affecting hydrophobic interactions through the side chains of the alkyl groups. 

Tetraalkylammonim salts orient water molecules around them depending on their alkyl 

side chain due to their bulkiness. 

In this work we studied the volumes, viscosities and sound speeds of some amino 

acids in aqueous tetraalkylammonimbromide solutions. All of these properties are 

sensitive to specific interactive changes in solutions. In order to understand the finer 

details of the interactions of functional groups of amino acid.s with the experimentally 
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selected salt we studied the standard partial molar volumes, the corresponding volume 

of transfer at infinite dilution and B coefficients of viscosity. 

9. 2. Experimental Section 

9. 2.1 Source and purity of samples 

The amino acids, glycine (Analar, >99'Yo), L-alanine (S.D. Fine Chemicals, >98.5'Yo), 

L-Valine (Loba Chemie, India, >99'Yo) and L-leucine (Loba Chemie, India, >99'Yo), Tetra 

butyl ammonium bromide (Thomas Baker, India, >98'Yo) were used for the present study. 

These were used without further purification and dried over anhydrous P205 in a vacuum 

desiccator before use. Deionized, doubly distilled, degassed water with a specific 

conductance of less than 10-6 Q cm-1 was used for all of the measurements.The density, 

viscosity and sound speeds of the solutions were measured immediately after mixing. 

The purity of the samples were ascertained by GLC. 

9.2.2 Method 

The mass measurements accurate to ± 0.01 mg were made on a digital electronic 

analytical balance (Mettler, AG 285, Switzerland). The densities ( p) were measured 

with an Ostwald-Sperngel type pycnometer having a bulb volume of 25 cm3 and an 

internal diameter of the capillary of about O.lcm. The pycnometer was calibrated at 

298.15 K with doubly distilled water and benzene. The pycnometer with the test solution 

was equilibrated in a water bath maintained at ±O.OlK of the desired temperature. The 

pycnometer was then removed from the thermostatic bath, properly dried and weighed. 

The evaporation losses remained insignificant during the time of actual measurements. 

Averages of triplicate measurements were taken into account. The density values were 

reproducible to ±3 x 10-4 g.cm-3
• 

The viscosity was measured by means of a suspended Ubbelohde type viscometer 

calibrated at 298.15 K with doubly distilled water and purified methanol using density 

and viscosity values from the literature 15
-
17

• A thoroughly cleaned and perfectly dried 

viscometer filled with experimental liquid was placed vertically in the glass-walled 

thermostat maintained to ±O.OlK. After attainment of thermal equilibrium, efflux times 

of flow were recorded with a stopwatch correct to ± O.ls. At least three repetitions of 

each data reproducible to ± O.ls were taken to average the flow times. The precision of 

the viscosity measurements was ±0.003mPa.s. Details have been described earlier.18
-
19 
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The accuracy of the viscosity measurements, based on our work on several pure liquids, 

was ± 0.003 mPa s. 

Ultrasonic speeds of sound (u) were measured with an accuracy of± 0.03'ro using 

a single crystal variable-path ultrasonic interferometer (Mittal Enterprise, New Delhi, 

M-81} working at 2 MHz, which was calibrated w'ith doubly distilled water, purified 

methanol and benzene at 298.15 K. The details of the methods and measurement have 

been described earlier.18 .19 

9. 3 Results and Discussion 

9. 3.1 Standard partial molar volume and compressibility: 

The measured densities of aqueous amino acid solutions were used to calculate 

the value of apparent molar volume vq),2, using equation (1) 

(1) 

Where, M is the molar mass of the solute, m is the molality of the amino acid 

in aqueous TBAB solution, p and Po are the densities of the water-TBAB-amino acid 

ternary mixture and aqueous TBAB solution. The experimentally measured densities (p) 

and the apparent molar volumes ( Vq),z) are listed in table 1. 

The apparent molar isentropic compressibility ( Kq),z) of the solutions is 

determined from equation (2): 

MK (KoP-K Po) 
Kq)z = --- ....:...._ ___ __.:_ 

, p mppo 
(2) 

where, K and K 0 are the isentropic compressibilities of the amino acid solution 

and the co-solute solution respectively. The calculated K¢,z values are reported in table 

1. 

Isentropic compressibility (K )values were calculated from experimental 

densities ( p) and speeds of sound (u), using equation (3) 

(3) 
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In the case of negligible concentration dependence (i.e., within the uncertainty 

limits of the measurements) the variation of the apparent molar quantities Q,,2 , with 

molality can adequetly be represented by equation (4): 

(4) 

Where is the infinite dilution value that is equal to the partial molar quantity 

Q¢,2 at infinite dilution and sq is the experimental slope. 

Equation 4 was fitted to our v,,2 and K,p, 2 data by the least squares method 

outlined earlier 20
. The V2~m and Kg,m values together with their standard deviation 

percents are summarized in table2 and table 3 along with the concentration dependence 

of these thermodynamic functions S v and S k • The standard deviations for all the 

quantities are given within first bracket. 

The slopes for the compressibility data behave similarly to the slopes of the 

volume data, i.e., positive Sk, and Sv slopes are observed for all amino acids studied. 

The sign of Sq (SvorSk,) is determined by the interaction between the solute species. 

It is seen from table 2 and table 3 that, the S q values for all the amino acids are 

positive. The positive Sq values indicate the dominance of the interaction of the charged 

functional groups of the zwitterionic amino acids over the pair wise interaction. With 

the introduction of additional methyl groups in the side chains of the amino acids, the 

Sq values also change indicating that, the methyl groups modulates the interaction of 

the charged end groups in pair wise interaction. 

V2~m and Kg,m . values are by definition free from solute-solute interactions and 

therefore provide information regarding solute-solvent interactions. 

The values of V2~m are positive for all the amino acids at all the concentration of 

TBAB solution studied. The V2~m value increases gradually with the increase in 

concentration of TBAB in the aqueous solution for all the TBAB concentration studied. 

For Valine, there is a slight decrease in V2~m value for 0.125 (M) TBAB concentrations, 

however the value increases finally. 
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A similar work was reported by Boner jee et. al. in aqueous tetra ethyl ammonium 

bromide solution [14]. All the V2~m values obtained by them are positive like ours and the 

trend of changes in v2~m values observed by them are similar to that observed by us. 

From, table3, it is seen that, the value of isentropic compressibilities at infinite 

dilution ( K~.m) also increases gradually with the increase in concentration of TBAB in 

the aqueous solution for all the TBAB concentration studied. But, the values of the 

isentropic compressibilities at infinite dilution are negative for all the solutions. 

At neutral pH, amino acids exist as zwitterions and on dissolution in water there is an 

overall decrease in the volume of the water. This is due to the contraction of the water 

near the end groups, and is termed as electrostriction. As a result, the electrostricted 

water is much less compressible than bulk water and leads to a large decrease in the 

compressibility of aqueous solution. 20 Thus, the values of ( K~ m) for all the studied 

amino acids are negative. 

Moreover it is seen that, the negative nature of ·K~.m values for the studied 

amino acids increases in the order. 

Glycine < L-alanine < L- valine < L-leucine 

Since the contribution of a methylene group to the partial compressibility is negative at 

ambient temperature [21], the ions having larger hydrophobic groups may be expected to 

have more negative values of the partial molar compressibility. So, L-leucine having the 

largest negative group shows the highest negative K~.m value. 

9. 3. 2 Group contributions: 

The V2°m values of studied amino acids vary linearly with the number of C-atoms 

in their alkyl side chain. Similar correlation has been reported for some series of m

amino acids in aqueous potassium thiocyanate 22 and guanidine hydrochloride solutions.9 

A linear regression analysis of V2~m values of amino acids vs. number of carbon 

atoms in 0.062, 0.125, 0.256 (M) TBAB solution was carried out using the following 

equation 

(5) 
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where, nc is the number of carbon atoms in the alkyl side chain of the amino acid, 

V2~m (NH; ,coo- )and V2~m (CH2 ) are contribution of the zwitterionic end groups and 

methylene group to V2~m respectively. Since the alkyl side chains of homologous series of 

a- amino acids studied in this work are: CH2 - (glycine); CH3CH- (alanine), 

CH3CH3CHCH -(valine), CH3CH3CHCH2CH -(leucine), the value of (CHJ 

obtained by this method characterizes the mean contribution of the CH- and CH3 -

groups to 

V2~m of the a- amino acids. To calculate the contribution of other alkyl chains, the 

method of Hakin et.al. 19
•
20 was used. According to them, 

V2°m(CHJ= 1.5V2°m(CH2 ) , , 

V2° m (CH) = 0.5V2° m (CH 2 ) , , 

(6) 

(7) 

V2~m values of amino acids are listed in table 4. It is observed from table 4 that, 

the contribution of the (NH; ,coo-) to V2~m of the amino acids is larger compared to 

that of the (CH2 ) group and increases with the increase of TBAB concentration in the 

solution, thereby indicating that, the interaction of the ions of TBAB with the 

zwitterionic end groups of amino acids dominate over those of the hydrophobic group

TBAB interaction. However, the contribution from the side chain of amino acids 

increases with the increase in chain length. 

9.3.3 Water of hydration 

The number of water molecules hydrated to amino acids ( N w) can be estimated 

from the electrostriction partial molar volume, using the equation, 23 

N _ V2~m (elect )j 
w- /(v; -v~) (8) 

where, v; is the molar volume of the electrostricted water and v~ is the molar 

volume of the bulk water. The value of ( v; - V~) ~ -3.0 cm3·mol-1
, [23] for electrolytes 

at 298.15 K. The V2~m (elect) value was calculated using the following equation, 

(9) 
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where V2~m (in) is the intrinsic partial molar volume due to the hydration of the 

amino acids. The V2~m (in) term can further be divided into two terms, one for the 

vanderwall's volume and the other for the volume of the packing effects. The values of 

V2° m (in) for amino acids were obtained from their molar crystal volumes using the 

following relationship, 

0 (• ) 0.7 0 ( ) V2 m m =--V2 m cryst 
, 0.634 , 

(10) 

where, 0.7 is the packing density for the molecule in an organic crystal and 0.634 

is the packing density for the randomly packed spheres. The molar volume of the 

crystals were calculated using the crystal densities of the amino acids represented by 

Berlin and Pallansh 24 at 298.15 K. The values of V2°m (elect) were obtained from the 

intrinsic partial molar volume of the amino acid V2°m (in) and the V2~¢ values determined 

experimentally. 

The obtained N w values are listed in table 5. It can be seen that, for glycine, L-

alanine and L-valine, the values the N w values vary with the solvent composition, showing 

a tendency to decrease with the increase in the concentration of TBAB solution. This 

indicates that, with the addition of electrolytes introduces dehydration effect on amino 

acids in solution.25 However, for L-Leucine, the N w values remain unaltered by TBAB 

concentration. This indicates that, the hydrophobic group of leucine reduces the ion-ion 

interaction between the amino acid and the salt. 

The N w values obtained by us are lower than those obtained by Banerjee et. al. 

[14 ]. This may be due to the replacement of the ethyl group of co-solute molecule by the 

bulkier butyl group. The possible explanation may be due to lesser solvation of the 

bulkier butyl group compared to the smaller ethyl group. 26 

9. 3. 4 Transfer volume and compressibility 

Transfer volumes and transfer compressibilities ( ~trVz~m and ~trK~,m) for each 

amino acid 27from pure water to TBAB solutions is determined by the equations, 

~trV¢~2 = V2~m (TBAB )- V2~m (water) 

~trK~,m = K~,m(TBAB)-K~,m(water) 
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The results obtained are listed in table 6 and table9 and are illustrated in figure 

1 and figure 2. 

Different types of interactions which take place in the ternary systems of 

(amino acid + TBAB+ water) are; (a) ion-ion interaction between the Br- ion of TBAB and 

the NH; group of the amino acid; (b) ion-ion interaction between the (C4H 9 ) 4 N+ ion 

of TBAB and the COO- group of amino acid; (c) hydrophobic-hydrophobic interaction 

between the butyl group o The 

f TBAB and hydrophobic group of amino acid. 

Applying the co-sphere ~verlap model 28 as the guideline, it may be inferred that, 

(a} and (b) type of interactions will lead to a positive ~1,V2~m and ~ 1,K~.m since there is 

a reduction in the electrostriction effect and the overall water structure is enhanced. 

Interactions of type (c) will lead to a negative~ 1,V2~m and ~,,Kg,m because the 

introduction of an alkyl group provides an additional scope of hydrophobic-hydrophobic 

and hydrophilic-hydrophobic interactions. As a result, there will be a reduction in the · 

structure of water formed as a result of their co-spheres overlapping. 

Both positive and negative values of volume of transfer for the amino acids were 

observed. The ~1,V2~m and ~,,Kg,m values for glycine and L-alanine increases with the 

increase in concentration of TBAB in the solution. But for L-valine, the volume of 

transfer increases from negative to positive values with rise in TBAB concentration. For 

L-leucine, all of the ~,,V2~m and ~,,Kg,m values are negative, but with the rise in TBAB 

concentration, the values shift to lower negative values. 

The value of ~1,V2~m for glycine from water to 0.025(M) TBAB is negative, but, 

very small. This indicates a balance between the interactions (a) and (c). With increasing 

concentration of co-solute TBAB, a positive ~,,V2~m and ~,,Kg.m results indicating an 

enhancement in the ion-ion interaction between the zwitterionic centers of the amino 

acid and the ion of the salt. Similar is the case of alanine, but, here, the presence of an 

additional alkyl group increases the hydrophobic interaction leading to a decrease in the 

positive nature of ~1,V2~m and ~,,Kg,m values. With the increase in the number of 

hydrophobic group from L- valine to L-leucine, the ~1,V2~m and ~,,K~,m values become 
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more and more negative. The increased number of hydrophobic groups in these amino 

acids interacts strongly with the hydrophobic groups of TBAB thereby leading to 

negative vo_lumes of transfer, which increases with the increasing concentration of 

TBAB. 

The comparison of our work with the work of Banerjee et. al. shows that, the 

f1 1,V2~m values for amino acids shifts towards the positive side in aqueous TBAB solution. 

This is due to the predominance of (a) and (b) type of forces in case of TBAB solution 

9. 3. 5 Viscosity B coefficients 

The relative viscosities,77, of the studied amino acids in the selected 

concentrations of co-solute solutions were calculated using the following relation and are 

summarized in table 1. 

(13) 

where 77 and 770 are the viscosities of solution and solvent, respectively. The 

B coefficients of viscosity were determined by fitting the 77, values to the Jones-Dole 

equation by least squares method as follows, 

(14) 

where c is the molarity of the solution calculated from molality values. The 

values of the B coefficients along with their standard deviation percents are listed in 

table 8. 

The B -coefficient measures the size and shape effects as well as the structural effect 

induced by solute-solvent interactions. 29 The B -coefficient values for amino acids in 

aqueous TBAB solutions follow the order 

Glycine< L-alanine < L- valine< L-leucine 

From the above order, it is clear that magnitude of the B coefficient increases 

with increasing molar mass and size of the alkyl side chains of amino acids. The values 
I 

increase with the concentration of TBAB indicating the promotion of liquid structure in 

the presence of TBAB. 

In fact, the B -coefficient values for the amino acids reflect the net structural 

effects of the charged end and the hydrophobic (CH2 ) groups on the amino acids. B

coefficients for the homologous series of R~amino acids vary linearly with the number of 
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carbon atoms on their alkyl chains at a given temperature. 22
• 

30
• 

31 Similar to equation 4, 

the linear relation can be represented by the regression parameters 

(15) 

The regression parameters B(NH; ,coo-) and B(CH2 ) indicate the 

contributions of the zwitterionic and the methylene groups to the B -coefficient. It 

should be pointed out that B(CH2)obtained here characterizes the mean contribution 

of CH- and CH3 - groups to B -coefficients of the amino acids. Such linear 

correlation 20
• 

31 has also been observed in other solutes for these amino acids. The 

values of the charQed end-groups contribution, B(NH;, coo- )and the methylene 

group contribution, B(CH2 )to the B -coefficients are given in table 9. It can be seen 

from table 7 that values of B(NH; ,coo- )decrease while B(CH2 )values increase 

with increasing concentration of TBAB in solutions, indicating that the zwitterionic 

groups break while (CH2 ) groups enhance the structures of the aqueous salt solutions. 

9. 4. Conclusion: 

In summary, volume, viscosity and compressibility data have been determined for 

aqueous amino acids solutions and the results have been used to estimate the volume and 

compressibility of transfer, number of hydrated water molecules and the viscosity B

coefficient values. From the values obtained for the above mentioned parameters the 

following conclusions may be drawn. 

With the increase in concentration of aqueous TBAB in solution, the partial molar 

quantities also increases. The contribution of the (NH;, coo-) group to V2~m of the 

amino acids is larger compared to that of the (CH2 ) group and increases with the 

increase of TBAB concentration in the solution. The number of water molecules 

hydrated to amino acids increases with the increase in hydrophobic content of the amino 

acids, indicating the predominance of hydrophobic interactions between the amino acid 

and TBAB with increasing number Carbon atoms in the former. The partial isentropic 

compressibilities of the amino acids behave in the similar way as that of the V2~m and 

same conclusions are drawn as above. 

From the considerations of the volume of transfer, it is concluded that, for 

Glycine and L-alanine, with increasing concentration of co-solute TBAB, more positive 
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f.. 1rV2°m and f.. 1rK~ m values result indicating an enhancement in the ion-ion interaction. 
' ' 

The increased number of hydrophobic groups in these amino acids leads to stronger 

interaction between the hydrophobic groups of amino acids with hydrophobic groups of 

TBAB thereby leading to negative volumes of transfer. 

The magnitude of the B coefficient values increase with the concentration of 

TBAB indicating the promotion of liquid structure in the presence of TBAB. 
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Table 1 
Experimental densities (p ), viscosities (17), sound speed (u) of aqueous TBAB 

solutions at all the experimental concentration at 298.15 K 

Molality of TBAB in p X 10-3/ 17 I u/ 
water kg·m-3 

mPa.s ms-1 

ms =0.062 1.0062 0.9506 1685.2 

ms =0.125 1.0165 0.9698 1888.4 

ms =0.256 1.0179 1.0796 2016.4 ~-

Table 2 
~ 

Experimental molalities (c), densities (p ), viscosities (17 ),sound speed ( u ), 
apparent molar volumes ( V2,t/J) and apparent isentropic compressibilities ( Ks,t/J) along 

with the concentration (c) of glycine, L-alanine, L- valine, L-leucine in water and 
in aqueous TBAB solution as a function of the molalities of Amino Acids. 

m .. =0.062 

c/ p X 10-3/ 17r ul v"',2 x 10
6

/ K¢,2 X 

mol-kg- kg·m-3 ms-1 
m3·mol-1 1010/ 

1 
m3·moi-1Pa-1 

Glycine 
~· 0.0241 1.0070 1.0028 1583.7 41.68 -25.12 

0.0320 1.0072 1.0243 1918.6 43.55 -24.88 
0.0561 1.0081 1.0280 2155.2 42.72 -24.11 
0.0721 1.0085 1.0308 2368.5 42.90 -23.77 
0.0881 1.0091 1.0337 2638.0 41.89 -23.30 
0.1001 1.0094 1.0357 2916.5 42.84 -23.06 

Alanine 
0.0266 1.0072 1.0290 1861.0 60.64 -23.61 
0.0354 1.0072 1.0314 1929.0 60.66 -23.31 
0.0621 1.0080 1.0382 2182.9 60.71 -22.63 
0.0799 1.0085 1.0424 2409.2 60.74 -22.23 ~ 
0.0976 1.0091 1.0469 2717.9 60.78 -21.89 
0.1109 1.0094 1.0503 3039.0 60.79 -21.64 

Contd_ 
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·~ 
Valine 

0.0257 1.0069 1.0136 1896.3 90.18 -28.51 
0.0342 1.0071 1.0170 1982.0 90.19 -28.18 
0.0599 1.0078 1.0276 2310.6 90.12 -27.06 
0.0770 1.0082 1.0347 2642.5 90.22 -26.64 
0.0942 1.0087 1.0417 3139.9 90.23 -26.11 
0.1070 1.0090 1.0474 3759.8 90.24 -25.74 

Leucine 
0.0261 1.0068 1.0214 1942.3 106.31 -32.66 
0.0348 1.0070 1.0265 2052.2 106.38 -32.30 

:~ 
0.0609 1.0077 1.0408 2516.7 106.48 -31.24 
0.0782 1.0081 1.0505 3065.2 106.52 -30.68 
0.0956 1.0085 1.0604 4170.5 106.61 -30.06 
0.1087 1.0088 1.0684 7170.2 106.65 -29.81 

ms =0.125 

Glycine 
0.0245 1.0172 0.9854 2043.4 43.83 -16.69 
0.0326 1.0175 0.9867 2097.2 43.88 -16.22 
0.0570 1.0182 0.9903 2255.8 43.95 -14.63 
0.0734 1.0187 0.9930 2378.2 44.01 -14.00 
0.0896 1.0192 0.9956 2494.2 44.08 -13.23 

-~- 0.1018 1.0196 0.9975 2585.7 44.10 -12.72 
Alanine 

0.0262 1.0172 0.9899 2110.9 61.32 -21.26 
0.0349 1.0175 0.9926 2198.5 61.41 -20.92 
0.0611 1.0182 0.9993 2536.4 61.61 -20.27 
0.0785 1.0186 1.0044 2851.5 61.72 -19.82 
0.0960 1.0191 1.0092 3316.6 61.82 -19.48 
0.1090 1.0195 1.0128 3836.5 61.88 -19.20 

Valine 
0.0261 1.0172 1.0017 2151.9 90.42 -24.55 
0.0348 1.0174 1.0047 2257.2 90.46 -23.99 
0.0608 1.0180 1.0148 2672.1 90.57 -22.75 
0.'0782 1.0185 1.0215 3008.3 90.65 -21.35 

~~ 0.0956 1.0189 1.0282 3604.8 90.70 -20.86 
0.1086 1.0192 1.0337 4338.2 90.74 -20.49 

Leucine 
0.0166 1.0169 1.0390 2103.3 106.19 -32.31 
0.0222 1.0170 1.0423 2187.6 106.20 -31.85 
0.0388 1.0174 1.0514 2508.8 106.23 -30.99 
0.0498 1.0177 1.0582 2809.7 106.25 -30.39 
0.0610 1.0179 1.0645 3246.0 106.26 -29.95 
0.0692 1.0181 1.0689 3729.1 106.28 -29.62 

ms =0.256 

~~ Glycine 
0.0245 1.0186 0.9818 2146.3 45.03 -11.53 
0.0326 1.0188 0.9832 2179.3 45.13 -10.62 
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0.0571 1.0195 0.9878 2260.6 45.38 -8.63 
~· 

0.0735 1.0211 0.9915 2313.9 45.49 -7.89 
0.0898 1.0205 0.9946 2323.2 45.62 -6.62 
0.1021 1.0208 0.9971 2351.9 44.69 -6.26 

Alanine 
0.0262 1.0186 0.9872 2196.0 61.97 -14.59 
0.0349 1.0188 0.9895 2254.9 62.10 -13.96 
0.0611 1.0195 0.9971 2484.3 62.47 -13.55 
0.0786 1.0201 1.0024 2651.1 62.62' -13.01 
0.0961 1.0204 1.0070 2833.4 62.75 -12.43 
0.1092 1.0208 1.0101 2992.1 62.84 -12.09 

Valine 4r-
0.0262 1.0185 1.0020 2342.4 92.59 -24.08 
0.0349 1.0188 1.0054 2481.6 89.75 -23.69 
0.0611 1.0194 1.0166 3011.5 90.97 -21.90 
0.0786 1.0198 1.0243 3570.7 91.34 -21.00 
0.0961 1.0202 1.0318 4510.6 91.52 -20.15 
0.1092 1.0205 1.0374 5904.0 91.62 -19.56 ' 

Leucine 
0.0262 1.0185 0.9956 2379.1 106.28 -26.18 
0.0349 1.0187 0.9997 2516.6 106.31 -24.94 
0.0612 1.0193 1.0149 3094.0 106.37 -22.75 ;,;-. 

0.0786 1.0197 1.0261 3643.8 106.38 -21.27 -~ 

0.0961 1.0201 1.0356 4623.5 106.38 -20.26 
0.1092 1.0204 1.0434 5711.3 106.39 -19.25 
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Table 3. 
Standard partial molal volumes of amino acids in Agueous TBAB solution at 298.15 K 

V 0 x 106 I m3·mol-1 
2,m 

Amino 
Parameters 

acids Water ms =0.0622 ms =0.125 ms =0.256 

V 0 x106 

43.14(±0.06 )32 2,m 42.52(±0.01) 43.57(±0.03) 44.40(±0.02) 
--::!· Glycine m3·mol-1 

sv 0.86 0.9078 0.9912 0.5812 

V 0 x106 

60.43(±0.04) 32 2,m 60.23(±0.03) 60.78(±0.01) 61.14(±0.02) 
Alanine m3·mol-1 

sv 0.73 0.7218 0.6955 0.1045 

V 0 x106 

90.39(±0.14) 32 2,m 90.12(±0.01) 90.10(±0.04) 91.01(±0.04) 
Valine m3·mol-1 

sv 0.3613 
0.8618 

0.6759 -~~ .... ~ .. ._;. 

V 0 x106 

107.72(±0.24) 32 106.11(±0.01) 2,m 106.01(±0.02) 106.20(±0.02) 
m3·mol-1 

Leucine 

sv 0.9891 0.7995 0.1589 
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Table 4. 
Standard partial isentropic compressibilities of amino acids in Aqueous TBAB 

solution at 298.15 K 

K 0 x 1010 I m3·moi-1Pa-1 

Amino 2,m 

-i' 
.Acids 

Parameters 
Water ms = 0.0622 ms = 0.125 ms = 0.256 

K 0 x 10
10

/ 
-27.0023 2,m -27.14(±0.07) -20.54(±0.09) -16.53(±0.11) 

Glycine m3 ·moi-1Pa-1 

SK 4.56 12.81 24.74 32.73 

Ko X 1010/ 
-25.2623 2,m -25.47(±0.08) -23.18(±0.11) -16.75(±0.13) 

L-alanine 
m3·moi-1Pa-1 

SK 4.75 11.46 12.12 13.93 ... ; 
K 0 x 10

10
/ 

-30.6223 2,m -31.17(±0.11) -30.95(±0.09) -28.61(±0.07) 
m3 ·mo I-1Pa-1 

L-valine 

SK 8.43 16.50 23.73 27.54 

Ko x 1010/ 
-31.7823 2,m -35.45(±0.09) -34.83(±0.11) -32.46(±0.12) 

m3·moi-1Pa-1 

L-leucine 

SK 13.61 17.11 19.98 40.04 
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Table 5. 
Contribution of zwitterionic groups (NH3 +, coo-) and CH2 group, and other alkyl 

chains to the infinite dilution apparent molar volume in aqueous TBAB at 298.15 K. 

Vz~m x 106 I m3·mol-1 

Group 
Water ms = 0.0622 ms = 0.125 ms = 0.256 

NH3+, coo- 27.68(±0.92) 27.80(±0.86) 29.07(±0.72) 30.65(±0.51) 

CH2 15.91(±0.33) 15.66(±0.29) 15.40(±0.21) 15.17(±0.19) 

CH3CH- 31.82(±0.52) 31.32(±0.44) 30.80(±0.31) 30.34(±0.25) 

CH3CH2CH- 47.73(±0.42) 93.96(±0.36) 92.40(±0.21) 91.02(±0.28) 

CH3 CH3CH CH2CH- 79.45(±0.41) 78.30(±0.32) 77.00(±0.56) 75.85(±0.41) 

Table 6 

Hydration number (Nw) of amino acids in aqueous TBAB at 298.15 K 

Nw 
Amino Acids 

ms = 0.0622 ms = 0.125 ms = 0.256 

Glycine 3.1 2.8 2.5 
L-Aianine 3.8 3.7 3.5 
L-Valine 4.0 4.0 3.7 

L-Leucine 6.0 6.0 6.0 

. Table 7 

Transfer volumes of amino acids (!1,rVz0m x106 I m3·mol-1
) from water to aqueous 

TBAB at 298.15 K. 

!1,rVz~m x 106 I m3 ·mol-1 

Amino Acids 
ms = 0.0622 ms = 0.125 ms = 0.256 

Glycine -0.09(±0.03) 0.43(±0.02) 1.26(±0.02) 
L-alanine -0.20(±0.08) 0.34(±0.07) 0.70(±0.08) 
L-valine -0.27(±0.05) -0.29(±0.04) 0.62(±0.05) 

L-leucine -1.34(±0.21) -1.36(±0.21) -0.45(±0.23) 
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Table 8 

Transfer compressibilities of amino acids (~ 1,K~ m x106 I m3·mol-1
) from water to 

aqueous TBAB at 298.15 K. 

~~,K~.m x 106 I m3·mol-1 

Amino Acids 
ms = 0.0622 ms = 0.125 ms = 0.256 

Glycine -0.14(±0.06) 6.46(±0.13) 10.47(±0.27) 
L-Aianine -0.21(±0.03) 2.08(±0.08) 8.51(±0.19) 
L-Valine -0.55(±0.07) -0.33(±0.03) 2.01(±0.13) 

L-Leucine -3.67(±0.13) -3.05(±0.23) -0.68(±0.11) 

Table 9 

Viscosity B coefficients (B I dm3mol-1
) for amino acids in aqueous TBAB solutions at 

298.15 K. 

B I dm3mol-1 

Amino Acids 
ms = 0.0622 ms = 0.125 ms = 0.256 

Glycine 0.1473(±0.09) 0.1681(±0.06) 0.1986(±0.06) 
L-Aianine 0.2728(±0.02) 0.2761(±0.02) 0.2796(±0.01) 
L-Valine 0.4144(±0.03) 0.4175(±0.05) 0.4285(±0.04) 

L-Leucine 0.5647(±0.05) 0.5769(±0.04) 0.5824(±0.02) 

Table 10 
Contributions of (NH3 +I coo-) and CHz groups to viscosity 8-coefficients of the 

amino acids in aqueous TBAB Sasolutions at 298.15 K 

B I dm3mol-1 

Group 
ms = 0.0622 ms = 0.125 ms = 0.256 

NH3+, coo- 0.098(±0.18) 0.096(±0.08) 0.092(±0.11) 
CHz 0.057(±0.04) 0.072(±0.05) 0.097(±0.05) 
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Figure!: The transfer volumes of the experimental amino acids from water to aqueous 
TBAB solutions plotted against the molarity ms of the TBAB solutions at 298.15 K. 

11, Glycine; A, L-Aianine; o, L-Valine; •. L-Leucine. 
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Figure 2: The transfer volumes of the experimental amino acids from water to aqueous 
TBAB solutions plotted against the molarity ms of the TBAB solutions at 298.15 K. 

b., Glycine; ..._, L-Aianine; o, L-Valine; •. L-Leucine. 
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CHAPTER X 

Thermodynamic and Transport Properties of Some Monobasic 

Acetate Salts in Aqueous Binary Mixtures of Methanol at 

Different Temperatures* 

10 .1. Introduction 

Studies on the thermodynamic transport properties and ultrasonic speeds of different 

electrolytes in different solvents are of great importance to obtain information on the 

behavior of ions in solutions. Among the various type of interactions occurring between 

solute molecules in solution, these solute- solute and solute- solvent interactions are of 

current interest in all branches of chemistry.1
-
7 These interactions help in better 

understanding of the nature of solutes and solvents, i.e., whether the solute modifies or 

distorts the structure of the solvent. The inferences regarding these interactions are 

derived from density, viscosity and ultrasonic speed data measured experimentally. The 

literature is full of such data in pure solvents but investigations on mixed solvent 

systems are scanty. Partial molar volume, viscosity coefficients and adiabatic 

compressibilities reflects the cumulative effects25
•
26 of solute-solvent and solute-solute 

interactions, it would be of interest to study these factors of acetate salts in binary 

aqueous mixtures of methanol. Such data are expected to highlight the role of acetate 

salts in influencing the partial molar volume, viscosity coefficients and adiabatic 

compressibilities in mixed solvent systems. These considerations prompted us to 

undertake the present study. 

10.2. Experimental Section 

10.2.1. Materials· 

Ammonium and sodium acetate (Riedel A.R.) were used as received. Lithium and 

potassium acetates were prepared and purified by the reported proc~dures.8 The salts 

were dried and stored in vacuum desiccators. 

Methanol (E. Merck, India, Uvasol grade 99.5'Yo pure) was dried over 3 A 

molecular sieves and distilled fractionally. The middle fraction was collected and 
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redistilled. The purified solvent had a density of 0.9799 g. cm·3 and a viscosity of 1.5809 

m Pa. s at 298.15 K. These values agree well with the literature values.27
•
24 The details 

have been reported earlier in chapter III. 

10.2. 2. Apparatus and Procedure 

The densities ( p ) were measured with an Ostwald Sprengel type pycnometer 

having a bulb volume of 25 cm3 and an internal diameter of the capillary of about 0.1 em. 

The pycnometer was calibrated at (298, 308 and 318) K with doubly distilled water and 

benzene. An average of triplicate measurements was taken into account. The density 

values are reproducible to ±3xl0·4 g. cm-3
. Details have been discussed earlier.9 

The visco.sities were measured by means of suspended level Ubbelohde type 

viscometer00 at the derived temperature (accuracy ± 0.01K). The precision of the 

viscosity measurement was 0.05'ro. Details have been described earlier.9 

Sound velocities were determined with an accuracy of 0.3'ro using a single crystal 

variable-path ultrasonic interferometer (Mittal Enterprises, New Delhi, India) working 

at 4 MHz, which was calibrated, with water, methanol and benzene at the required 

temperature. 

The details of these experimental measurements have been included earlier in 

chapter III. 

10.3. Results and Discussion 

The apparent molar volumes Vt/J were determined from the solution densities using the 

following equation, · 

V = M _1000(p-p0 ) 

cp Po cpa 
(1) 

where M is the molar mass of the solute, cis the molarity of the solution and the other 

symbols have their usual significance. 

The limiting apparent molar volumes Vt/J0 were calculated using the least-squares 

I 

treatment of the plot of V¢ vs. c 2 using the Masson equation 10
•
11

, 
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v = v 0 + s * c 112 
<p <p v (2) 

where V¢0 is the partial molar volume at infinite dilution and s: the experimental slope. 

The variation of VI/! with temperature of the salts in the solvents follows the polynomial 

equation, 

Over the temperature range under the investigation. The apparent molar 

expansibilities are calculated from equation, 

0 ov: 
cpE = ( 6T )p 

(3) 

(4) 

6V 0 

The sign of ( 
0

; ) P was also determined to ascertain whether the chosen 

acetate salts are structure breaker or maker in methanol water mixtures. 

(
8

2

V"'
0 

/ J The sign of ~ 8/' 2 P was also determined to ascertain whether the chosen 

acetate salts are structure breaker or maker in methanol water mixtures. 

Here, the general thermodynamic expression, 

(5) 

is used for this explanation. 

The plots of VI/! against .Yc are all linear and the slopes and intercepts of these 

lines are taken as V¢0 and s: respectively and their values are recorded in table-(2). 

The V¢0 values are interpreted in terms of solute-solvent interactions (as ionic 

interactions vanish at infinite dilution). 

Table-2 shows that the values of V/ ~re positive and large and decreases with 

increase of temperature as well as with increase of mass'Yo of methanol in the solvent 

mixture. This indicates the presence of strong solute-solvent interaction. These 

interactions are weakened with rise in temperature, suggesting more electrostrictive 

solvation at higher temperature. Similar results are reported for some 1:1 electrolytes 

in aqueous DMF.18 .19 
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The values of experimental slope, ( s:) shown in Table-2 are negative for all 

investigated salts and increase with rise in temperature. This indicates the presence of 

weak solute-solute interactions and these interactions, however, increase with the 

increase of temperature which may be attributed to the solvation of solutes, i.e., more 

and more solute is accommodated in the void space left in the packing of large 

associated solvent molecules with the increase of temperature. 

The variation of V¢0 with temperature of the salts in the solvents follows 

according to equation (3) over the temperature range under the investigation. The 

coefficients (a;s) are presented in Table 3. 

The limiting apparent molar expansibilities ( ¢~) calculated from equation ( 4) are 

recorded in table-(4). The ¢~ values for lithium acetate and sodium acetate in methanol 

solutions increase with increase of temperature, whereas for ammonium acetate and 

potassium tQcetate the values decrease with increase of temperature. The increase in 

magnitude of ¢~values with temperature may be ascribed to 'caging or packing effect'.19 

It also indicates that the behavior of these two salts in methanol are similar to that of 

some symmetrical Tetra alkylammonium salts.12 On the other hand, the decrease in ¢~ 

values with increase of temperature, for ammonium acetate and potassium acetate 

indicates that they behave just like common salts, because in case of common salts, the 

molar expansibility decrease with increase of temperature.12
•
15 

During the past few years it has been emphasized by some workers that s: is 

not the sole criterion for determining the structure making I breaking nature of any 

electrolyte. Hepler" developed a technique of examining the sign of ( J'V~2 ) P for 

various electrolytes in terms of long range structure making and structure breaking 

capacity of the electrolytes in methanol water mixtures. The structure making solutes 

should have positive value, whereas structure breaking ones have negative 

(
5

2V2 I ) value ~ 0!'2 P. These values of the selected acetates are recorded in table (4). It 

(
S

2
V,, I ) is seen from table (4) that, the ~ 0!'2 P values for lithium acetate and sodium 
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acetate are positive, indicating that they are structure makers in methanol water 

mixture whereas for ammonium acetate and potassium acetate the values are negative, 

indicating that they are structure breakers in this mixed solvent system. 

The viscosity data of solutions for various electrolytes studied here have been 

analyzed using Jones-Dole equation.16 

!L=l+Ac112 +Be 
11o 

(_!]_ -1)/ cl/2 =A+ Bcl/2 
11o 

L 
Where 17 = (Kt- -)p 

t 

(6) 

where 77 and rJo are the viscosities of solution and solvent mixture respectively. 

A and B are constants for the above equation, p is the density of the solution and K 

and L are constants for a particular viscometer. The values of A and B are estimated 

by least squares method. 

The viscosity data for various solutions of electrolytes were analyzed according 

to Jones-Dole equation16
• The values of A and B are recorded in Table (2). 

Table (2) shows that the values of A are very small for all salts studied in 

methanol water mixtures at various temperatures thereby showing the presence of weak 

solute-solute interactions. In other words these results indicate that all the salts mix 

ideally with methanol + water mixtures and there is a perfect solvation of these 

molecules resulting in either the absence or weak solute-solute interactions. 

Table (2) shows that two types of trends are observed in the change of B

coefficients with temperature. B values for lithium acetate and sodium acetate in 

methanol solutions decreases with increase of temperature, thereby showing that 

solute- solvent interactions are weakened with rise of temperature, whereas for 

ammonium and potassium acetate, value of B coefficient increases with the increase in 

temperature indicating improved solute-solvent interactions for the solutions with the 

increase in temperature which may be attributed to solvation of ions by the solvent 

system studied here. 
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It has been reported by a number of workers that d%r is a better 

criterion10
•
20

·
21 for determining the structure making/braking capacity of any electrolyte 

rather than simply the B -coefficient values. It is evident from Table (2) that for 

lithium acetate and sodium acetate the B values decrease with increase of temperature 

(negative diJiar) indicating that they are structure makers in methanol water mixture. 

On the other hand, for ammonium acetate and potassium acetate the B values increase 

with increase of temperature (positive d%r) indicating that they are structure 

breakers in methanol water mixture. These conclusions are in excellent agreement with 

(
o

2
V,

0 
j J that drawn from ~ 81' 2 P values explained earlier. 

Adiabatic compressibility coefficients fJ, were derived from the following 

relation 

f3=-1-
u2p 

(7) 

Where p is the density of solution and u is the ultrasonic speed in the solution. 

The apparent molar adiabatic compressibilities ( rjJK) of the solutions was 

calculated from the following equation 

rpk = f3 x M + 1 OOO(j3p0 - /30 p) (8) 
Po mppo 

where, m is the molality of the solution, /30 is the adiabatic compressibility of 

the solvent mixture and the other terms are described earlier. 

The limiting apparent molar adiabatic compressibilities rjJ~ and experimental 

slopes ( S~ ) were obtained4
•
17 by extrapolating the plots of rjJK versus the square root of 

molar concentration ( rm) of the electrolyte by the computerized least squares method 

using the following equation. 

(9) 
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The values of ultrasonic speed (u ), adiabatic compressibility (/3 ), molality (m ), 

limiting apparent molal adiabatic compressibility ( ¢~ ), density ( p ), apparent molal 

adiabatic compressibility ( ¢K) and experimental slope ( s;) are given in Table-5. 

A perusal of Table-5 shows that the ¢~ values decrease whereas s; value 

increase with the increase of mass 'Yo of Methanol in the mixtures at a particular 

temperature (298.15 K) for all the salts studied here. Since the values of ¢~ and s; 
are measure of solute- solute and solute- solvent interactions respectively, the results 

are in good agreement with that drawn from the conclusion based on the values of V¢0 

and s; mentioned earlier. Negative values of ¢~of the salts are interpreted in terms of 

the loss of compressibility of solvent-mixture due to the electrostrictive forces in the 

• 
vicinity of the ions and hence the extent of compressibility electrostriction decreases 

with the increase of the amount of Methanol in the mixture for all the salts under 

investigation. Same results were observed for some electrolytes in aqueous ethanol, and 

in 2-Methoxyethanol23 in case of the studies on sound velocities of some alkali metal 

halides in the THF + H20 mixtures.22 

9. 4. Conclusion: 

In the above chapter, inferences regarding solute- solute and solute- solvent 

interactions are derived from density, viscosity and ultrasonic speed data 

measurements. It is seen that, strong solute-solvent interaction are present here. These 

interactions are weakened with rise in temperature, suggesting more electrostrictive 

solvation at higher temperature. For lithium acetate and sodium acetate in methanol 

solutions 'caging or packing effect' seems to be present whereas, ammonium acetate and 

potassium acetate behaves just like common salts in methanol solutions. Lithium acetate 

and sodium acetate are structure makers in methanol water mixture whereas ammonium 

acetate and potassium acetate are structure breakers in this mixed solvent system. 

However, there is scope of improvement of the study by considering more parameters in 

details. 
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Table 1 

Concentration (c), Density ( p ), Viscosity ( 1] ), Apparent Molar Volume ( V¢) and ( !L -1 )/eli of some acetate salts in various mass 
1Jo 

'Yo of Methanol at different temperature 
1 O'Yo Methanol + H20 mixture 

c/ p x103/ 7]xl03/ V¢x106
/ c/ px103/ 7]X103/ V¢x106

/ 
r!L -1)/cli r!L -1)/cli 

mol. dm-3 kg.m-3 Pa. s m3.mol-1 1Jo mol. dm-3 kg.m-3 m3.mol-1 1Jo Pa. s 

298.15K 

CH3COONH4 CH3C00Na 

0.0061 0.9799 1.1690 78.87 0.1208 0.0060 0.9799 1.1761 143.15 0.2001 

0.0428 0.9800 1.1847 76.64 0.1112 0.0423 0.9799 1.2105 137.90 0.2203 

0.0794 0.9801 1.1913 75.34 0.1017 0.0789 0.9803 1.2323 135.21 0.2280 

0.1161 0.9803 1.1970 74.32 0.0985 0.1148 0.9806 1.2489 133.12 0.2311 

0.1528 0.9805 1.2004 73.46 0.0935 0.1511 0.9801 1.2648 132.03 0.2372 

0.1894 0.9808 1.2020 72.70 0.0872 0.1873 0.9815 1.2794 130.34 0.2424 

CH3COOLi CH3COOK 

0.0060 0.9799 1.1769 105.80 0.2101 0.0061 0.9799 1.1835 101.20 0.2611 

0.0421 0.9801 1.2202 102.74 0.2615 I 0.0425 0.9800 1.2163 97.52 0.2020 

0.0781 0.9802 1.2500 100.83 0.2840 I 0.0790 0.9803 1.2313 95.66 0.1723 

0.1141 0.9805 1.2789 99.23 0.3086 0.1155 0.9806 1.2384 94.29 0.1432 

0.1502 0.9808 1.3035 98.63 0.3240 0.1519 0.9809 1.2443 93.53 0.1201 

0.1862 0.9812 1.3265 96.86 0.3371 0.1884 0.9817 1.2456 90.86 0.0960 

308.15 

Contd. 

, 
::T 
"< 
Ill n· 
0 n 
::T 
(I) 

3 n· a. 
:;· 
< 
(I) ,,. 
Ill 
-+ 
IS' 
D 
-+ c;· 
::::s 

L 

ill 
0 
c 
-+ c;· 
::::s 
D 
-+ 
N 
\0 co 
..... 
Ul 

"' 



CH3COONH4 CH3COONa 

0.0061 . 0.9742 0.9140 78.15 0.0756 0.0060 0.9772 0.9281 142.58 0.2770 

0.0426 0.9743 0.9136 76.43 0.0801 0.0421 0.9773 0.9569 138.60 0.2587 
..., 
::r 
"< 

0.0791 0.9745 0.9302 75.23 0.0844 I 0.0785 0.9775 0.9691 136.09 0.2377 
Ill c:;· 
0 
n 

I 0.1156 0.9747 0.9355 74.64 0.0872 0.1144 0.9778 0.9794 134.49 0.2301 ::r 
~ 

- 3 
0.1521 0.9750 0.9407 73.62 0.09061 I 0.1505 0.9781 0.9860 133.46 0.2195 c:;· 

e.. 
0.1885 0.9524 0.9449 73.36 0.0923 I 0.1867 0.9785 0.9936 132.05 0.2163 :;· 

< 
~ 

CH3COOLi 

I 
CH3COOK Ill .... 

Iii' 
0.0060 0.9772 0.9253 104.93 0.2380 0.0061 0.9774 0.9188 140.70 0.1440 0 .... 

c;· 

0.0419 0.9729 0.9588 103.18 0.2702 0.0423 0.9787 0.9395 137.29 0.1653 
:::::s 

1\) 
0.0778 0.9774 0.9827 101.61 0.2922 0.0785 0.9801 0.9535 135.73 0.1765 t 
0.1137 0.9776 1.0042 101.03 0.3120 0.1147 0.9815 0.9656 133.62 0.1851 

0.1495 0.9778 1.0232 100.82 0.3262 0.1512 0.9830 0.9771 133.52 0.1940 

\ 0.1854 0.9780 1.0412 98.58 0.3390 I 0.1875 0.9845 0.9862 130.95 0.1972 

318.15 Ill 
0 

CH3COONH4 

I 
CH3COONa c .... 

c;· 
0.0061 0.9714 0.7406 76.69 0.0966 0.0060 0.9714 0.7559 140.70 0.3679 :::::s 

0 .... 
0.0425 0.9715 0.7510 75.63 0.1052 I 0.0419 0.9715 0.7833 137.29 0.3211 N 

\0 

0.0788 0.9716 0.7580 75.20 0.1112 I 0.0781 0.9717 0.7985 135.73 0.2960 
(X) -U1 

0.1152 0.9718 0.7640 74.89 0.1161 0.1139 0.9721 0.8040 133.62 0.2782 "' 
0.1495 0.9720 0.7689 74.65 0.1183 0.1497 0.9723 0.8094 133.52 0.2614 

0.1878 0.9723 0.7733 74.42 0.1201 0.1858 0.9730 0.8136 130.95 0.2480 

Contd. 

~· ,. ~' ~) ~. ~' 
l 



N 
~ 
Ul 

._j_ ,,.. 

0.0059 

0.0417 

0.0774 

0.1131 

0.1448 

0.1844 

0.0063 

0.0443 

0.0823 

0.1203 

0.1583 

0.1962 

0.0061 

0.0423 

0.0786 

0.9714 

0.9715 

0.9717 

0.9719 

0.9722 

0.9725 

0.9644 

0.9645 

0.9647 

0.9648 

0.9650 

0.9653 

0.9653 

0.9653 

0.9654 

* 
CH3COOLi 

0.7493 104.20 

0.7766 102.48 

0.7955 101.41 

0.8143 100.42 

0.8291 99.75 

0.8426 98.68 

CH3COONH4 

1.4190 78.30 

1.4398 77.37 

1.4461 76.88 

1.4481 76.34 

1.4486 75.87 

1.4485 75.21 

CH3COOLi 

1.4241 106.24 

1.4664 104.37 

1.4928 103.19 

•' l 
T 

0.2524 0.0060 

0.2771 0.0422 

0.2960 0.0782 

0.3207 0.1143 

0.3316 0.1506 

0.3407 I 0.1864 

20'Yo Methanol + H20 Mixture 

298.15K 

0.1696 0.0060 

0.1345 0.0421 

0.1144 0.0782 

0.0988 0.1142 

0.0871 I 0.1503 

0.0780 I 0.1864 

I 
0.2201 I 0.0063 

0.2324 0.0443 

0.2362 0.0823 

* 
CH3COOK 

0.9715 0.7388 99.35 

0.9724 0.7489 98.04 

0.9733 0.7568 96.80 

0.9742 0.7639 95.89 

0.9752 0.7711 94.37 

0.9782 0.7780 93.71 

CH3C00Na 

0.9652 1.4015 143.61 

0.9653 1.4450 139.44 

0.9655 1.4655 137.63 

0.9658 1.4843 136.00 

0.9663 1.5005 134.16 

0.9668 1.5180 132.74 

CH3COOK 

0.9652 1.4415 100.08 

0.9653 1.4756 98.51 

0.9655 1.4740 97.50 

0.0666 

0.0921 

0.1059 

0.1160 

0.1265 

0.1353 

0.1288 

0.1562 

0.1669 

0.1779 

0.1850 

0.1951 

0.3710 

0.2561 

0.1842 

Contd. 

-.J ·r--

'"0 
:r 

"< 
Ill 
cr 
0 
n 
:r 

"' 3 
r:;· 
e. 
:;· 
< 
"' Ill 
~ 

\Q" 
0 
~ a· 
::3 

Ill 
0 c 
~ a· 
::3 

0 
~ 

N 
\0 
(X) 

.... 
Ul 
~ 



0.1149 0.9657 1.5145 102.09 0.2411 0.1203 0.9658 1.4613 96.53 0.1262 

0.1511 0.9659 1.5335 101.56 0.2451 0.1583 0.9662 1.4464 95.57 0.0830 

0.1874 0.9661 1.5504 101.05 0.2480 0.1962 0.9666 1.4287 94.60 0.0463 , 
::T 
-< 

308.15K Ill 
(:;" 
0 

CH3COONH4 I CH3COONa n 
::T 
Ill 

0.0063 0.9604 1.0664 78.28 0.1342 I 0.0060 0.96040 1.06816 143.08 0.1590 
3 
;:;· 
a 

0.0441 0.9605 1.0816 78.07 0.1194 I 0.0419 0.96048 1.09117 139.63 0.1667 :;· 
< 
Ill 

0.0819 0.9606 1.0887 77.94 0.1111 I 0.0778 0.96064 1.10567 137.77 0.1716 Ill ...... 
li)" 
Cl 

0.1196 0.9607 1.0935 77.81 0.1050 0.1137 0.96100 1.11752 136.18 0.1752 ...... s· 
::s 

N 0.1574 0.9608 1.0968 77.69 0.0993 0.1495 0.96136 1.12788 135.01 0.1781 ~ 
0' 

0.1953 0.9609 1.0992 77.59 0.0944 0.1853 0.96180 1.13713 133.81 0.1804 

CH3COOLi CH3COOK 

0.00602 0.96041 1.07687 104.68 0.2648 0.0063 0.9604 1.0728 104.31 0.2101 

0.04217 0.96051 1.09823 103.57 0.1986 0.0475 0.9605 1.0956 100.63 0.1761 
Ill 

0.07179 0.96062 1.02963 102.90 0.1691 0.0817 0.9607 1.1035 98.96 0.1609 0 
c ...... 

0.09670 0.96078 1.10375 102.13 0.1482 I 0.1192 0.9610 1.1071 97.15 0.1424 s· 
::s 
Cl 

0.15122 0.96111 1.09786 101.28 0.1041 I 0.1570 0.9614 1.1099 95.63 0.1309 ...... 
N 
\0 

0.18760 0.96142 1.09312 100.51 0.0833 I 0.1947 0.9619 1.1105 93.97 0.1211 (X) 

.... 
318.15K 

U1 

"' 
CH3COONH4 CH3C00Na 

0.0063 0.9543 0.8433 77.39 0.1160 0.0059 0.9543 0.8552 141.09 0.3036 

Contd. 

~ .,f_ ~ l$' --4,;, ·-v.· 



·~ * '+ * ~ 

0.0438 0.9544 0.8577 77.43 0.1259 0.0416 0.9544 0.8754 139.90 0.2330 

0.0814 0.9545 0.8668 77.44 0.1305 0.0773 0.9545 0.8809 138.98 0.1950 

0.1189 0.9546 0.8748 77.45 0.1361 0.1128 0.9547 0.8805 138.56 0.1599 
, 
::r 

"'< 
Ill 

0.1565 0.9547 0.8816 77.46 0.1391 I 0.1486 0.9549 0.8808 137.85 0.1340 n· 
0 n 

0.1942 0.9547 0.8877 77.46 0.1415 I 0.1858 0.9730 0.8136 130.95 0.2480 ::r 
CQ 

3 

CH3COOLi 

I 
CH3COOK 

n· 
e.. 

0.0060 0.9543 0.8633 103.52 0.4281 0.0063 0.9543 0.8445 99.42 0.1335 
:;· 
< 
CQ 
Ill 

0.0420 0.9544 0.8931 102.41 0.3363 I 0.0438 0.9543 0.8601 97.54 0.1398 
-+ 
lS' 
Q 
-+ 

0.0714 0.9545 0.9004 101.80 0.2901 0.0813 0.9546 0.8698 96.41 0.1435 c;· 
:s . 

N 
~ 0.0885 0.9544 0.9023 101.54 0.2680 0.1186 0.9549 0.8777 95.60 0.1462 

"""" 0.1506 0.9547 0.9034 100.12 0.2092 0.1563 0.9552 0.8849 94.40 0.1490 

0.1867 0.9548 0.9021 99.90 0.1841 0.1936 0.9556 0.8914 93.53 0.1515 

30'Yo Methanol + H20 Mixture 

298.15K 
Ill 
0 

CH3COONH4 CH3C00Na E' 
-+ c;· 

0.0062 0.9606 1.4208 78.32 0.1809 I 0.0060 0.9606 1.41131 143.60 0.0970 :s 
Q 
-+ 

0.0436 0.9607 1.4417 77.83 0.1400 0.0423 0.9607 1.43791 139.44 0.1290 N 
\() 
00 

0.0810 0.9608 1.4482 77.50 0.1206 I 0.0786 0.9609 1.46028 137.63 0.1516 -Ul 

0.1184 0.9609 1.4518 77.27 0.1059 0.1148 0.9612 1.47956 136.00 0.1660 "' 
0.1158 0.9611 1.4516 76.99 0.0920 0.1511 0.9617 1.49930 134.16 0.1810 

0.1931 0.9612 1.4475 76.79 0.0760 0.1874 0.9622 1.51751 132.74 0.1925 

Contd. 



CH3COOLi 

I 
CH3COOK 

0.0061 0.9606 1.4294 104.09 0.2610 0.0061 0.9606 1.4517 99.80 0.4640 
"0 

0.0429 0.9608 1.4543 102.30 0.2020 I 0.0429 0.9607 1.4922 97.91 0.3150 ::r 
'< 
Ill 

0.0796 0.9610 1.4687 101.05 0.1720 I 0.0798 0.9609 1.4945 96.70 0.2370 
n· 
0 n 
::r 

0.1164 0.9612 1.4691 100.86 0.1430 I 0.1166 0.9613 1.4825 95.47 0.1711 
(II 

3 n· 
0.1531 0.9614 1.4665 100.17 0.1200 I 0.1534 0.9617 1.4666 94.71 0.1201 e.. 

:;· 
0.1898 0.9620 1.4593 99.32 0.0960 I 0.1902 0.9622 1.4412 93.14 0.0711 ~ 

Ill 
-+ 

308.15K 
li)" 
Q 
-+ 

I 
c;· 

CH3COONH4 CH3COONa ::::s 

N 
~ 

0.0062 0.9542 1.1113 77.17 0.1511 0.0060 0.9542 1.1380 140.7.0 0.4650 co 

0.0434 0.9543 1.1305 77.10 0.1413 0.0421 0.9543 1.1744 138.49 0.3381 

0.0806 0.9544 1.1399 77.06 0.1336 0.0781 0.9546 1.1767 137.11 0.2562 

0.1177 0.9546 1.1464 77.04 0.1280 0.1142 0.9549 1.1706 136.11 0.1951 

0.1549 0.9547 1.5205 77.03 0.1245 0.1501 0.9552 1.1620 134.91 0.1501 Ill 
0 

0.1922 0.9549 1.5569 77.00 0.1194 I .0.1861 0.9558 1.4559 133.63 
E" 

0.1001 -+ c;· 
::::s 

CH3COOLi I CH3COOK Q 
-+ 

0.0061 0.9542 1.1306 103.77 0.3781 I 0.0061 0.9541 1.1947 98.01 0.2470 
N 
\0 co 

0.0427 0.9543 1.1602 102.45 0.2730 I 0.0428 0.9542 1.4227 96.67 0.1941 
.... 
U1 

"' 0.0794 0.9545 1.1632 101.60 0.2102 0.0794 0.9545 1.4648 95.86 0.1562 

0.1161 0.9548 1.1580 100.73 0.1596 0.1146 0.9549 1.4691 96.35 0.1311 

0.1530 0.9551 1.1519 100.57 0.1253 0.1525 0.9553 1.1441 94.43 0.1070 

Contd. 

I ~ ~ +· ~·· ~: 'f )' 
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0.1898 0.9556 1.1413 99.06 0.0902 I 0.1892 0.9560 1.1398 92.63 0.0872 
"'0 
:::r 

318.15K "< en c;· 
CH3COONH4 I CH3C00Na 

0 n 
:::r 
"' 0.0062 0.9503 0.8558 76.48 0.0717 I 0.0060 0.9503 0.8764 140.47 0.3851 3 
c;· 

0.0431 0.9504 0.8665 77.11 0.0871 I 0.0418 0.9504 0.9040 138.95 0.3041 
e.. 
:;· 
< 

0.0801 0.9505 0.8742 77.50 0.0962 I 0.0778 0.9506 0.9139 137.83 0.2653 "' en 
-+ 

lC)' 
0.1171 0.9506 0.8815 77.81 0.1043 I 0.1137 0.9509 0.9168 136.81 0.2290 Q 

-+ c;· 
0.1542 0.9507 0.8876 77.83 0.1092 

I 
0.1494 0.9512 0.9165 136.30 0.1991 :::s 

N 0.1911 0.9508 0.8932 78.24 0.1131 0.1853 0.9513 0.9152 135.54 0.1753 
~ 
\0 

CH3COOLi CH3COOK 

0.0061 0.9503 0.8881 104.02 0.4530 0.0061 0.9502 0.8637 99.15 0.1901 

0.0424 0.9504 0.9077 103.88 0.3231 0.0425 0.9503 0.8809 98.09 0.1704 

0.0790 0.9505 0.9097 103.82 0.2454 0.0789 0.9505 0.8890 97.69 0.1588 en 
0 c 

0.1155 0.9506 0.9069 103.77 0.1933 I 0.1152 0.9508 0.8950 97.89 0.1520 -+ c;· 
:::s 

0.1522 0.9508 0.8979 103.70 0.1412 

I 
0.1516 0.9512 0.8992 96.92 0.1454 Q 

-+ 
N 

0.1907 0.9509 0.8904 103.66 0.1061 0.1881 0.9516 0.9017 96.51 0.1372 \0 
CD .... 
U1 

"' 
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Table 2 

Limiting apparent molar volume ( Vq,0 
), experimental slope ( s; ), A and B parameters of viscosity for acetate salts in different 

Mass Vq,0 at 

'Yo of 

CH30H I 298 .15K 308.15K 318.15K 

10 145.54 144.34 142.75 

20 144.05 143.62 142.06 

30 143.45 142.78 141.86 

10 107.28 106.35 105.53 

20 106.53 105.81 104.50 

30 104.72 105.07 104.12 

10 103.30 101.48 101.03 

20 101.64 101.02 100.83 

30 100.67 99.414 99.668 

10 80.22 79.23 78.35 

20 79.07 78.06 77.39 

30 78.68 77.21 76.15 

~~ ~-

mass 'Yo of Methanol at different tem eratures 

s; at 

298.15K 308.15K 

-35.66 -28.78 

-25.50 -21.78 

-22.96 -20.09 

-23.61 -16.29 

-12.54 -11.74 

-12.50 -12.28 

-17.20 -18.09 

-14.92 -9.31 

-14.71 -13.02 

-14.45 -13.82 

-8.18 -1.86 

-4.68 -0.46 

318.15K 298.15K 

CH3COONa 
-26.03 0.1937 

-10.64 0.1261 

-14.14 0.0750 

CH3COOLi 
-15.31 0.1845 

-10.63 0.2137 

-1.01 0.2977 

CH3COOK 
-16.30 0.3053 

-16.04 0.4434 

-6.80 0.5524 

CH3COONH4 
-8.86 

0.19 

4.59 

y,. 
~ 

0.1289 

0.1886 

0.2019 

A at 

308.15K 

0.2918 

0.1541 

0.5460 

0.2133 

0.3050 

0.4369 

0.1331 

0.2303 

0.2842 

0.0711 

0.1426 

0.1587 

B at 

318.15K 298.15K 308.15K 318.15K 

0.3921 0.1138 -0.1807 -0.3380 

0.3461 0.1536 -0.0625 -0.5505 

0.4219 0.2711 -0.1028 -0.5934 

0.2283 0.3596 0.2902 0.2624 

0.4728 0.0799 -0.5121 -0.6924 

0.5251 -0.4563 -0.8085 -0.9759 

0.0519 -0.2967 0.1529 0.1923 

0.1295 -0.9036 -0.2505 0.0494 

0.2009 -1.1116 -0.4527 -0.1456 

0.0916 -0.0925 0.0479 0.0683 

0.1106 -0.2545 -0.1093 0.0715 

0.0628 -0.2832 -0.0883 0.1178 

~; -~-
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"< 
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Table 3 
Values of various coefficients (a0 , a1, a2) of acetate salts in various mass 'Yo of water methanol mixtures 

Mass 'Yo of CH30H ao/ at! a2/ 

cm3 mol-1 cm3 mol-1 K-1 cm3 mol-1 K-1 , 
::s-

"< 
CH3COONa Ill 

c:;· 
0 

10 480.47 -2.12 0.0034 n 
::s-
(\) 

20 791.35 -3.86 0.0057 3 
c:;· 
e.. 

30 458.06 -1.42 0.0013 :;· 
< 

CH3COOLi 
(\) 
Ill 
-+ 
~· 

10 244.49 -0.83 0.0013 0 
-+ a· 

20 476.18 -2.38 0.0039 :::s 
N 
U1 .... 30 573.27 -3.50 0.0065 

CH3COOK 

10 16.59 2.33 -0.0069 

20 88.96 0.68 -0.0022 

30 -218.51 3.32 -0.0076 
Ill 
0 

CH3COONH4 ;: 
-+ 

10 59.20 0.23 -0.0006 
a· 
:::s 
0 

20 -47.00 0.93 -0.0017 
-+ 
N 
\0 

30 -65.83 1.10 -0.0021 CD 
.... 
U1 

"' 



N 
U1 
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Table 4 

Limiting apparent molar compressibilities ( ¢~ ) for acetate salts in various mass 'Yo of methanol at different temperature 

Mass 'Yo of Methanol ¢~ I cm3 mol-1 K-1 

298.15 K 308.15 K 

CH3COONa 

10 -0.1255 -0.0585 

20 -0.4856 -0.3735 

30 -0.6825 -0.6575 

CH3COOLi 

10 -0.0875 -0.0625 

20 -0.0926 -0.0156 

30 0.3665 0.4965 

CH3COOK 

10 -1.7515 -1.8885 

20 -0.5985 -0.6415 

30 -1.1805 -1.3315 

CH3COONH4 

10 -0:0935 -0.1045 

20 -0.0840 -0.1180 

30 -0.1265 -0.1675 

-¥' ..J,::_ ~-

318.15 K 

0.0085 

-0.2605 

-0.6325 

-0.0375 

0.0615 

0.6265 

-2.0253 

-0.6845 

-1.4825 

-0.1155 

-0.1520 

-0.2085 

~
' 

' . 

(8¢~ )p 

Positive 

Positive 

Positive 

Positive 

Positive 

Positive 

Negative 

Negative 

Negative 

Negative 

Negative 

Negative 

., 
:r 
< Ill 
c:;· 
0 n 
:r 

"' 3 
c:;· 
e.. 
s· 
~ 

( Ill ...... 
IS" 
Q ...... 
c;· 
::s 

in 
0 
c 
...... c;· 
::s 
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N 
\0 
(X) 
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U1 
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Table 6 

Mass % THF, Molality (m ), Density ( p ), Sound Velocity ( u ), Adiabatic Compressibility ( f3 ), Apparent Molal Adiabatic 

Compressibility ( rjJK ), Limiting Apparent Molal Adiabatic Compressibility ( rp~) and Experimental Slope ( s;) of some acetate salts in 

methanol water mixtures (10%, 20'Yo,. 30%) at 298.15 K 

Mass 'Yo 
., 

pi rp~x1010/ s· x1010/ 
:r 

ml ul f3 x1010/Pa-1 rjJK x1010 /m3moi-1Pa-1 < 
of K Ill 

mol kg-1 kg m-3 m sec-1 M3moi-1Pa-1 M3mol-312pa-1kg1/2 n· 
Methanol 0 n 

:r 
CH3COONH4 (I) 

3 
10 0.0062 979.9 1465.23 4.7533 -33.379 n· 

e. 
0.0437 980.0 1500.36 4.5329 -9.660 :;· 
0.0813 980.1 1547.72 4.2631 -8.443 < 

-38.670 78.605 
(I) 
Ill 

0.1192 980.3 1647.72 3.996q -7.940 -+ 
IS' 

0.1571 980.6 1715.00 3.8625 -6.854 Q 
-+ 

0.1952 980.8 1748.27 3.7589 -5.010 a· 
::s 

N 0.0066 964.4 1653.54 3.7923 -47.195 
Ul w 0.0460 964.5 1698.45 3.5941 -10.954 

20 
0.0857 964.5 1745.18 3.4037 -8.075 

-55.103 117.50 
0.1254 964.8 1796.78 3.2104 -7.047 
0.1655 965.0 1825.32 3.1102 -5.920 
0.2057 965.3 1872.11 2.9558 -5.494 
0.0065 960.6 1695.00 3.6234 -96.108 
0.0455 960.7 1732.15 3.4693 -58.400 Ill 

0 

0.0847 960.8 1758.36 3.3663 -40.001 c 
30 -113.32 247.06 -+ 

0.1240 960.9 1789.92 3.2483 -25.202 
a· 
::s 

0.1636 961.1 1821.02 3.1377 -11.503 Q 
-+ 

0.2033 961.2 1867.36 2.9834 -6.121 N 
\0 

CH3COOK 
Q) -0.0062 979.9 1453.23 4.8321 -20.872 44.699 Ul 

10 0.0435 980.0 1541.92 4.2917 -15.330 -24.399 "' 
0.0801 980.3 1598.56 3.9920 -11.961 

Contd. 



0.1185 980.6 1629.16 3.8422 -9.265 
0.1563 980.9 1637.14 3.0836 -7.182 
0.1940 981.7 1636.49 3.8039 -5.714 
0.0066 965.2 1619.35 3.9508 22.549 
0.0460 965.3 1734.89 3.4418 14.400 "'0 

::r 

0.0855 965.5 1770.48 3.3041 9.264 
"< 
Ill 

20 -27.062 58.330 n· 
0.1231 965.8 1801.66 3.1897 7.185 0 n 
0.1650 966.2 1724.37 3.4808 3.510 

::r 
(I) 

0.2050 966.6 1672.79 3.6973 1.640 
3 n· 
Q 

30 0.0064 960.6 1605.78 4.0373 -27.501 -
0.0448 960.7 1759.84 3.3610 -18.890 

:;· 
< 
(I) 

0.0834 960.9 1829.67 3.1086 -13.610 Ill 

-32.667 65.64 
-+ 

0.1219 961.3 1843.05 3.0854 -9.412 
~-
Q 

I -+ 
0.1609 961.7 1781.83 3.2143 -6.201 <r 

::::s 

0.1999 962.2 1736.83 3.4439 -3.700 
N CH3COOLi 
U1 
~ 0.0061 979.9 1455.54 4.8168 -23.665 

0.0430 980.0 1557.53 4.2062 -17.500 

10 
0.0800 980.2 1627.16 3.8533 -13.731 

-27.507 49.642 
0.1173 980.5 1630.54 3.8362 -9.414 
0.1548 980.8 1648.45 3.7521 -7.607 
0.1923 981.2 1671.72 3.6469 -6.614 Ill 

0 

0.0063 965.2 1641.36 3.8455 -41.001 c 
-+ 

0.0440 965.3 1890.99 2.8971 -27.900 o· 
::::s 

0.0819 965.4 2060.49 2.4397 -20.700 Q 

20 -52.751 115.67 -+ 
0.1013 965.7 2120.69 2.3027 -18.100 N 

\0 
0.1592 965.9 2039.72 2.4880 -10.200 co 

0.1981 966.1 1977.51 2.6470 -T300 
.... 
U1 

0.0064 960.6 1630.67 3.9149 -50.010 136.72 ~ 

30 
0.0448 960.7 1996.90 2.6104 37.201 

-61.574 
0.0836 960.9 2357.73 1.8720 29.103 
0.1226 961.2 2668.21 1.4614 23.300 

Contd. 

1 
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""0 

0.1619 1.3547 
:::r 

961.4 2770.96 18.312 < Ill 

0.2013 962.0 2918.87 1.2201 15.400 r;· 
0 

CH3COONa 
n 
:::r 
C\) 

0.0062 979.9 1449.22 4.8590 -16.370 3 
r;· 

0.0433 980.0 1518.30 4.4265 -12.000 e.. 
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CHAPTER XI 
Thermodynamic and transport properties of binary mixtures of 

dimethyl sulfoxide with t-butyl alcohol, butyl acetate, 2-
butanone and butyl amine at different temperatures* 

11.1. Introduction 

Dimethyl sulfoxide (DMSO), a typical aprotic solvent having both polar and nonpolar 

groups, is an important solvent in chemistry, biotechnology, and medicine for the 

dissolution of various substances and as an antifreeze agent of living cells. 1 

This solvent was chosen particularly for this study because of its wide range of 

applicability as a solvent in chemical and biological processes. Viscosity and density of 

binary liquid mixtures are extensively used to understand molecular interactions 

between the components of the mixture to develop new theoretical models and also for 

engineering applications.4
•
5 These have been extensively used to obtain information on 

intermolecular interactions and stereo chemical effects in these systems.6 In this paper 

we extend our studies to the binary mixtures of DMSO, with butyl acetate, tert-butyl 

alcohol, n-butyl amine and 2-butanone.The various thermodynamic properties such as 

excess molar volume ( VE) and viscosity deviations ( d17) obtained from experimental 

observations have been rationalized. 

To our knowledge, the experimental data reported in this paper are not available 

in the literature. 

11.2. Experimental Section 

11.2.1. Materials 

Dimethylsulfoxide, Merck, India, was kept several days over anhydrous CaS04 , 

refluxed for four hours over CaO. Finally, it was distilled at low pressure. Details11 have 

been described in chapter III. tert-butanol, n-butyl acetate, 2-butanone, n-butylamine 

(5. D. Fine Chemicals, Analytical Reagent, Purity > 99'Yo) were used. The purity of the 

solvents was ascertained by comparing experimental values of densities and viscosities 

with those reported in the literature 12
-
17 as listed in Table 1. 
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11.2. 2. Apparatus and Procedure 

Viscosities (rt) have been measured at 298.15 K, 308.15 K and 318.15 K by means of a 

suspended Ubbelohde type viscometer 7
. Calibration was done at all the experimental 

temperatures with triply distilled water and purified methanol using density and 

viscosity values from the literature. Densities (p) were measured at the mentioned 

temperatures with an Ostwald-Sprengel type pycnometer having bulb volume of about 25 

cm3 and an internal diameter of the capillary of about 1 mm. The flow times were 

accurate to± O.ls, and the uncertainty in the viscosity measurements, based on our work 

on several pure liquids, was ± 2 x 10-4 mPa.s. The measurements were done in a 

thermostatic bath controlled to± 0.01 K. The details of the methods and techniques for 

determination of these parameters have been described in earlier papers. 6
•
8

•
9

•
10 

The mixtures were prepared by mixing known volumes of pure liquids in air-tight 

stoppered bottles. The reproducibility in mole fraction was within ± 0.0002 units. The 

weights were taken on a Mettler electronic analytical balance (AG 285) accurate to 0.02 

mg. The precision of the density and viscosity measurements is ± 3 x 10 -4 g em -1 and ± 2 

x10 -4 m Pa s respectively. The details of all the experimental methods are described in 

chapter III. 

8. 3. Results and Discussion 

Table 2 lists the experimental values of densities (pi) and viscosities (TJi) of 

the binary mixtures along with the corresponding mole fractions of DMSO ( x1 ), excess 

molar volumes ( VE ), viscosity deviations ( llTJ ), excess Gibbs energy of activation for 

viscous flow ( G*E )' and interaction parameters ( d12 , 1;_2 , H 12 ) at all the experimental 

temperatures. The plots of VE, ll77, G*E against x1 at 298.15 K are represented in fig. 

1, 2, 3 respectively. Because of similarity of nature the plots at the other two 

temperatures are not presented here. 

The experimental p values have been used to calculate the excess molar 

volumes ( VE) using the following equation, 5 .18 

E 

2 

( 1 1 ) V = L xiM i ---
i=t P Pi 

(1) 
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Where,M; ,p;, pare mol. Wt., density of the pure components and density of the 

mixtures respectively. 

The deviation in viscosities from linearity ( 1177) can be computed using the 

relationship, 

2 
!!:.ry =TJ- L (x.ry.) 

. 1 l l 
l= 

(2) 

Where, 77; . 77 and are the viscosities of the pure components and of the mixtures 

respectively. 

On the basis of the theories of absolute reaction rates 19
, the excess Gibbs 

. energy of activation for viscous flow ( G*E) was calculated from the equation, 20 

2 

~G •E = RT [In 77V- L (xi In 7];V;)] (3) 
i=l 

R, T, V, V; are the Universal gas constant, experimental temperature in 

absolute scale and molar volumes of pure component and the mixtures respectively. 

The excess properties (VE ,1177 and G*E) were fitted to the Redlich-Kister polynomial 

equation21
, 

(4) 

where yE refers to excess properties, x1 is the mole fraction DMSO and x2 is 

that of the .other component. The coefficients (a;) were obtained by fitting eq.6 to 

experimental results using a least-squares regression method. In each case, the optimal 

number of coefficients was ascertained from an approximation of the variation in the 

standard deviation (a). The estimated values of a; along with the tabulated standard 

deviations (a) are summarized for all mixtures in table 3. The standard deviation (a) 

was calculated using the equation, 

(5) 

where n is the number of data points and m is the number of coefficients. 

258 



Thermodynamic and transport ................... at different temperatures 

The value of the excess molar volume, VE are found to be negative for mixtures 

containing DMSO and butyl acetate, butyl amine and 2-butanone and their magnitudes 

follow the order given below; 

Butyl amine > 2-Butanone> Butyl acetate, 

But for the mixture of DMSO with tert-butyl alcohol, values of VE are positive. 

This indicates that, the interaction occurring between DMSO and butyl amine is the 

strongest followed by butanone and butyl acetate. Whereas dispersive force plays the 

main role in case of tert-butyl alcohol. 

The values of VE may be regarded as the result of contributions from several 

opposing effects22
, namely, physical, chemical, and structural. Physical contributions are 

nonspecific interactions and contribute a positive term to VE. The chemical or specific 

intermolecular interactions result in a volume decrease. The structural contributions 

arise especially from geometrical fitting (interstitial accommodation), of one component 

into other due to the differences in the free volume and molar volume between 

components lead to negative contribution to VE. 

The largest negative excess volume of DMSO and n- butyl amine system is due to 

strong interaction between the oxygen atom of DMSO and hydrogen atom of n- butyl 

at:nine. This indicates formation of intermolecular hydrogen bonded complexes. The 

parabolic shapes of VE versus x1 plots with well defined minima also indicate the 

presence of complex formation. It is seen that the values .of VE for the binary 

mixtures of DMSO with 2-butanone are also negative over the entire range of 

composition, suggesting specific interactions between the mixing components. These 

negative values of VE may be attributed to the dipole-dipole interactions resulting in 

the formation of electron-transfer complexes between the molecules of mixing 

components. The molar volumes of DMSO and butyl acetate differ considerably. Hence, 

smaller DMSO molecules are interstitially accommodated into aggregates of butyl 

acetate, yielding negative VE values for DMSO and butyl acetate mixtures. 

DMSO+ tert-butyl alcohol mixture is the only exception among the experimental 

binary mixtures showing positive values of VE over the entire composition and 

temperature range. Mixing of DMSO with tert-butyl alcohol would induce dissociation of 

the hydrogen bonds in the self associated alcohol23 leading to expansion in volume, and 
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thus a positive contribution to VE values. Another equally important contribution 

leading to the positive VE values for this mixture arises from the close molecular sizes 

of DMSO and tert-butyl alcohol. Assarson and Eirich 23 suggested that the liquids of 
"--;:'.~~ 

similar molecular sizes usually mix with positive excess volumes. 

Large negative values of viscosity deviations 111] are observed for the binary 

mixtures of DMSO with t-Butyl alcohol and Butyl acetate. For 2- butanone and butyl 

amine the 111] values are negative for lower mole fractions of DMSO but ultimately they 

turn positive at higher mole fractions of DMSO thereby resulting sigmoid type plots 

(fig-2). 

In general, for systems where dispersion and dipolar interactions are operating, 111] 

values are found to be negative, whereas charge transfer and hydrogen bonding 

interactions lead to the formation of complex species between unlike molecules, thereby 

resulting in positive values36
. The negative 111] values of DMSO and t-Butyl alcohol 

mixtures indicates the dominance of dispersion forces between the unlike molecules in 

this mixture 35
• 

36 and supports the conclusion drawn from VE values .. According to Fort 

and Moore also 111] values are negative in systems of unequal molecular size in which 

dispersion forces are predominant. 39 This explains the negative 111] values for DMSO 

and Butyl acetate mixture which also supports the conclusion drawn from VE values. For 

2- butanone and butyl amine mixtures with DMSO positive 111] values indicate presence 

of charge transfer interactions leading to the formation of complex species between 

unlike molecules, 40 This conclusion is in excellent agreement with that drawn from VE 

values. 

According to Reed and Taylor and Meyer et a/. positive G*E values indicate 

specific interactions while negative values indicate the dominance of dispersion forces. 

25,27 

It is seen that, for DMSO+ t-butyl alcohol and DMSO+ butyl acetate, the G*E values 

are negative over the entire range of composition and temperature indicating that, in 

these mixtures forces of dispersion are dominating. The large and positive G*E values 

for DMSO + butylamine mixture supports strong specific interactions through complex 

formation in the system. The value of G*E for DMSO+ 2-butanone mixture is less 

positive suggesting the presence of weaker interactions. 
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There is a systematic rise in VE and 1177 values with a rise in temperature for 

all the components studied here suggesting an increase in interaction between the 

component molecules. The effect of temperature increase is to disrupt hetero and 

homo association of the molecules which causes increase in fluidity of the liquid. So, 1177 

values are higher at higher temperatures. Similar results were reported earlier 28
• 

Apart from expressing 77 as a polynomial fit, several semi empirical relations have been 

proposed to estimate the dynamic viscosity n of liquid mixtures in terms of pure 

component data. 29
•
30 We have examined equations proposed by Grunberg-Nissan, 

Tamura-Kurata and Hind et al. 

The single parameter Grunberg-Nissan equation 31 reads as: 

2 

77 = exp [ L ( x; 1n 77; ) + xI x 2 d 12 ] (6) 
i=I 

where d12 is a parameter proportional to the interchange energy and has been 

regarded as an approximate measure for the non-ideal behaviors of binary mixtures. 

Tamura-Kurata 32 put forward the following equation for the viscosity of the binary 

liquid mixtures: 

2 

17 = L X/P;17; + 2(x1xz¢1¢z)''
2

T12 (7) 
i=l 

where ~2 is the interaction parameter and ¢; is the volume fraction of ith pure 

component in the mixture. 

Molecular interactions may also be interpreted by the viscosity model of Hind et a/ 

32 

2 

TJ = L X;2T/; + 2(xix2Hl2) 
i=l 

(8) 

where H 12 is interaction parameter. 

Among the three parameters determined here, the Grunberg-Nissan parameter 

provides the best measure to ascertain the strength of interaction. At any given 

composition, the variation of d12 with strength of interaction is similar to that of 1177 , 

being negative for systems in which dispersion forces are dominant, becoming less 

negative and then increasingly positive as the strength of interaction increases.26
•
37

•
38 
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According to Fort and Moore 26 the values of 7;2 and H 12 are not very different 

except where the values of the components differ considerably. There is a tendency of 

~2 and H 12 at a certain composition to increase with the strength of interaction of the 

components but this is not well defined and ~2 and H 12 can not generally be regarded 

as a measure of the strength of interaction. 38 

A perusal of this table shows that the variations and signs of d12 are similar to 

those of 1'::.77 and thereby supports our conclusion. DMSO + n-butylamine mixture, which 

involves large specific interaction, shows positive d12 values. 

T12 and H 12 values are positive for all binary mixtures, almost identical and do 

not change appreciably with the change of composition of binary mixtures. 

4. 4. Conclusion: 
In summary, we can draw some conclusion about the type and nature of 

molecular interactions occurring in the binary mixtures of DMSO with butyl acetate, 

tert-butyl alcohol, n-butyl amine and 2-butanone. Specific interaction is present 

between DMSO and n- butyl amine, DMSO + butyl acetate, DMSO + 2-butanone solvent 

system but in DMSO + t-butyl alcohol solvent system dispersion forces are prevailing. 

This study on excess or deviation properties along with acoustic properties seems to be 

of much use in exploring the nature of interactions present in the experimental binary 

mixtures; however, more extensive study will have a better in this field . 
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Table 1 
-~-

Comparison of density ( p ) , viscosity ( 7] ) of the Pure Liquids with Literature Data 

at 298.15 K. 

p X 10-3/ 7J I 

Temperature (kg.m-3) (m Pa.s) 

Expt. Lit. Expt. Lit. 

298.15 K 1.0951 1.0956817 1.9923 1.99117 

DMSO 308.15 K 1.0839 1.7052 -J{ 
318.15 K 1.0757 1.4504 

298.15 K 0.8754 0.876118 0.6738 0.67418 

Butyl acetate 308.15 K 0.8646 0.6684 

318.15 K 0.8565 0.5342 

298.15 K 0.7807 0.779919 4.4338 4043319 

t-Butyl alchohol 308.15 K 0.7705 2.7910 
~:....( 

318.15 K 0.7610 1.8099 

298.15 K 0.7312 o.733e0 0.4960 0.49622 

Butyl amine 308.15 K 0.7199 0.4195 

318.15 K 0.7136 0.3600 

298.15 K 0.7984 0.799621 0.3784 0.37821 

2-Butanone 308.15 K 0.7883 0.3235 

318.15 K 0.7796 0.3138 

·-{ 
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~ 
/:_ .... Table 2 

Measured and Derived Parameters for Various Studied Binary Mixtures at 298.15 
K, 308.15 K And 318.15 K 

P x w-31 T7 I 
VE x106 

11'71 
a·E 1 

I J.mol- dl2 7;.2 H12 XI 
(kg.m-3

) (mPa.s) (mPa.s) 
(m3.mol-1) 1) 

298.15 K 

tert- Butyl alcohol + DMSO 

0.0953 0.8031 3.6683 0.068 -0.533 -270.70 -1.31 -0.41 0.12 

~- 0.1917 0.8269 3.0119 0.145 -0.954 -559.55 -1.51 -0.31 0.14 
0.2890 0.8521 2.5592 0.225 -1.169 -762.96 -1.55 0.03 0.37 
0.3874 0.8791 2.2505 0.276 -1.238 -881.15 -1.55 0.35 0.61 
0.4868 0.9083 2.0714 0.296 -1.174 -887.18 -1.49 0.69 0.86 
0.5872 0.9399 1.9671 0.281 -1.033 -816.73 -1.41 0.97 1.08 
0.6888 0.9743 1.9624 0.222 -0.790 -625.17 -1.23 1.31 1.37 
0.7914 1.0115 1.9556 0.148 -0.546 -437.31 -1.12 1.54 1.56 
0.8951 1.0518 1.9423 0.065 -0.306 -258.69 -1.16 1.61 1.58 

Butyl acetate + DMSO 
0.1418 0.8943 0.6508 -0.140 -0.210 -419.83 -1.55 0.51 0.47 
0.2710 0.9137 0.6822 -0.212 -0.349 -617.16 -1.42 0.55 0.45 

7 0.3893 0.9335 0.7441 -0.238 -0.443 -698.62 -1.34 0.56 0.40 
0.4979 0.9539 0.8413 -0.226 -0.489 -675.80 -1.27 0.58 0.36 
0.5980 0.9750 0.9732 -0.192 -0.489 -583.06 -1.17 0.60 0.32 
0.6905 0.9968 1.1292 -0.141 -0.455 -470.78 -1.09 0.62 0.27 
0.7763 1.0195 1.3174 -0.089 -0.382 -334.72 -0.99 0.65 0.24 
0.8561 1.0434 1.5356 -0.051 -0.267 -192.35 -0.85 0.71 0.25 
0.9305 1.0686 1.7657 -0.019 -0.135 -76.24 -0.70 0.80 0.29 

Butanone + DMSO 
0.0930 0.8234 0.4384 -0.302 -0.090 -20.99 -0.09 0.70 0.65 
0.1875 0.8492 0.5180 -0.520 -0.163 1.37 0.02 0.71 0.65 
0.2834 0.8762 0.6758 -0.693 -0.160 263.84 0.54 0.87 0.79 
0.3809 0.9041 0.8631 -0.800 -0.130 467.78 0.81 1.00 0.91 
0.4799 0.9333 1.0880 -0.854 -0.065. 632.84 1.04 1.16 1.06 

./.r;-- 0.5806 0.9635 1.3404 -0.837 0.025 735.31 1.23 1.34 1.24 
0.6829 0.9947 1.5525 -0.737 0.072 679.11 1.28 1.45 1.35 
0.7868 1.0274 1.7503 -0.589 0.102 549.37 1.34 1.57 1.49 
0.8925 1.0608 1.9089 -0.345 0.090 332.04 1.42 1.72 1.65 

Butyl Amine +DMSO 
0.0942 0.7595 0.5608 -0.403 -0.076 -19.60 -0.10 0.87 0.80 
0.1896 0.7892 0.6836 -0.711 -0.096 143.36 0.37 1.04 0.93 
0.2862 0.8207 0.8842 -0.948 -0.040 448.01 0.88 1.28 1.15 
0.3841 0.8540 1.1108 -1.109 0.040 675.78 1.15 1.48 1.32 

+ 0.4834 0.8892 1.3283 -1.191 0.109 776;10 1.25 1.61 1.55 
0.5839 0.9265 1.5437 -1.185 0.174 801.06 1.33 1.74 1.74 

Contd 
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?~ 

0.6858 0.9658 1.7132 -1.073 0.191 706.96 1.33 1.81 1.93 
,-1 > .·-

0.7891 1.0070 1.8558 -0.845 0.179 548.66 1.34 1.88 2.13 
0.8939 1.0503 1.9775 -0.501 0.144 345.03 1.48 2.06 2.07 

308.15 K 
tert- Butyl alcohol + DMSO . 

0.0953 0.7932 2.4965 0.026 -0.191 -156.14 -0.75 0.95 1.14 
0.1917 0.8173 2.2559 0.054 -0.327 -286.22 -0.76 1.03 1.19 
0.2890 0.8430 2.0712 0.077 -0.406 -376.30 -0.76 1.13 1.26 
0.3874 0.8703 1.9334 0.098 -0.437 -423.97 -0.74 1.23 1.33 
0.4868. 0.8996 1.8355 0.111 -0.427 -429.55 -0.72 1.33 1.39 
0.5872 0.9310 1.7704 0.110 -0.383 -395.46 -0.68 1.41 1.46 <k' 0.6888 0.9648 1.7292 0.099 -0.314 -330.22 -0.65 1.49 1.51 
0.7914 1.0014 1.6867 0.075 -0.245 -270.22 -0.69 1.51 1.51 
0.8951 1.0411 1.6621 0.034 -0.157 -186.23 -0.82 1.44 1.41 

Butyl acetate + DMSO 
0.1418 0.8842 0.7177 -0.244 -0.098 -111.00 -0.51 0.90 0.79 
0.2710 0.9037 0;7848 -0.335 -0.165 -158.04 -0.47 0.91 0.77 
0.3893 0.9238 0.8663 -0.357 -0.206 -167.64 -0.44 0.92 0.75 
0.4979 0.9438 0.9507 -0.339 -0.234 -178.27 -0.46 0.92 0.72 
0.5980 0.9649 1.0476 -0.299 -0.241 -169.13 -0.46 0.91 0.69 
0.6905 0.9869 1.1548 -0.258 -0.229 . -149.89 -0.47 0.91 0.65 
0.7763 1.0096 1.2712 -0.203 -0.202 -125.88 -0.48 0.90 0.61 

::.( 0.8561 1.0334 1.4053 -0.144 -0.151 -84.19 -0.48 0.91 0.58 -

0.9305 1.0580 1.5465 -0.069 -0.087 -47.14 -0.50 0.89 0.52 
Butanone + DMSO 

0.0930 0.8124 0.4090 -0.215 -0.043 204.19 0.95 0.82 0.76 
0.1875 0.8380 0.5575 -0.440 -0.025 593.52 1.53 1.01 0.93 
0.2834 0.8655 0.7461 -0.692 0.031 927.48 1.80 1.18 1.09 
0.3809 0.8940 0.9258 -0.860 0.076 1061.92 1.77 1.27 1.18 
0.4799 0.9233 1.1266 -0.940 0.14 1141.60 1.80 1.39 1.29 
0.5806 0.9533 1.3117 -0.906 0.186 1102.61 1.79 1.48 1.40 
0.6829 0.9842 1.4620 -0.786 0.195· 946.45 1.72 1.54 1.46 
0.7868 1.0165 1.5877 -0.613 0.177 716.86 1.69 1.60 1.54 
0.8925 1.0498 1.6767 -0.360 0.120 409.58 1.69 1.68 1.64 

Butyl Amine + DMSO :.{ 
0.0942 0.7489 0.5155 -0.529 -0.025 298.88 0.98 1.02 0.92 
0.1896 0.7793 0.6382. -0.927 -0.025 614.32 1.06 1.10 0.98 
0.2862 0.8111 0.8425 -1.212 0.055 1091.99 1.49 1.34 1.20 
0.3841 0.8451 1.0464 -1.440 0.133 1408.81 1.62 1.49 1.34 
0.4834 0.8804 1.2390 -1.509 0.198 1601.54 1.64 1.59 1.46 

0.5839 0.9177 1.4212 -1.480 0.251 1709.70 1.67 1.70 1.58 
0.6858 0.9567 1.5703 -1.320 0.269 1719.63 1.68 1.78 1.69 
0.7891 0.9978 1.6681 -1.056 0.234 1543.01 1.66 1.83 1.77 

-~ 0.8939 1.0403 1.6887 -0.618 0.12 1078.02 1.48 1.74 1.69 ' -

318.15 K 
tert-Butyl alcohol + DMSO 
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0.0953 
0.1917 
0.2890 
0.3874 
0.4868 
0.5872 
0.6888 
0.7914 
0.8951 

0.1418 
0.2710 
0.3893 
0.4979 
0.5980 
0.6905 
0.7763 
0.8561 
0.9305 

0.0930 
0.1875 
0.2834 
0.3809 
0.4799 
0.5806 
0.6829 
0.7868 
0.8925 

0.0942 
0.1896 
0.2862 
0.3841 
0.4834 
0.5839 

0.6858 
0.7891 
0.8939 

.,;h···;; 
;~' 

Thermodynamic and transport ................... at different temperatures 

0.7837 
0.8078 
0.8335 
0.8610 
0.8904 
0.9221 
0.9562 
0.9930 
1.0327 

0.8758 
0.8955 
0.9158 
0.9365 
0.9579 
0.9799 
1.0026 
1.0261 
1.0504 

0.8051 
0.8312 
0.8584 
0.8866 
0.9161 
0.9472 
0.9797 
1.0127 
1.0455 

0.7422 
0.7728 
0.8050 
0.8396 
0.8762 
0.9143 

0.9541 
0.9945 
1.0359 

1.7142 
1.5876 
1.4874 
1.4069 
1.3750 
1.3684 
1.3737 
1.3890 
1.4189 

0.5781 
0.6605 
0.7569 
0.8393 
0.9280 
1.0308 
1.1374 
1.2444 
1.3507 

0.3725 
0.4369 
0.5429 
0.6887 
0.8739 
1.0807 
1.2410 
1.3732 
1.3853 

0.4387 
0.5147 
0.6441 
0.8489 
1.0931 
1.2867 

1.4169 
1.4255 
1.4277 

0.032 -0.078 -78.06 
0.060 -0.153 -216.16 
0.080 -0.211 -325.19 
0.092 -0.245 -410.41 
0.096' -0.252 -410.63 
0.087 -0.230 -365.21 
0.069 -0.189 -298.64 
0.043 -0.136 -215.40 
0.020 -0.069 -107.35 

Butyl acetate + DMSO 
-0.212 -0.086 
-0.348 -0.122 
-0.426 -0.134 
-0.443 -0.151 
-0.426 -0.154 
-0.383 -0.136 
-0.312 -0.108 
-0.222 -0.074 
-0.113 -0.036 
Butanone + DMSO 
-0.389 -0.047 
-0.662 -0.091 
-0.870 -0.093 
-1.009 -0.058 
-1.093 0.015 
-1.142 0.107 
-1.128 0.151 
-0.979 0.165 
-0.657 0.057 

Butyl Amine+ DMSO 
-0.510 
-0.960 
-1.316 
-1.623 
-1.826 
-1.866 

-1.760 
-1.423 
-0.886 
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-0.024 
-0.052 
-0.028 
0.070 
0.206 
0.290 

0.309 
0.205 
0.093 

-116.05 
-70.40 
-1.55 
-4.94 
-3.73 
20.96 
38.02 
41.28 
31.38 

71.81 
107.63 
290.81 
523.03 
749.95 
901.39 
989.72 
932.08 
641.73 

174.36 
242.39 
476.63 
841.07 
1138.80 
1196.30 

1073.30 
710.87 
334.24 

-0.39 
-0.57 
-0.64 
-0.70 
-0.67 
-0.61 
-0.58 
-0.54 
-0.48 

-0.51 
-0.30 
-0.17 
-0.18 
-0.19 
-0.15 
-0.11 
-0.08 
-0.03 

0.35 
0.29 
0.56 
0.86 
1.16 
1.43 
1.76 
2.15 
2.59 

0.78 
0.61 
0.90 
1.36 
1.75 
1.89 

1.92 
1.66 
1.39 

1.22 
1.08 
1.05 
1.04 
1.09 
1.15 
1.20 
1.24 
1.29 

0.74 
0.82 
0.87 
0.87 
0.87 
0.89 
0.91 
0.94 
0.97 

0.65 
0.64 
0.71 
0.83 
0.99 
1.17 
1.44 
1.77 
2.14 

0.85 
0.82 
0.94 
1.17 
1.43 
1.60 

1.69 
1.58 
1.44 

1.27 
1.14 
1.10 
1.07 
1.11 
1.15 
1.19 
1.21 
1.26 

-2.39 
-0.66 
-0.07 
0.19 
0.34 
0.45 
0.54 
0.61 
0.68 

0.60 
0.59 
0.65 
0.76 
0.91 
1.10 
1.39 
1.75 
2.18 

0.76 
0.74 
0.84 
1.05 
1.32 
1.50 

1.62 
1.52 
1.40 



Binary 
mixture 

DMSO 
+ 

Tert-But. 
Alcohol. 

DMSO 
+ 

But. 
Acet. 

DMSO 
+ 

2-
Butanone 

Thermodynamic and transDort ................... at different temDeratures 

Table 3 
Redlich-Kister coefficients and standard deviations (a) for the 

binary mixtures at 298.15 K, 308.15 K And 318.15 K 

Excess 
property 

VE x106/ 

(m3 .mol-1 

) 

I::.TJI 

(mPa S) 

G*E 
/(J".mol-1

) 

VE 

x106
/ 

(m3 .mol-1 

) 

I::.TJI 

(mPa.S) 

a·E 

/(J".mol-1) 

VE 

x106
/ 

(m3 .mol-1 

) 

I::.TJI 

(mPa.S) 

Temp. 
(/K) 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

298.15 

308.15 

1.183 

0.442 

0.378 

-4.664 

-1.689 

-0.998 

-3553.20 

-1707.49 

-1639.09 

-0.889 

-1.351 

-1.778 

-1.958 

-0.933 

-0.615 

-2688.68 

-702.389 

-28.83 

-3.402 

0.599 

-4.445 

-0.177 

0.599 

-0.074 -0.722 

0.121 -0.087 -0.126 -0.124 

-0.100 -0.147 - -

2.294 - - -

0.711 -0.094 -0.588 -0.502 

0.220 0.272 -0.182 -

981.45 1660.60 -1224.24 -2480.93 

454.38 311.26 -1252.91 -710.67 

485.49 - - -
1006.67 

0.518 0.257 - -

0.541 -0.436 0.116 -

-0.024 - - -

-0.373 - - -

-0.305 -0.177 - -

-0.001 - - -

1090.97 370.72 419.07 -

35.529 -217.51 218.25 -

46.12 675.66 

-0.052 -0.205 - -

0.931 -0.324 0.215 -

-1.210 -0.390 - -

1.396 - - -

-
0.931 0.214 -

0.002 

0.002 

0.001 

0.023 

0.002 

0.001 

9.21 

3.22 

7.39 

0.002 

0.003 

0.002 

0.006 

0.001 

0.007 

5.51 

3.37 

3.57 

0.006 

0.005 

0.006 

0.010 

0.005 
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Thermodynamic and transport ................... at different temperatures 

--*--/. 
318.15 0.011 1.886 0.262 0.004 

298.15 2668.48 2379.35 
2772.74 

-999.62 11.44 

a·E 
308.15 4545.82 -180.14 -242.60 -563.24 -2344.28 16.42 

/(J.mol-1
) 

318.15 3125.33 3726.60 114.70 1235.00 6.95 

298.15 -4.787 -0.437 -0.191 0.003 
VE x106/ 

(m3 .mol-1 308.15 0.858 1.293 -0.563 -0.362 0.011 
DMSO ) 

r 318.15 -7.327 -2.062 -0.404 0.012 
+ 

n- 111]/ 298.15 0.510 1.266 -1.046 0.391 1.166 0.005 
But.Amine 

(mPa.S) 
308.15 1.121 1.783 -1.050 -1.39 0.014 

318.15 0.890 2.385 -1.662 -3.650 1.228 0.007 

298.15 3205.28 866.70 
2967.24 

2496.09 976.64 16.87 

a·E 
308.15 3808.74 2767.12 -518.58 999.67 16.24 

jr· /(J.mor1
) 

318.15 4644.68 3325.08 
2269.01 

6206.62 -2316.12 17.05 
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Figurel. 

Excess molar volumes ( VE) for binary mixtures of DMSO(x1 ) with t-butyl alcohol (+) n

butyl acetate (•),2-Butanone (.&.)and n-butylamine( • );at 298.15K 
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Figure2. 

Viscosity deviations (117]) for binary mixtures of DMSO(x1 ) with t-butyl alcohol(+) n-

_)r- butyl acetate (•),2-Butanone (.&.)and n-butylamine( • );at 298.15K 
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Figure3. 

Excess Gibbs free energies for activation of viscous flow ( G*E) for binary mixtures of -f,.. 

DMSO( x1 ) with t-butyl 

butylamine(•);at 298.15K 

alcohol (+) n-butyl acetate (•).2-Butanone (.A.)and n-
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Chapter XII 

Concluding Remarks 

The aim of the present work was to study the physicochemical properties and to collect 

new experimental data on properties such as densities, viscosities, conductivities and 

speeds of sound for various binary liquid systems and salt solutions over the entire 

range of compositions and at different temperatures. Furthermore, the study involved 

the evaluation of the apparent molar properties, excess functions, interaction 

parameters from the experimental data and interpretation of the intermolecular 

interactions and tesing various existing models of speed of sound. The study was 

undertaken covering a wide range of solvents and solutes of varying physical and 

chemical properties. The various solvents and solutes used in the investigation had been 

chosen mainly on the basis of their industrial applications. 

Tetrahydrofuran, and its mixtures are the very important solvents widely used in various 

industries. This is a good industrial solvent and figures prominently in the high-energy 

battery technologies and has found its application in organic syntheses as manifested 

from the physico-chemical studies in this medium. The alkoxyethanols (2-ethoxyethanol 

and 2-Methoxyethanol) occupies an important place in many industrial processes such as 

pharmaceutical and cosmetics industry. Alcohols have varied applications in chemical and 

cosmetic industries. These are useful in enology and as an alternative energy source. 

Dimethyl sulfoxide (DMSO) has a wide range of applicability as a solvent in chemical and 

biological processes. Some alkali metal halides and acetate salts show numerous 

interesting properties that are now being actively investigated in many laboratories. 

A study of densities, viscosities, and ultrasonic speeds for the binary systems of 

acetonitrile with tetrahydrofuran, 1,3-dioxolane, and 1,4-dioxane at various 

temperatures over the entire composition range lead to the conclusion that, strong 

specific interaction is present between acetonitrile and ethers molecules. Dipole-induced 

dipole interactions are present between the unlike molecules along with the interstitial 

accommodation of non associated acetonitrile molecules in to the clusters of ether 

molecules. 
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Concluding Remarks 

The study of excess thermodynamic and transport properties for binary 

mixtures formed by 2-Ethoxy ethanol with eight monoalcohols suggest that with the 

increasing chain length, the alkanols tends to dilute the unlike interaction and finally for 

the higher alkanols this unlike interaction becomes unfavorable. The theoretical values 

of the sound speed were calculated by using the free length theory, collision factor 

theory, the Nomoto Equation, the Vandeal Vangael ideal mixing relation, the impedance 

dependence relation and compared with the experimentally measured sound speed. The 

results showed that, the Nomoto equation and the Collision factor theory predicts the 

experimental data extremely well, whereas the Fee length theory gives the maximum 

deviation for the experimental set of binary mixtures. 

The measurement of viscosities and densities of binary liquid mixtures of 

Tetrahydrofuran with normal hydrocarbons (n-pentane, n-hexane, n-heptane) 

demonstrates that, the forces between the unlike pairs of molecules are far less than 

that between like pair of molecules. The effect of temperature increase is to disrupt 

the homo and hetero association of component molecules in the mixtures. 

The examination of the ion-solvent and ion-ion interactions of 

Resorcinol in 2-Methoxyethanol and Tetrahydrofuran reveals that weak solute-solvent 

(Resorcinoi-ME/THF) interactions are present here, and such interactions increases 

with rise of temperature whereas the solute-solute interaction in the above case is very 

strong but diminishes with rise of temperature due to the breaking of non covalent 

bonding between the solute molecules. 

The comparative study of electrical conductance of some alkali chlorides in 

Methanol - Carbon tetrachloride and - 1,4-dioxane systems gives a clear distinction 

between the nature of ionic association and mobility of ions in these two systems. It is 

found that, for these electrolytes having the common anion, as the size of the cation 

increases, the solvation decreases. All the salts are highly associated .in both the solvent 

mixtures. Also the combination of a solvent of higher permittivity with the one having 

low viscosity of has comparatively higher mobility resulting in higher conductivity values. 

The values of Walden product for the studied electrolytes pass through a maximum at a 

particular mole fraction and then decrease continuously for all the lower mole fractions. 
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Concluding Remarks 

Density, viscosity and compressibility data have been determined for amino acids 

in aqueous TBAB solutions and the results have been used to estimate the volume and 

compressibility of transfer, number of hydrated water molecules and the viscosity B

coefficient values. With the increase in concentration of aqueous TBAB in solution, the 

partial molar quantities also increase. The contribution of the (Ns;, COO-) group to 

V2~m of the amino acids is larger compared to that of the (CH2 ) group and increases 

with the increase of TBAB concentration in the solution. The number of water molecules 

hydrated to amino acids increases with the increase in hydrophobic content of the amino 

acids indicating the predominance of hydrophobic interactions between the amino acid 

and TBAB with increasing number Carbon atoms in the former. It s concluded that, for 

Glycine and L-alanine, with increasing concentration of co-solute TBAB, more positive 

fl 1rVz~m and fl 1rKg,m values result indicating an enhancement in the ion-ion interaction. 

The increased number of hydrophobic groups in these amino acids leads to stronger 

interaction between the hydrophobic groups of amino acids with hydrophobic groups of 

TBAB thereby leading to negative volumes of transfer. 

We have investigated the molecular interactions of four acetate salts i.e. 

ammonium acetate, potassium acetate, sodium acetate and lithium acetate in different 

mass 'Yo of water methanol binary solvent mixtures at different temperatures. The study 

indicates the presence of strong solute-solvent interactions which weakens with rise in 

temperature, suggesting more electrostrictive solvation at higher temperature. For 

lithium acetate and sodium acetate in methanol solutions 'caging or packing effect' seems 

to be present whereas, ammonium acetate and potassium acetate beh~ves just like 

common salts in methanol solutions. Lithium acetate and sodium acetate are structure 

makers in methanol water mixture whereas ammonium acetate and potassium acetate are 

structure breakers in this mixed solvent system. 

A study conducted on the excess thermodynamic and transport properties of binary 

mixtures of DMSO with butyl acetate, tert-butyl alcohol, n-butyl amine and 2-butanone 

indicates the presence of Specific interaction between DMSO and n- butyl amine, 

DMSO + butyl acetate, DMSO + 2-butanone solvent system but in DMSO + t-butyl 

alcohol solvent system dispersion forces are prevailing. 
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Concluding Remarks 

Most of the present day knowledge on non-aqueous solutions have come 

from studies on various thermodynamic properties, e.g., density, transport properties, 

e.g., viscosity, conductance as well as acoustic properties, e.g., ultrasonic speed. 

However, it is necessary to remember that molecular interactions are very 

complex in nature. There are strong forces exis~ing in the molecule and it is not really 

possible to separate them all. Nevertheless,: if careful judgement is used, valid 

conclusions can be drawn in many cases relating to degree of structure and order of the 

system. 

Extensive studies of the different physico-chemical, biological or pharmaceutical 

activity between different components of a given mixture will be of sufficient help in 

understanding the nature of the different interactions prevailing in systems. 
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Studies on Thermodynamic and Transport Properties of Binary Mixtures of 
Acetonitrile with Some Cyclic Ethers at Different Temperatures by Volumetric, 
Viscometric, and Interferometric Techniques 
Mousumi Das and Mahendra N. Roy* 

Department of Chemistry, University of North Bengal, Darjeeling-7340 13. India 

Densities and viscosities of the binary mixtures of acetronitrilc with tetrahydrofuran, I ,3-dioxolanc, and I ,4-
dioxane were measured over the entire range of composition at (298.15, 308. I 5, and 3 I 8. I 5) K. Ultrasonic speeds 
of these binary mixtures have also been measured at 298.15 K. From the experimental data, values of excess 
molar volumes ( V E), viscosity deviations (A77),_ and deviations in isentropic compressibility (AK.5) have been 
calculated. These results were fitted to Redlich-Kister polynomial equation. The density and viscosity data were 
analyzed by some semicmpirical viscosity models, and the results have been discussed in terms of molecular 
interactions and structural effects. The excess properties were found to be either negative or positive depending 
on the molecular interactions and the nature of liquid mixtures. To explore ~e nature of the interactions, various 
thermodynamic parameters (e.g., intermolecular free length, specific acoustic impedance, etc.) have also been 
derived from the density and ultrasonic speed data. 

Introduction 

The mixing of different solvents gives rise to solutions that 
generally do not behave ideally. This deviation from ideality is 
expressed by many thermodynamic variables, particularly by 
excess properties. Excess thermodynamic properties of solvent 
mixtures correspond to the difference between the actual prop
erty and the property if the system behaves ideally and, thus, 
are useful in the study of molecular interactions and arrange
ments. In particular, they reflect the interactions that take place 
between solute-solute, solute-solvent, imd solvent-solvent 
species. 1 

This work is a part of our program to provide data for the 
characterization of the molecular interactions between solvents 
in binary systems.2•3 Acetronitrile is a dipolar aprotic solvent 
lacking strong specific intermolecular forces, where dipole
dipole forces predominate,4•5 and tetrahydrofurnn, I ,3-dioxolane, 
and I ,4-dioxane are cyclic ethers differing in the number and 
position of oxygen atom and methylene group.6•7 Tetrahydro
furan, 1.3-dioxolnne, and I ,4-dioxane nrc versntile solvents used 
in the separation of saturated and unsaturated hydrocarbons, in 
pharmaceutical synthesis, and serve as solvents for many 
polymers. Acetonitrile has important technological applications, 
namely. in battery industry and plating tcchniques.8·9 

In the present paper, we report densities, viscosities. and ultra-
. sonic speeds for the binary systems of acetonitrile + tetrahy

drofuran, acetronitrile +I ,3-dioxo\ane. and acetronitrile +I ,4-
dioxane at the temperatures of (298.15, 308. I 5, and 318. I 5) K 
and atmospheric pressure over the entire composition range. 
The experimental data are used to calculate excess molar vol
umes (V 10), deviations in viscosity (A7J), and deviations in isen
tropic compressibility (AK5) of the mixtures. Various thermo
dynamic parameters (e.g., intemlolecular free length, specific 
!lCOUstic impedance, etc.) and their deviations have also been 
derived from the density and ultrasonic speed data/rhese results f 
are useful for the interpretation of the nature ofintbctions that

1 occur between acetonitrile and the cyclic ethers. \fhe work also · 
provides a test of various empirical equation's to correlate 

• Corresponding author. E-mail: mahendmroy@yahoo.co.in. Fax: +91-
0353-2581546. 

viscosity and acou~tic ~ta of binary mixtures in terrns of pure 
component properties. )) 

Experimental Section 
Materialv. Acetonitrile (Merck, India) was distilled from P20 5 

and then from CaH2 in an all-glass distillation apparatus. 10 The 
middle fraction was collected. 1.,4-Dioxane (Merck, India) was 
kept several days over potassium hydroxide (KOH), refluxed 
for 24 h, and distilled over lithium aluminum hydride (LiAIH4) 

as described earlier.2 I ,3-Dioxolane (LR) was purified by 
standard methods. It was refluxed with Pb02 and then fraction
ally distilled after addition of xylene. 12 Tetrahydrofuran (Merck, 
India) wa.~ kept several days over potassium hydroxide (KOH), 
refluxed for 24 h, and distilled over LiAIH4 as described 
earlier. 11 The purity of the solvents was ascertained by GLC 
and also by comparing experimental values of densities and 
viscosities with available literature as listed in Table I. 

Apparatus and Procedure. The densities were measured with 
an Ostwald-Sprengel type pycnometer having a bulb voJ·ume 
of 25 cm3 and an internal diameter of the capillary of about 0. I 
em, calibrated at (298.15, 308.15, and 3 I 8. \5) K with doubly 
distilled water and benzene. The pycnometer with the test solu
tion was equilibrated in a thermostatic water bath maintained 
at± 0.01 K of the desired temperature, removed from the bath, 
properly dried, and weighed in a1i electronic balance. The evap
oration losses remained insignificant during the time of actual 
measurements. Averages of triplicate measurements were taken 
into account. 

The mixtures were prepared by mixing known volume of pure 
liquids in air-tight stoppered bottles. The reproducibility in mole 
fraction was within ± 0.0002. The mass measurements, accurate 
to± 0.01 mg, were made on a digital electronic analytical bal
ance (Mettler, AG 285, Switzerland). The total uncertainty of 
density is ± 3 X J0-4 g•cm-3, and that of temperature is ± 
0.01 K. 

The viscosity was measured by means of a suspended 
Ubbelohde type viscometer, which was calibrated at 298.15 K 
with triple-distilled water and purified methanol using density 
and viscosity values from the literature. The flow times were 
accurate to ± 0.1 s, and the uncertainty in the viscosity mea
surements, based on our work on several pure liquids, was with-

10~ 1021/je0603lla CCC: $33.50 ·© 2006 American Chemical Society 
Published on Web 09/30/2006 
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Table I. Comparison of Density p, Viscosity q, and Sound Speeds 11 with Literature Data at the Experimental Temperatures 

+ T p x w-.l/(kg·m-3) 17/(mPa•s) u/(m·s- 1) 

pure solvent K expt lit. expt lit. expt lit. 

acetonitrile 298.15 0.1768 0.776861° 0.3443 0.344610 1713.2 
308.15 0.7654 0.7656410 0.3124 0.3125 10 
318.15 0.7547 0.75498 10 0.2891 0.2893 10 

tetrahydrofuran 298.15 0.8808 0.880733 0.4631 0.463013 1292.2 129434 
308.15 0.8715 0.871231 0.4:!76 0.4:!773.1 

318.15 0.8608 0.861433 0.3903 0.390233 
1 ,4-dioxanc 298.15 1.0287 1.028234 1.1179 1.17834 1344.4 135834 

308.15 1.0168 1.016834 0.9985 0.99934 
318.15 1.0047 1.0052637 0.8909 0.90P" 

1,3 dioxolane 298.15 1.0577 1.0586215 0.5878 . 0.58863~ 1338.2 1338.836 
308.15 1.0463 1.04620" 0.5128 
318.15 1.0344 1.0336437 0.4580 

Table 2. Values of Density p, Viscosity 17, Excess Molar Volume VE, Viscosity Deviation tl.q, and Grunberg-Nissan, Tamura-Kurata, and 
Hind Interaction Parameters dn, Tn, and Hn for Binary Mixtures 

p x 10-.1 ,, VEx 106 l17J p x 1o···' rJ J'E X 106 1111 

XI kg·m-3 mPa·s m3·mol-1 mPa·s dll T12 H12 XI kg·m-3 mPa·s m3•mo]-l mPa•s dll T12 H12 

Acetonitrile+ Tctrahydrofuran 

298.15 K 
0 0.8808 0.4631 0 0 0 0 0 0.7249 0.8162 0.3701 -0.062 -0.007 -0.047 0.384 0.387 
0.1633 0.8703 0.4419 -0.104 -0.002 0.011 0.393 0.397 0.8039 0.&058 0.3611 -0.037 -0.007 -0.067 0.382 0.383 
0.3052 0.8595 0.4236 -0.142 -0.003 0.006 0.392 0.396 0.8754 0.7959 0.3539 -0.020 -0.005 -0.087 0.380 0.380 
0.4295 0.8486 0.4075 -0.145 -0.005 -0.002 0.390 0.394 0.9405 0.7862 0.3481 -0.007 -0.003 -0.119 0.376 0.375 
0.5394 0.8376 0.3932 -0.124 -0.006 -0.()15 0.389 0.392 I 0.1768 0.3443 0 0 0 0 0 
0.6372 0.8268 0.3808 -0.093 -0.007 -0.029 0.387 0.389 

308.15 K 
0 0.8715 0.4276 0 0 0 0 0 0.7249 0.8057 0.3321 -0.082 -0.012 -0.126 0.338 0.339 
0.1633 0.8604 0.4066 -0.070 -0.002 0.006 0.357 0.361 0.8039 0.7953 0.3242 -0.066 -0.011 -0.155 0.336 0.336 
0.3052 0.8492 0.3875 -0.099 -0.005 -0.013 0.353 0.358 0.8754 0.7852 0.3184 -0.049 -0.008 -0.184 0.333 0.332 
0.4295 0.8380 0.3701 -0.110 -0.008 -0.039 0.349 0.354 0.9405 0.7752 0.3145 -0.028 -0.005 -0.214 0.331 0.328 
0.5394 0.8270 0.3550 -0.106 -0.012 -0.0.67 0.345 0.349 I 0.7654 0.3124 0 0 0 0 0 
0.6372 0.8162 0.3425 -0.096 -0.0\2 -0.095 0.342 0.345 

318.15 K 
0 0.8608 0.3903 0 0 0 0 0 0.7249 0.7963 0.3001 -0.196 -0.017 -0.349 0.298 0.298 
0.1633 0.8510 0.3683 -0.201 -0.005 -0.106 0.313 0.319 0.8039 0.7855 0.2938 -0.141 -0.015 -0.443 0.294 0.292 
0.3052 0.8405 0.3497 -0.290 -0.010 -0.135 0.311 0.317 0.8754 0.7750 0.2901 -0.094 -0.012 -0.581 0.291 0.287 
0.4295 0.8296 0.3340 -0.311 -0.013 -0.169 0.309 0.313 0.9405 0.7647 0.2879 -0.045 -0.007 -0.960 0.284 0.276 

~- 0.5394 0.8184 0.3202 -0.288 -0.016 -0.218 0.305 0.308 1 0.7547 0.2890 0 0 0 0 0 
/ 0.6372 0.8073 0.3089 -0.245 -0.017 -0.277 0.301 0.303 

Acetonitrile+ 1,3-Dioxolanc 

298.15 K 
0 1.0577 0.5878 0 0 0 0 0 0.7302 0.8721 0.3591 -0.197 -0.051 -0.519 0.330 0.337 
0.1670 1.0227 0.5233 -0.124 -0.024 -0.193 0.355 0.380 0.8081 0.8465 0.3444 -0.160 ~o.o47 -0.660 0.314 0.315 
0.3109 0.9899 0.4737 -0.233 -0,038 -0.231 0.355 0.376 0.8783 0.82:! I 0.3380 -0.111 -0.036 -0.782 0.301 0.298 
0.4361 0.9585 0.4360 -0.277 -0.046 -0.266 0.355 0.373 0.9420 0.7989 0.3366 -0.062 -0.022 -0.982 0.277 0.266 
0.5461 0.9282 0.4046 -0.268 -0.0502 -0.328 0.350 0.364 I 0.7768 0.3443 0 0 0 0 0 
0.6435 0.8994 0.3783 -0.239 -0.053 -0.421 0.340 0.351 

308.15 K 
0 1.0463 0.5128 0 0 0 0 0 0.7302 0.8619 0.3251 -0.297 -0.041 -0.477 0.302 0.307 
0.1670 1.0116 0.4618 -0.160 -0.018 -0.158 0.330 0.349 0.8081 0.8361 0.3134 -0.248 -0.038 -0.593 0.290 0.292 
0.3109 0.9792 0.4235 -0.295 -0.027 -0.174 0.333 0.349 0.8783 0.8116 0.3077 -0.190 -0.029 -0.706 0.279 0.277 
0.4361 0.9478 0.3913 -0.352 -0.034 -0.221 0.329 0.343 0.9420 0.7882 0.3070 -0.114 -0.017 -0.845 0.264 0.257 
0.5461 0.9177 0.3646 -0.357 -0.034 -0.284 0.323 0.334 I 0.7654 0.3124 0 0 0 0 0 
0.6435 0.8890 0.3419 -0.334 -0.042 -0.377 0.312 0.321 

318.15 K 
0 1.0344 0.4580 0 0 0 0 0 0.7302 0.8511 0.2910 -0.342 -0.044 -0.597 0.260 0.262 
0.1670 1.0003 0.4132 -0.202 -0.017 -0.188 0.297 0.313 0.8081 0.8255 0.2817 -0.290 -0.040 -0.737 0.246 0.245 
0.3109 0.9679 0.3791 -0:336 -0.026 -0.215 0.298 0.311 0.8783 0.8009 0.2780 -0.219 :...o.o32 -0.890 0.231 0.225 
0.4361 0.9366 0.3502 -0.390 -0.034 -0.275 0.292 0.304 0.9420 0.7775 0.2797 -0.128 -0.019 -1.093 0.210 0.198 
0.5461 0.9065 0.3263 -0.392 -0.039 -0.354 0.284 0.293 1 0.7547 0.2891 0 0 0 0 0 
0.6435 0.8780 0.3065 -0.369 -0.043 -0.460 0.274 0.280 

+ Acctl>nilrilc + I ,4-Dioxanc 

298.\5 K 
0 1.0287 1.1780 0 0· 0 0 0 0.7630 0.8645 0.4099 -0.237 -0.132 -0.648 0.396 0.353 
0.1926 0.9976 0.9468 -0.100 -0.071 0.119 0.534 0.414 0.8336 0.8412 0.3679 -0.191 -0.115 -0.998 0.346 0.322 
0.3492 0.9686 0.7720 -0.193 -0.115 0.031 0.509 0.403 0.8957 0.8185 0.3482 -0.115 -0.083 -1.253 0.316 0 .. 110 
0.4791 0.9410 0.6349 -0.258 -0.144 -0.115 0.473 0.383 0.9508 0.7972 0.3389 -0.057 -0.046 -1.632 0.265 0.280 
0.5886 0.9146 0.5315 -0.289 -0.156 -0.297 0.440 0.365 1 0.7768 0.3443 0 0 0 0 0 
0.6822 0.8891 0.4573 -0.275 -0.152 -0.494 0.411 0.352 

308.15 K 
0 1.0168 0.9985 0 0 0 0 0 0.7630 0.8430 0.4079 -0.301 -0.067 -0.048 0.424 0.469 
0.1926 0.9812 0.8244 -0.194 -0.042 0.207 0.432 0.520 0.8336 0.8212 0.3775 -0.229 -0.049 -0.029 0.438 0.478 
0.3492 0.9484 0.6862 -0.288 -0.073 0.135 0.415 0.495 0.8957 0.8014 0.3531 -0.168 -0.031 0.014 0.453 0.490 
0.4791 0.9187 0.5802 -0.342 .:..0.090 0.055 0.405 0.475 0.9508 0.7828 0.3340 -0.090 -0.012 0.207 0.486 0.525 
0.5886 0.8914 0.5030 -0.357 -0.092 -0.Q07 0.405 0.466 I 0.7654 0.3124 0 0 0 0 0 
0.6822 0.8661 0.4477 -0.331 -0.083 -0.044 0.412 0.464 

318.15 K 
0 1.0047 0.8909 0 0 0 0 0.7630 0.8430 0.3542 -0.364 -0.078 -0.352 0.341 0.375 
0.1926 0.9755 0.7189 -0.254 -0.056 0.015 0.322 0.409 0.8336 0.8193 0.3354 -0.276 -0.054 -0.279 0.366 0.395 

~ 
0.3492 0.9468 0.5994 -0.364 -0.081 -0.014 0.337 0.411 0.8957 0.7968 0.3194 -0.188 -0.033 -0.190 0.389 0.416 
0.4791 0.9194 0.5014 -0.430 -0.101 -0.143 0.324 0.387 0.9508 0.7752 0.3076 -0.093 -0.011 0.142 0.438 0.471 
0.5886 0.8930 0.4305 -0.450 -0.106 -0.268 0.318 0.370 I 0.7547 0.2891 0 0 0 0 
0.6822 0.8675 0.3854 -0.421 -0.095 -0.324 0.328 0.371 
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Figure 1. Excess molar volumes (V E) for binary mixtures of acetonitrile 
(I) with +, tetrahydrofuran; •. 1,3-dioxolane; and £, 1,4-dioxane at 298.15 
K. 

in ± 0.03 % of the reported value. Details of the methods and 
techniques of density and viscosity measurements have been 
described earlier. 11 •13•14 

Speeds of sound were detennined by a multifrequency ultra
sonic interferometer (Mittal Enterprise. New Delhi) working at 
5 MHz, calibrated with water, methanol, and benzene at 298.15 
K. The details of the methods and techniques have been 
described earlier. 11 •13 The unce1tainty of ultrasonic speed 
measurements is± 0.2 m s-1• 

Results and Discussion 

The physical properties of the pure liquids along with their 
literature values are recorded in Table I. However no literature 
data for viscosity of 1,3-dioxolane at (308.15 and 318.15) K 
and sound speed of acetonitrile at 298.15 K were available to 
us. Table 2 lists the experimental values of densities (p1) and 
viscosities (171) of the binary mixtures along with the corre
sponding mole fractions of acetronitrile (x1), excess molar vol
umes ( V ~'). viscosity deviations (!l17), and interaction parameters 
(d12, T12, and H12) at all the experimental temperatures. The 
plots of V E and 6.17 against x 1 at 298. 15 K are represented in 
Figures I and 2, respectively. Because of similarity in nature, 
the plots at the other two temperatures are not presented here. 

The excess molar volumes ( V 10) were calculated using eq 
1 ;15,16 

yE = ±x;M;(~- _!_) 
i=l P P; 

(I) 

where p is the density of the mixture; M;, x;, and p; are the 
molecular weight, mole fraction, and density of ith component, 
respectively. The estimated uncertainty for V E is from (0.00 I 
to 0.014) cm3·mol-l. 

l!.n can be computed using eq 2: 16,1 7 

j 

6.17 = 17- L (Xj17;) (2) 
i=l 

where 17 is the absolute viscosity of the mixture; x; and rJ; are 
the mole fraction and viscosity of ith component in the mixture, 
respectively. The estimated uncertainty for !lq is from (0.001 
to 0.003) mPa·s. 

It is seen that, the values of V E and 6.17 (see Table 2) for all 
the experimental binary mixtures are negative over the entire 
range of composition and temperature. The negative values of 
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Figure 2. Viscosity deviations (L'.7J) for binary mixtures of acetonitrile (I) 
with +, tetrahydrofuran; •. 1,3-dioxolane; and £, I ,4-dioxane at 298.15 
K. 

Table 3. Values of Ultrasonic Speeds u, Isentropic Compressibility 
K., Deviations in Isentropic Compressibility M., Deviations in 
Intermolecular Free Length (Mr), and Deviations in Specific 
Acoustic Impedance (AZ) for Binary Mixtures at 298.15 K 

0 
0.1633 
0.3052 
0.4295 
0.5394 
0.6372 
0.7249 
0.8039 
0.8754 
0.9405 
I 

0 
0.1670 
0.3109 
0.4361 
0.5461 
0.6435 
0.7302 
0.8081 
0.8783 
0.9420 
I 

0 
0.1926 
0.3492 
0.4791 
0.5886 
0.6822 
0.7630 
0.8336 
0.8957 
0.9508 
I 

ll K, X 1012 L\K, X 1012 

Pa 1 

L'.Lr liZ 

m·s- 1 ~ -A-- kg·m2·s- 1 

1292.2 
1344.3 
1395.2 
1443.9 
149D.4 
1533.8 
1573.6 
1610.3 
1645.5 
1679.0 
1713.2 

1338.2 
1388.9 
1436.2 
1481.5 
1524.4 
1563.5 
1597.8 
1628.8 
1658.2 
1686.4 
1713.2 

1344.4 
1399.3 
1451.0 
1498.4 
1540.2 
1575.7 
1606.5 
1633.5 
1660.1 
1686.3 
1713.2 

Acetonitrile + Te!rahydrofuran 
679.94 0 0 
635.81 -4.72 -0.0004 
597.70 -8.16 -0.0013 
565.25 -I 0.64 -0.0020 
537.47 -12.11 -0.0025 
514.14 -11.73 -0.0027 
494.81 -9.96 -0.0023 
478.56 -7.36 -0.0015 
464.04 -4.62 -0.0008 
451.20 -I. 75 -0.000 I 
438.59 0 0 

Acetonitrile+ 1,3-Dioxolane 
527.95 0 
506.89 -6.14 
489.75 -10.42 
475.34 -13.65 
463.62 -IS .54 
454.83 -15.63 
449.15 - 13.56 
445.28 -10.47 
442.39 -7.09 
440.14 -3.65" 
438.61 0 

Acetonitrile + I ,4-Dioxane 
537.84 0 
511.94 -6.79 
490.37 -12.82 
473.32 -16.98 
460.91 -18.52 
453.00 -17.15 
448.20 -13.93 
445.52 -9.60 
443.32 -5.64 
441.13 -2.36 
438.61 0 

0 
-0.0006 
-0.0013 
-0.0024 
-0.0039 
-0.0048 
-0.0045 
-0.0037 
-0.0026 
-0.0015 

0 

0 
-0.0007 
-0.0015 
-0.0025 
-0.0036 
-0.0045 
-0.0042 
-0.0034 
-0.0023 
-0.0012 

0 

0 
0.3119 
2.2063 
4.3811 
6.2800 
7.2298 
6.5553 
4.5467 
2.8429 
0.6821 
0 

0 
2.7010 
8.2001 

15.5741 
25.0101 
29.1401 
27.6649 
23.1053 
16.1342 
8.6832 
0 

0 
3.7000 
9.1001 

15.5741 
25.0101 
29.1401 
27.6649 
23.1053 
16.1342 
8.6832 
0 

V E for the three systems arc in the following order: 

acetronitrile + I ,4-dioxane > acetronitri1e + 1 ,3-dioxolane > 
acetronitrile + tetrahydrofuran 

Negative values of V E 18 indicate a specific interaction between 
the mixing components. The chemical or specific interaction 
between the mixing molecules results in a volume decrease. 
The negative values of V r. for the binary mixtures of acetonitrile 
with the ethers may be attributed to the dipole-induced dipole 
interactions between the mixing components. 19 

The molar volumes of acetonitrile are (52.84, 53.63, and 54) 
cm3•mol- 1, and those of tetrahydrofuran, 1 ,3-dioxolane, and 1,4-
dioxane are (81.87, 82.74, and 83.77) cm3·mol-1; (70.03, 70.80, 
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Figure 3. Deviations in isentropic compressibility (M,) for binary mixtures 
of acetonitrile ( 1) with +, tetrahydrofuran; •. 1,3-dioxolane; and .A., 1,4-
dioxane at 298.15 K. 
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Figure 4. Deviations in intermolecular free length (lllr) for binary mixtures 
of acetonitrile (I) with+, tetrahydrofuran; •. 1,3-dioxolane; and .A., 1,4-
dioxane at 298.15 K. 

and 71.62) cm3·mol- 1; and (85.65, 86.66, and 87.70) cm3·mol- 1 

at (298.15, 308.15, and 318.15) K, respectively. It is clear that 
the molar volume values .of acetonitrile and the other compo
nents differ considerably; hence, nonassociateq acetonitrile mole
cules are interstitially accommodated into clusters of ethers 
yielding a negative contribution to observed V E values. This 
implies that the complex-forming interactions are almost absent 
in the experimental binary systems; therefore, observed I17J 
values arc also negative.20 

From close observation of Table i, it is seen that the negative 
V E values are much higher than those of I1YJ for all the binary 
systems under consideration. This cleatly supports mere addition 
of acetonitrile molecules into aggregates of the other compo
nents.20 
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Figure 5. Deviations in specific acoustic impedance (6-Z) for binary 
mixtures of acetonitrile (I) with+, tetrahydrofuran; •. 1,3-dioxolane; and 
.A., I ,4-dioxane at 298.15 K. 

Isentropic compressibility (Ks) values were calculated from 
experimental densities p and speeds of sound u, using 

(3) 
where K. gives the isentropic compressibility for the ith 
component of the mixture. We also derived the deviations in 
isentropic compressibility (M5), deviations in intermolecular 
free length (11Lr), and deviations in specific acoustic impedance 
{/).Z) for the binary mixtures using 

2 

M 5 = K. - ~ x/( •. 1 
i=l 

2 

11Lr = Lr- ~ x;Lr; 
i=l 

2 

11Z= Z- ~x;Z1 
i=l 

(4) 

(5) 

(6) 

where K,, Lr. and Z are the isentropic compressibility, inter
molecular free length, and specific acoustic impedance of the 
mixture and x;, K5;, Lu, and Z; are the mole fraction, isentropic 
compressibility, intermolecular free length, and specific acoustic 
impedance of ith component in the mixture, respectively. 
Experimental values of 11, K,, M 5, 11L1; and /1Z are listed in 
Table 3, and the plots of Ms, 11Lr, and 112 against x1 are shown 
in Figures 3 .to 5. 

For the investigated binary mixtures, the deviations in 
isentropic compressibility are negative. The composition de
pendence of 11K, for the investigated binary mixtures is shown 
in Figure 3; it shows that 11K5 decrease in the following order: 

acetronitrile + I ,4-dioxane > acetonitrile + 1,3-dioxolane > 
acetonitrile + tetrahydrofuran 

These results can be explained in terms of molecular interactions 

Table 4. van der Waals Constant h, Molecular Radius r, Geometrical Volume B, Collision FactorS, Molar Speed of Sound K, Available 
Volume v., Intermolecular Free Length Lr, Molar Volume at Absolute Zero V0, Molar Surface Area f, and Specific Acoustic Impedance Z of 
the Pure Components at 298.15 K 

bx10' r BxiOs S Rx106 V.xiOl Lr V0 x10' Yxi0-4 ZxJO-l 

pure solvent ml nm ml·mol- 1 ml·mol-'·(m·s-')'ll ml A ml -A- kg•m2·s-1 

acetonitrile 4.94 0.170 !.24 4.58 632.32 -3.74 0.43! 5.658 2!.82 !330.81 
tetrahydrofuran 7.66 0.197 1.91 3.45 891.72 1.57 0.536 6.612 29.22 1138.17 
I ,3-dioxolane 6.57 0.187 1.64 3.57 771.81 1.15 0.473 5.858 26.38 1415.41 
I ,4-dioxanc 8.07 0.200 2.02 3.57 945.32 1.37 0.477 7.197 30.26 1382.98 
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and structural effects. There is a parallel in the qualitative 
behavior of the M. and the V E curves (Figures 1 and 3). 

Figures 4 and 5 shows that Mr values are positive for all 
the binary mixture and that !:l.Z behaves in a manrier opposite 
to Mr. Positive and negative deviations in these functions from 
linear dependence on composition of the mixtures indicate the 
extent of association or dissociation between the mixing com
ponents.21 The observed ~alues of IlK, and Mr can be qual
itatively explained by considering the following factors: (i) the 
mutual disruption of associates present in pure liquids, (ii) 
dipole-induced interaction between the mixing liquids, and (iii) 
interstitial accommodation of one component into another. The 
second two factors contribute negative M, and !:l.Lr values. 
Observed negative value of Ms and Mr for the mixtures over 
the entire range of composition implies that the weak dipole
induced interactions are predominant between the unlike mol
ecules along with interstitial accommodation between the 
components.22·15 Tl1us the graded behaviors of these functions 
support the results obtained earlier. 

In an attempt to explore the nature of the interactions 
occurring between the mixing components. various thermody
namic parameters21 - 25 such as intermolecular free length (Lr), 
specific acoustic impedance (Z), van der Waals constant (b), 
molecular radius (r), geometrical volume (B), molar surface area 
(Y), available volume (V.), molar speed of sound (R), relative 

· association (RA), and molecular association (MA) of the binary 
mixtures have been calculated using 

Lr=K.fKs (7) 

Z=up (8) 

b = (;) -(;~){[1 + (~;)rn- 1} (9) 

r=(1~!Nt (10) 

B = 1m)N 
3 

(11) 

Y= (36nNB2
)

113 (12) 

v. = v- (1- ~J (13) 

V0 = V- v. (14) 

MuliJ 
(15) R=--

p 

RA = (Pmix)(~rJ 
P um~< 

(16) 

( .... r M = -- -1 (17) 

A ±x;ut 
I= I 

where K is a temperature-dependent constant, Vo is volume at 
absolute zero, and u,. is taken as 1600 ms-1. These parameters 
are listed in Table 4 for the pure components and in Table 5 
for the binary mixtures. Plots of Z, Lr. R, MA. and RA against x1 
are shown in Figures 6 to I 0. 

The plots of Z and Lr for the mixtures behave in opposite 
manner, and these figures do not exhibit any sudden variation 
in their behavior. This implies the absence of any complex 
formation24 between the mixing components, which is further 
supported by the linear variations of R, RA, and MA of the binary 
mixtures against mole fractions of acetonitrile.24 MA and RA 
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Figure 6. Z values for binary mixtures of acetonitrile (I) with +, 
tetrahydrofuran; •. I ,3-dioxolane; and ..,, 1,4-dioxane at 298.15 K. 

Table 5. Intermolecular Free Length Lr, Molar Speed of Sound R, 
Relative Association RA, Molecular Association MA, Available 
Volume v., and Specific Acoustic Impedance Z of Binary Mixtures 
at 298.15 K 

Lr R X 106 V8 X lOS Zx JO-l 
-A- ------

XJ m3•moJ-I·(m·s-l)lll RA MA ml kg•m2·s· 1 

Acetonitrile + Tetrahydrofuran 
0.1633 0.5186 911.85 1.2147 -0.5911 1.18 1169.94 
0.3052 0.5029 842.69 1.1848 . -0.634 8.72 1199.17 
0.4295 0.4890 791.88 1.1565 -0.6681 6.26 1225.29 
0.5394 0.4768 753.03 1.1295 -0.6961 4.19 1248.36 
0.6372 0.4664 722.31 1.1043 -0.7193 2.43 1268.15 
0.7249 0.4575 697.28 1.0809 -0.7389 9.41 1284.37 
0.8039 0.4500 676.55 1.059 -0.7558 -3.58 1297.58 
0.8754 0.4431 659.27 1.0385 -0.7703 -1.55 1309.65 
0.9405 0.4369 644.61 1.0189 -0.7831 -2.65 1320.Q3 

Acetonitrile + I ,3-Dioxolane 
0.1670 0.4654 937.98 1.3773 -0.4928 8.64 1403.98 
0.3109 0.4587 860.66 1.3224 -0.5567 6.26 1397.31 
0.4361 0.4523 804.77 1.2715 -0.6074 4.32 1394.09 
0.5461 0.4462 762.5 1.2241 -0.6487 2.66 1394.22 
0.6435 0.4412 729.26 1.1801 -0.6831 1.25 1390.11 
0.7302 0.4378 702.28 1.1391 -0.7124 7.42 1381.30 
0.8081 0.4354 679.94 1.1013 -0.7373 -9.61 1370.15 
0.8783 0.4335 661.37 1.0652 -0.7591 -1.93 1357.24 
0.9420 0.4319 645.71 1.0317 -0.7779 -2.85 1344.40 

Acetonitrile+ 1,4-Dioxanc 
0.1926 0.4654 1039.22 1.3739 -0.5033 9 .. 08 1395.94 
0.3492 0.4555 917.01 1.3179 -0.5677 6.05 1405.44 
0.4791 0.4475 837.8 1.2667 -0.6173 3.84 1409.99 
0.5886 0.4416 782.14 1.2199 -0.6569 2.15 1408.67 
0.6822 0.4378 740.65 1.1769 -0.6897 8.45 1400.95 
0.7630 0.4354 708.61 1.1370 -0.7173 -2.21 1388.82 
0.8336 0.4341 683.07 I. 1002 -0.7407 -1.12 1374.1 
0.8957 0.4331 662.64 1.0648 -0.7611 -2.00 1358.79 
0.9508 0.4320 645.97 1.0317 -0.7788 -2.85 1344.32 

values decrease for the mixtures with increasing mole fraction 
of acetonitrile. This implies strongly dissociative interactions 
between the unlike molecules in the mixtures.24,2S 

The mixing functions VE, !:l.Tf, !lK5, !:l.Lr, and !:l.Z were 
represented mathematically by the following type of Redlich
Kister equation26 (eq 18) for correlating the experimental data: 

m 

~ = xrji, ak(x;- x/ (18) 
k=l 

where r:J refers to an excess property ( V H. L'!.7J, !:l.K., 6Lr, and 
!:l.Z) for each i-_j binary pair, and x; is the mole fraction of ith 
component, .and ak represents the coefficients. The values of 
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Figure 7. Lr values for binary mixtures of acetonitrile (I) with +, 
tetrahydrofuran; •. 1,3-dioxolane; and A, 1,4-dioxane at 298.15 K. 
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Figure 8. R values fot binary mixtures of acetonitrile (I) with +. 
'tetrahydrofuran; •. 1,3-dioxolane; and A, 1,4-dioxane at 298.1 S K. 

coefficients (ak) were determined by a multiple-regression 
analysis based on the least-squares method and were sum
marized along with the standard deviations between the 
experimental and fitted values of the respective functions in 
Table 6. The standard deviation was calculated using 

[ 

n (J'!' J'!' )2] 112 
a= L '···P - /,cal 

i=t n-p 
(19) 

where n is the number of experimental points and p is 
the number of adjustable parameters. The small a values for 
excess properties indicate that the fits arc good for the present 
study. 

Several semiempirical models have been proposed from time 
to time to estimate the dynamic viscosity of the binary liquid 
mixtures in terms of pure-component data 16•17 and to interpret 
the molecular interactions in these mixtures. Some of them we 
examined are as follows: 

Grunberg and Nissan~7 have suggested the following loga
rithmic relation between the viscosity of the binary mixtures 
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Figure 9. MA values for binary mixtures of acetonitrile (I) with +, 
tetrahydrofuran; •. 1,3-dioxolane; and A, I ,4-dioxane at 298.1 S K. 
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Figure I 0. RA values for binary mixtures of acetonitrile (I) with +. 
tetrahydrofuran; •. 1,3-dioxolane; and A, I ,4-dioxane at 298.15 K. 

and the pure components: 

j 1 

T/ = exp[L (x1ln 'r]1) + d12IJx;] (20) 
i=l i=l 

where d12 is a constant proportional to the interchange energy. 
lt may be regarded as an approximate measure of the strength 
of molecular interactions between the mixing components. The 
values of the interchange parameter (d12) have been calculated 
using eq 20 as a function of the composition of the binary liquid 
mixn1res of acetronitrile with tetrahydrofuran ( 1,3-dioxolane and 
I ,4-dioxane) and are listed in Table 2. 

Tamura and Kurata28 put forward the following equation for 
the viscosity of the binary liquid mixtures: 

/i j 

., = L x,.¢;"1; + 2Tl2rr [x,.¢;]'12 (21) 
i=l i=l 

where T,~ is the interaction parameter and rPi is the volume 
fraction of ith pure component in the mixture. 
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Table 6. Redlich-Kister Coefficients Uk and Standard Deviations a for the Binary Mixtures 

excess property TIK ao OJ a~ Q) a 

Acetonitrile+ Tctrahydrofur:m 
VF. x 10''/(ml·mol-1) 298.15 -0.535 0.439 0.238 -0.157 0.004 

308.15 -0.435 0.081 0.0001 -0.046 0.000 
318.15 -1.198 0.489 0.054 -0.116 0.001 

lll]/(mPa·s) 298.15 -0.023 -0.023 -0.014 0.000 
308.15 -0.041 -0.044 0.001 
318.15 -0.060 0.047 -0.023 0.000 

AK, x I012f(Pa-l) 298.15 -46.92 -20.28 16.04 28.30 0.101 
ALriA 298.15 -0.0097 -0.0096 0.0979 0.0125 0.000 
Ail(kg·m'·s-1) 298.15 22.9517 33.3804 -8.6910 -31.4791 0.195 

Acetonitrile+ 1,3-Dioxolane 
VF x 106/(ml·mol- 1) 298.15 -1.104 0.187 0.333 -0.650 0.002 

308.15 -1.43 -0.288 0.014 
318.15 -1.58 -0.014 -0.254 -0.777 0.002 

A17/(mPa·s) 298.15 -0.195 -0.080 -0.108 -0.059 0.001 
308.15 -0.141 -0.090 -0.090 0.002 
318.15 -0.148 --:0.105 -0.111 -0.022 0.000 

AK, x 1012f(Pa-l) 298.15 -59.82 -34.96 '6.20 66.24 0.063 
ALriA 298.15 -0.0134 0.0150 0.001 
AZ/(kg·m2·s-l) 298.15 86.9118 106.6348 1.712 

Acetonitrile + I ,4-Dioxanc 
VEx 106/(ml·mot-1) 298.15 -1.069 -0.714 0.219 0.424 0.005 

308.15 -1.38 -0.368 -0.180 0.006 
318.15 -1.77 -0.377 0.009 

A7//(mPa·s) 298.15 -0.583 -0.279 -0.115 0.003 
308.15 -0.365 -0.112 0.131 0.102 0.001 
318.15 -0.408 -0.168 0.066 0.332 0.001 

AK, x 1012/(Pa-1) 298.15 -70.22 -41.53 31.13 46.67 0.101 
ALriA 298.15 -0.0306 -0.0213 0.0143 0.0232 tl.OOI 
AZ/(kg•m2·s-1) 298.15 213.9833 113.6827 -36.9828 -77.6469 0.163 

Table 7. Parameters of McAllister Model, Heric and Brewer Parameters, and Standard J>eviations for Kinematic VIscosities at Various 
Temperatures 

T McAllister (three-body model) McAllister (four-body model) Heric and Brewer parameter 

K \111 V21 a VJJI2 VJJ22 V2221 a a x 1 O~/cm2 ·s·-J b x 102/cm2·s- 1 e x 102/cm2• s··l a 

Acetonitrile + Tetrahydrofuran 

298.15 0.4472 .0.4953 0.004 0.4422 0.4809 0.3976 0.001 -0.1092 -0.0851 -0.1719 0.009 

308.15 0.3992 0.4621 0.004 0.3961 0.4358 0.4554 0.001 -0.6990 -0.0797 -0.0048 0.002 

318.15 0.3481 0.4175 0.015 0.3499 0.3967 0.1921 0.003 -0.2939 -0.2417 -0.4706 0.025 

Acetonitrile+ 1.3-Dioxo1ane 

298.15 0.3181 0.4772 0.025 0.3339 0.4365 0.0950 0.011 -0.7160 -0.5678 -1.2469 0.063 

308.15 0.3028 0.4280 0.021 0.3204 0.4244 0.2383 0.005 -0.4759 -0.2327 -0.7290 0.026 
318.15 0.2541 0.3887 0.023 0.2739 0.3861 0.1297 0.006 -0.4963 -0.4096 -0.9001 0.042 

Acetonitrile + 1 ,4-Dioxnne 

298.15 0.3131 0.8765 0.054 0.2817 0.5868 0.0175 

308.15 0.4955 0.0428 0.031 0.4467 0.2183 0.8251 

318.15 0.3815 0.2167 0.046 0.3034 0.0921 0.6748 

The following viscosity model of Hind et al.29 may also 
interpret the molecular interactions: 

1 j 

TJ = L x/111 + 2H12IJx1 (22) 
i=l i=l 

where H 12 is the Hind interaction parameter. 

In the present study, the values of interaction parameters 
T12 and H12 have been calculated from eqs 21 and 22, 
respectively, and are listed in Table 2. It is observed that for a 
given binary mixture T1 2 and H12 do not differ appreciably from 
each other; this is in agreement with the view put forward by 
Fort and Moore 15 in regard to the nature of parameters T12 and 
Hl2. 

The McAllister multibody interaction modeP0 is widely used 
to correlate the kinematic viscosities (v = rJip)of the binary 

0.025 -1.8590 -2.0151 -2.7610 0.187 

0.025 -0.5120 --3.4702 -2.8854 0.154 

0.046 -0.7564 -5.1889 -4.3310 0.230 

mixtures with mole fraction. The three-body model is defined 
as 

The four-body model is given by 

ln v =x1
4 1n v 1 + 4x1

3x2 ln v1112 + 6x1
2 x/ In v1122 + 

3 4 [ (M2)] 4x1x2 In v 2221 - In v 2221 + x2 In v2 - In x 1 + x2 M
1 

+ 

3 [3 M1] 2 2 [I M1] 3 [1 4x1 x2 In 4 + 4M
1 

+ 6x1 x2 In 2 + 2M
1 

+ 4xh In 3 + 

!~~] + x/ In[~~] (24) 
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where v, v 1, and.v2 are kinematic viscosities of the mixture, 
the pure acetonitrile and the corresponding second component, 
respectively. v12, V21. V1112, V1122, and v2221 are model param
eters; M; and x; are the molecular weight and mole fraction of 
the ith pure component in the mixture. 

Table 7 records the parameters calculated using eqs 23 and 
24 along with the standard deviations. It is seen that the values 
of both the parameters are positive and adequate for all of the 
binary mixtures. 

Heric and Brewer31 have proposed an equation for the 
kinematic viscosity of the binary liquid mixtures: 

where a, b, and c are model parameters and M; and x; are the 
molecular weight and mole fraction of the ith pure component 
in the mixture, respectively. 

The percentage standard deviation24 was calculated using 

0 _ [~)lOO(vcxptl- vcalcd)/vcxptl)
2
]

112 

a Yo- ( ) (26) 
n-m 

where n represents the number of experimental points and m is 
the number of coefficients. 

The values of parameters a, b, and c have been calculated 
using eq 25 and are listed in Table 7 along with the standard 
deviations. A perusal of Table 7 shows that the values of a and 
b are negative for all of the binary mixtures. 
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Densities, viscosities and sound speeds of eight binary mixtures of 2-ethoxyethanol with 
methanol, ethanol, !-propanol, !-butanol, 1-pentanol, 1-hexanol, 1-heptanol and 1-octanol are 
determined over the entire range of mole fractions at 298.15 K. The excess molar volume ( VE), 
viscosity deviations (ll.17) and Gibbs excess free energy of activation for viscous flow (ll.G*E) 
have been investigated from these experimental density (p) and viscosity (17) values. The 
viscosity data have been correlated by Grunberg and Nissan, Tamura-Kurala and Hind 
correlation equation. The deviations in isentropic compressibility (ll.Ks) were also calculated 
using the measured speeds of sound. The results are discussed and interpreted in terms of 
molecular package and specilic interaction predominated by hydrogen bonding. The sound 
speeds were predicted by using free length and collision factor theoretical formulations, by 
Nomotto equation, by Vandeal Vangae1 ideal mixing relation and the impedance dependence 
relation. The deviations have been fitted to a Redlich-Kister equation and the results are 
discussed in terms of molecular interactions and structural effects. The excess properties are 
found to be either negative or positive depending on the molecular interactions and the nature 
of liquid mixtures. 

Keyu·ords: Densities: Viscosities; Excess molar volume; Viscosity deviation; Excess Gibbs 
energy of activation of viscous now; 2-Ethoxy.ethanol; Monoalcohols; Sound speed; Isentropic 
compressibility; Excess isentropic compressibility; Hydrogen bonding; Specific interactions 

1. Introduction 

The volumetric and viscometric properties of mixed solvent systems and their 
dependence on composition find applications in many important chemical, industrial 
and biological processes. Such systems find industrial applications such as heat transfer, 
fluid flow and so forth. The study of quantities such as excess molar volume, deviation 
in viscosity, excess free energy of activation of viscous flow, excess isentropic 
compressibility, etc. of binary liquid mixtures are useful in understanding the nature 
and strength of molecular interactions between the component molecules [1-3]. 
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The present work deals with the study of excess thermodynamic and transport 
properties of some non-aqueous binary liquid mixtures. The liquids under investigation 
have been chosen on the basis of their industrial applications. The alkoxyethanols and 
alkanols are good industrial solvents which occupy an important place in many 
industrial processes such as pharmaceutical and cosmetics industry. These applications 
have greatly stimulated the need for extensive information on the thermodynamic, 
acoustic and transport properties of these solvents and their mixtures [4-9]. 

In this article, we extend our studies to the binary mixtures formed by 
2-ethoxyethanol represented as (I) with eight monoalcohols, represented as (2), 
including methanol, ethanol, !-propanol, !-butanol, 1-pentanol, 1-hexanol, 1-heptanol 
and 1-octanol at 298. I 5 K. The various thermodynamic properties such as excess molar 
volume (F), viscosity deviations (D.17) and Gibbs excess free energy of activation for 
viscous flow (D.G*E) obtained from experirpental observations have been rationalized. 
2-Ethoxyethanol and the monoalcohols have both a proton donor and a proton 
acceptor group. It is expected that there will be a significant degree of H-bonding 
leading to self-association in pure state in addition to mutual association in their 
binaries [1 0]. 

Besides this, isentropic compressibi1ities as well as deviations in isentropic com
pressibility (D.Ks) calculated from measured speed of sound (u) of 2-ethoxyethanol and 
monoalcohol mixtures are presented at 298.15 K. The measurement of ultrasonic speed 
enables the accurate determination of isentropic compressibility coefficients (Ks) which 
can be used to provide qualitative information about the physical nati.1re of the 
aggregates occurring in the liquid phase. To investigate the nature of the interactions, 
various thermodynamic parameters such as specific acoustic impedance [11] Z, 
intermolecular free length Lr [12], van der Waal's constant b [13], molecular radius r 
[12], geometrical volume B, molar surface area Y, available volume Va [12], molar speed 
of sound R [14], collision factorS [15] and molecular association MA [16] has been 
calculated using the sound speed and density of the mixtures and pure solvents which 
are sensitive to interaction between solute and solvent. These properties for the mixtures 
studied are presented, compared and analyzed. A comparative study of the sound 
speeds calculated using different theoretical formulations and equations with the 
experimentally measured value is also performed, the results are represented graphically 
and the standard deviation in each case has been reported. 

2. Experiments 

2.1. Source a11d purity of samples 

2-Ethoxyethanol (Merck, India) was kept several days over anhydrous CaS04, refluxed 
for 4 h over CaO. Finally, it was distilled at low pressure. Details have been des
cribed elsewhere [17]. Methanol, ethanol, propanol, !-butanol, 1-pentanol, 1-hexanol, 
1-heptanol and 1-octanol (S.D. Fine Chemicals, Analytical Reagent, Purity >99%) 
were used. The liquids were stored over molecular sieves. The density, viscosity and the 
sound speeds of the mixtures were determined immediately after mixing. The purity 
of the solvents was ascertained by GLC and also by comparing experimental values 
of densities and viscosities with those reported in the literature as listed in table l. 
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Table !. Comparison of density (p), viscosity (11) and sound speeds (u) with literature data at 298.15 K. 

p x 10-3 (kgm-3) 11 (mPa s) u (m s- 1
) 

Pure liquid Ex pt. Lit. Ex pt. Lit. Ex pt. Lit. 

2-Ethoxyethanol 0.9254 0.9253 [44] 1.85061 !.851 [60] 1309.00 !300.40 [51] 
Methanol 0.7H66 0.78656 [45] 0.5509 0.5422 [45] !104.2 !103.00 [52] 
Ethanol 0.7857 0.785! [46] 1.0892 1.088 [46] !142 1145.00 [53] 
!-Propanol 0.7993 0.7995 [47] 2.0074 2.004 [49] 1209.4 !206.50 [47] 
!-Butanol 0.8062 0.8058 [48] 2.5571 2.5600 [49] !240.2 1240.00 (54] 
1-Pentanol 0.8112 0.8111 [48] 3.5104 3.510 [50] 1277.2 1277.00 [54] 
1-Hexanol 0.8151 0.81515 [48] 4.5917 4.590 [50] 1328.3 1328.00 [56] 
1-Heptanol 0.82068 0.81870 [59] 5.93678 133!.5 1330.00 [54] 
1-0ctanol 0.8218 0.8216 [48] 7.3646 7.363 [50] 1347.7 1347.40 [55] 

2.2. Method 

Viscosities (TJ) have been measured at 298.15 K, by means of a suspended Ubbelohde
type viscometer [18] which was calibrated at the experimental temperature. The flow 
times were accurate to ±0.1 s, and the uncertainty in the viscosity measurements, based 
on our work on several pure liquids, was ±2 x 10-4 mPa s. Densities (p) were measured 
at the mentioned temperature with an Ostwald-Sprengel-type pycnometer having bulb 
volume of about 25 cm3 and an internal diameter of the capillary of about 1 mm. The 
pycnometer with the test solution was equilibrated in a thermostatic water bath 
maintained at ±0.01 K of the desired temperature. The evaporation losses remained 
insignificant during the time of actual measurements. Averages of triplicate measure
ments were taken int<? account. The density values were reproducible to 
±3 x 10-5 gcm-3

. The measurements were done in a thermostatic bath controlled to 
±0.01 K. The details of the methods and techniques for determination of these param
eters have been described in earlier papers [4-6, 19,20]. Speeds of sound were determined 
by a multifrequency ultrasonic interferometer (Mittal Enterprise, New Delhi) working 
at 5 MHz. The meter was calibrated with water, methanol, and benzene at 298.15 K. 
The precisions of the speed of sound measurements are ±0.2 m s- 1• The details of the 
methods and techniques have been described previously [19,20]. 

The mixtures were prepared by mixing known volumes of pure liquids in airtight 
stoppered bottles. The reproducibility in mole fraction was within ±0.0002 units. 
The weights were taken on a Mettler electronic analytical balance (AG 285, made in 
Switzerland) accurate to 0.02 mg. 

3. Results and discussion 

The experimentally measured densities (p) and viscosities (71) of the pure liquids at 
298.15 K along with the reference values are recorded in table I. 

The values of experimental density (p) and viscosity (l'J), the excess properties, 
(0, 6.TJ and t..G*E) along with the interaction parameters (d12, T 12 and H 12) of the 
studied mixtures are recorded in table 2 and the corresponding graphs for vE and t..ry 
against the mole fractions of 2-ethoxyethanol (x1) are marked as figures 1 and 2, 
respectively. 
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Table 2. Values of density (p), viscosity (IJ), excess molar volume ( VE), viscosity deviation (llrJ), · 
excess Gibbs energy of activation for viscous flow (D.G*E), Grunberg·-Nissan, Tamura Kurata and Hind 

interaction parameters (d 12, T 12, Hd for binary mixtures of 2-Ethoxy ethanol+ Methanol, Ethanol, 
Propanol, Butanol, Pentanol, Hexanol, Heptanol and Octanol at 298.15 K. 

p X JO-J VEX 106 D.G*E 
x, (kgm-3) IJ (mPas) (m3 mol- 1) D.IJ (mPas) (Jmol- 1) dl2 T11 H12 

:!-Ethoxyethanol +methanol 
0 0.7866 0.5509 0 0 0 
0.0380 0.7997 0.6216 -0.058 0.021 227.32 1.66 1.22 1.49 
0.0816 0.8131 0.7062 -0.118 0.049 454.06 1.81 1.26 1.53 
0.13:!2 0.8:!67 0.7916 -0.176 0.069 625.16 1.65 1.25 1.50 
0.1916 0.8406 0.8844 -0.231 0.085 758.35 1.48 1.25 1.47 
0.2623 0.8550 0.9885 -0.298 0.097 852.25 1.32 1.24 1.45 
0.3478 0.8694 1.1144 -0.349 0.111 914.00 1.21 1.26 1.45 
0.4534 0.8839 1.2555 -0.379 0.115 898.30 1.07 1.27 1.43 
0.5871 0.8981 1.4225 -0.350 0.109 787.40 0.95 1.29 1.42 
0.7619 0.9117 1.6248 -0.211 0.084 53l.l6 0.85 1.33 1.43 
I 0.9254 1.8506 0 0 0 

2-Ethoxyethanol +ethanol 
0 0.7857 1.0892 0 0 0 
0.0538 0.7985 1.1465 -0.058 0.016 72.83 0.45 1.55 1.63 
0.1133 0.8115 1.2067 -0.104 O.o31 137.4 0.42 1.55 1.63 
0.1798 0.8247 1.2721 -0.135 0.046 195.57 0.41 1.56 1.63 
0.2542 0.8382 1.3413 -0.165 0.059 241.19 0.39 1.56 1.62 
0.3383 0.8521 1.4165 -0.186 0.070 274.98 0.37 1.57 1.63 

~ 
0.4341 0.8662 1.4966 -0.194 0.077 290.16 0.36 1.58 1.63 
0.5440 0.8806 1.5810 -0.185 O.Q78 280.19 0.34 !.58 1.63 
0.6716 0.8953 1.6690 -0.159 0.068 236.54 0.32 1.59 1.63 
0.8215 0.9103 I. 7613 -0.099 0.047 150.98 0.31 1.61 1.63 
1 0.9254 1.8506 0 0 0 

2-Ethoxyethanol +propanol 
0 0.7993 2.0074 0 0 0 
0.0690 0.8108 1.9415 -0.037 -0.047 -64.37 -0.43 \.57 \.50 
0.1429 0.8224 1.8906 -0.066 -0.094 -111.04 -0.39 1.60 !.54 
0.2223 0.8344 1.8521 -0.100 -0.121 -142.92 -0.36 1.63 1.58 
0.3078 0.8466 1.8256 -0.114 -0.134 -158.58 -0.33 1.65 1.62 
o.4001 0.8591 1.8108 -0.126 -0.135 -158.41 -0.30 1.68 1.65 
0.5001 0.8717 1.8056 -0.113 -0.123 -144.40 -0.26 1.71 1.68 
0.6088 0.8844 1.8105 -0.075 -0.102 -116.02 -0.23 1.73 1.72 
0.7273 0.8976 1.8226 -0.049 -0.071 -78.28 -0.19 1.76 1.75 
0.8572 0.9113 1.8386 -0.022 -0.034 -35.95 -0.15 . 1.80 1.79 
I 0.9254 1.8506 0 0 0 

~ 
2-Ethoxyethano1 +butanol 
0 0.8062 2.5571 0 0 0 
0.0837 0.8166 2.4339 0.011 -0.064 -54.64 -0.29 1.81 1.79 
0.1706 0.8272 2.3117 0.030 -0.125 -112.00 -0.32 1.78 1.76 
0.2606 0.8381 2.2060 0.054 -0.167 -154.92 -0.33 1.79 1.77 
0.3541 0.8493 2.1129 0.076 -0.194 -186.25 -0.33 1.79 1.78 
0.4513 0.8609 2.0349 0.088 -0.203 -201.16 -0.33 1.8 I 1.79 
0.5523 0.8729 1.9838 0.087 -0.183 -183.33 -0.30 1.84 1.83 
0.6574 0.8854 1.9489 0.074 -0.144 -143.54 -0.26 1.89 1.88 
0.7669 0.8984 1.9249 0.048 -0.090 -87.34 -0.20 1.96 1.95 
0.8810 0.9117 1.9016 0.019 -0.033 -27.22 -0.11 2.05 2.05 
1 0.9254 1.8506 0 0 0 

(Comiuued) 

~ 
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Table 2. Continued. 

P x w-3 VEX 106 D.G'*E 

Xi (kg m-3
) 17 (mPas) (m3 mol- 1) 611 (mPas) (Jmol·- 1) dl2 T12 Hl2 

2-Ethoxyethanol + pentanol 
0 0.8112 3.5104 0 0 0 

0.0980 0.8210 3.1674 0.045 -0.180 -54.64 -0.45 L57 1.66 
0.1965 0.8309 2.8637 0.103 -0.321 -112.00 -0.50 1.59 1.67 
0.2954 0.8412 2.6191 0.148 -0.401 -154.92 -0.50 1.65 1.72 
0.3947 0.8518 2.4305 0.187 -0.425 -186.25 -0.48 1.74 1.79 

>- 0.4945 0.8628 2.2827 0.212 -0.407 -201.16 -0.46 1.82 1.87 
0.5947 0.8742 2.1783 0.222 -0.345 -183.33 -0.40 1.93 1.96 
0.6953 0.8861 2.0992 0.203 -0.257 -143.54 .,-0.33 2.04 2.07 
0.7964 0.8986 2.0275 0.161 -0.161 -87.34 -0.24 2.16 2.18 
0.8980 0.9117 1.9541 0.093 -0.066 -27.22 -0.12 2.29 2.32 
I 0.9254 1.8506 0 0 () 

2-Ethoxyethanol + hexanol 
0 0.8151 4.5917 0 0 0 
0.1119 0.8244 3.9460 0.080 -0.339 -114.65 -0.50 2.10 1.52 
0.2209 0.8340 3.4770 0.147 -0.509 -175.78 -0.45 2.08 1.74 
0.3270 0.8440 3.0803 0.191 -0.615 -232.06 -0.46 2.04 1.82 
0.4305 0.8543 2.7757 0.221 -0.636 -254.08 -0.46 2.01 1.92 
0.5314 0.8649 2.5612 0.240 -0.574 -225.06 -0.40 1.97 2.07 
0.6297 0.8758 2.3806 0.254 -0.485 -185.27 -0.36 1.93 2.18 
0.7257 0.8873 2.2425 0.237 -0.360 -119.92 -0.29 1.89 2.32 
0.8193 0.8992 2.1213 0.22 -0.225 -51.23 -0.19 1.85 2.46 

r. 0.9108 0.9119 2.0053 0.126 -0.090 7.83 -0.40 1.81 2.67 
I 0.9254 1.8506 0 0 0 

2-Ethoxyethanol + heptanol 
0 0.8207 5.9368 0 0 0 
0.1253 0.8277 4.9665 0.125 -0.435 -55.68 -0.30 1.16 1.80 
0.2438 0.8367 4.2073 0.238 -0.712 -110.60 -0.33 1.36 1.90 
0.3559 0.8464 3.6548 0.320 -0.811 -126.78 -0.31 1.64 2.08 
0.4623 0.8561 3.2302 0.377 -0.818 -120.28 -0.28 1.88 2.25 
0.5632 0.8661 2.9021 0.414 -0.733 -92.86 -0.24 2.10 2.40 
0.6592 0.8771 2.6169 0.410 -0.435 -75.95 -0.23 1.16 2.50 
0.7505 0.8882 2.3828 0.372 -0.487 -51.16 -0.20 2.38 2.59 
0.8376 0.8995 2.1996 0.296 -0.315 -7.38 -0.12 2.55 2.74 
0.9207 0.9118 2.0410 0.16H -0.134 32.75 0.()7 2.79 2.98 
I 0.9254 1.8506 0 0 0 

2-Ethoxyethanol + octanol 
0 0.8218 7.3646 0 0 0 
0.1384 0.8302 6.0618 0.169 -0.540 24.99 -0.03 1.33 2.34 
0.2654 0.8389 5.0613 0.289 -0.840 36.69 -0.04 1.60 2.45 

--:+--- 0.3825 0.8481 4.2677 0.366 -0.988 29.89 -0.07 1.79 2.52 
0.4907 0.8576 3.6490 0.409 -1.010 19.57 -0.10 1.98 2.59 
0.5910 0.8675 3.1718 0.428 -0.934 16.36 -0.11 2.16 2.68 
0.6843 0.8778 2.8054 0.416 -0.786 26.02 -0.09 2.36 2.79 
0.7713 0.8887 2.5039 0.370 -0.608 30.75 -0.08 2.52 2.88 
0.8525 0.9002 2.2662 0.291 -0.398 45.28 -0.01 2.71 3.03 
0.9286 0.9123 2.0779 0.177 -0.166 69.42 0.26 3.04 3.35 
I 0.9254 1.8506 0 0 0 
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Figure I. Excess molar volumes (0) for binary mixtures of 2-ethoxyethanol with methanol <•), ethanol 
(+), !-propanol (•), !-butanol (e), 1-pentanol (0), 1-hexanol ((>), 1-heptanol (Ll.) and 1-octanol (0) at 
298.15 K. 

3.1. Excess molar ~·olume 

The excess molar volumes ( VE) were calculated using the molar masses (M;) 
and densities of the pure liquids and the mixtures using the following equation 
[6,23]. 

j (1 1) 0' = L:x;M; ---: 
i=l p p, 

(I) 

where, M;, p;, x 1 are the molar mass, density, mole fraction of the ith component and 
p is the density of the mixture, respectively. 

From figure 1, we observe that, for the binary mixtures studied here, the vE values 
gradually change from highly negative to less negative and finally turn positive with 
the increase of chain length along the alcohol homologous series. ll has highest 
negative value for methanol and ultimately turns positive for the higher alkanols. 
vE values are negative for methanol, ethanol, !-propanol and then they turn gradually 
more and more positive from 1-butanol to 1-octanol. Positive vE values for 
higher alkanols and negative vE values for lower alkanols were also reported 
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Figure 2. Viscosity deviations (lHJ) ·for binary mixtures of 2-ethoxyethanol with methanol <•), ethanol 
( + ), !-propanol ( .l ). !-butanol (e), 1-pentanol (0). 1-hexanol ( 0 ), 1-heptanol (6.) and 1-octanol (0) 
at 298.15 K. 

by some other workers [21-23]. The observed trend in terms of negative values of VEin 
l-alkanol + 2-elhoxyethanol mixture is: 

Methanol >Ethanol> !-Propanol > !-Butanol> 1-Pentanol 

> 1-Hcxanol > 1-Heptanol > 1-0etanol 

Such a behavior is the result of the contribution from several contraction and 
expansion processes which proceed simultaneously when 2-ethoxyethanol-alkan-1-ol 
molecules are formed. The following effects can be considered: (a) disruption of 
liquid order on mixing and unfavorable interactions between unlike molecules 
producing a positive contribution of VE; (b) contraction due to free volume 
difference of unlike molecules and (c) possible association through hydrogen bond 

. formation between alkan-1-ol and 2-ethoxyethanol producing a neg~1tive contribution 
to VE. 

The alkanols are known to be extremely self associated through H-bonding and in 
2-ethoxyethanol also self association through H-bonding is present [24]. Mixing of 
1-alkanols to 2-ethoxyethanol can be expected to bring changes in the H-bonding 
equilibria and electrostatic interactions with different resultant contributions in the 
volume of mixing. The negative values obtained for lower 1-alkanols suggest that 
the interaction between the unlike molecules exceed the structure breaking effect 
between the like molecules. These interactions are relatively strong between 
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2-ethoxyethanol and methanol molecules thereby showing the highest. negative vE value 
for their binary mixture. Increasing the chain length of the alkari'ols tends to dilute this 
unlike interaction and finally for the higher alkanols this unlike interaction becomes 
unfavorable producing a positive contribution of vE. 

3.2. Viscosity deviations 

The deviation in viscosities from linearity (t:..TJ) can be computed using the 
relationship, 

j 

t:..T] = T/ - L(X;T];) (2) 
i=l 

The values of t::.TJ (figure 2) are positive for methanol and ethanol. and decrease regularly 
as the size of the alkan-1-ol is increased. The positive t::.17 values indicate the 
predominance of H-bonding interactions between the unlike molecules over the 
dissociation effects of the mixing components [25,26]. This results in a liquid structure 
where the flow is rather difficult than would be expected on the basis of the viscosities 
of the pure components. 

It is known that the strength of the molecular hydrogen bonding is not the only factor 
influencing the viscosity deviations in liquid mixtures [27,28]. The molecular size and 
shape of the components and average degree of association of the mixture are equally 
important factors. The negative values of t:..TJ for higher alkanols indicate that the 
average degree of cross-association of mixtures gradually decreases as the chain length 
ofalkan-1-ol is increased [27,29]. Thus, larger the chain length of 1-alkanol, the greater 
is the decrease in the average degree of association, as a result more negative deviations 
in viscosity versus mole fraction curve are observed. These conclusions are supported 
by the conclusions drawn from VE values. 

3.3. Excess Gibbs energies for actb•ation of viscous flow ( t::.G*E) 

It has been reported that t::.G*E parameter can be considered as a reliable 
criterion to detect or exclude the presence of interactions between unlike molecules 
(30,38]. 

On the basis of the theories of absolute reaction rates [40], the excess Gibbs energy 
of activation for viscous flow (t::.G*E) was calculated from the equation [41], 

t:..G*E = RT[ln TJ V- t (x; In T/i V;)] (3) 

According to Reed and Taylor and Meyer et a/., positive t::.G*E values indicate 
specific interactions while negative values indicate the dominance of dispersion forces 
[38,39]. 

The magnitude of the positive value of t::.G*E is an excellent indicator of the strength 
of specific interactions. From the t::.G*E values recorded in table 2, it is seen that these 
values are negative or positive keeping similarity with the t::.T} values and thereby 
supports our conclusion drawn from vE and t:..ry considerations. 
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3.4. Correlating equations 

Apart from expressing TJ as a polynomial fit, several semi-empi~ical relations have been 
proposed to estimate the dynamic viscosity 17 of liquid mixtures in terms of pure 
component data [31 ,39]. We have examined equations proposed by Grunberg-Nissan, 
Tamura-Kurata and Hind et a!. 

The single parameter Grunberg-Nissan equation [31] reads as: 

(4) 

where d12 is a parameter proportional to the interchang~ energy and has been regarded 

as an approximate measure for the non-ideal behaviors of binary mixtures. 
Tamura-Kurata [32] put forward the following equation for the viscosity of the 

binary liquid mixtures: 

j j 

TJ = Lx;¢;TJ; + 2T12 n [x;¢;] 112 (5) 
i=l i=l 

where T12 is the interaction parameter and ¢; is the volume fraction of ith pure 

component in the mixture. 
Molecular interactions may also be interpreted by the following viscosity model of 

Hind et a/. [33] 

j 

11 = "Lx7T); + 2Hl'!. n X; (6) 
i=l 

where H12 is the interaction parameter. 
The interaction parameters have their merits in ascertaining the strength of molecular 

interactions in binary mixtures. Among the three parameters determined here, the 
Grunberg-Nissan parameter provides the best measure to ascertain the strength of 
interaction. At any given composition, the variation of d12 with strength of interaction 
is similar to that of fiT), being negative for systems in which dispersion forces are 
dominant, becoming less negative and then increasingly positive as the strength of 
interaction increases [25,34,35,36]. 

According to Fort and Moore [25], the values of T12 and H 12 are not very different 
except where the values of the components differ considerably. Furthermore, T12 and 
H 12 show some variation with composition although this is only large for systems where 
there is a strong specific interaction between the components. There is a tendency of T12 

and H 12 at a certain composition to increase with the strength of interaction of the 
components, but this is not well-defined and T12 and H 12 cannot generally be regarded 
as a measure of the strength of interaction [37]. 

A perusal of table 2 shows that the variations and signs of d12 are similar to 
those of fiT] and thereby supports our conclusion. It is also seen that, T 12 and H 12 values 
are positive for all binary mixtures and are almost identical and do not change 
appreciably with the change of composition of binary mixtures. 
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3.5. Jse11tropic compressibility 

Table 5 contains the sound velocity (u), isentropic compressi~ility (Ks) and deviations 
in isentropic compressibility (l::!..Ks) data for the binary mixtures and calculated 
at 298.15 K. 

Isentropic compressibility Ks and deviations in isentropic compressibility !:,.Ks were 
calculated from experimental densities (p) and speed of sound (u) using the following 
equations 

(7) 

j 

/:,.Ks = Ks - L (x;Ks,i) (8) 
i=l 

where Ks gives the isentropic compressibility for the ith component of the mixture. 
The ultrasonic speeds are given in table 3, together with the isentropic compressibility 

Ks and deviations in isentropic compressibility l::!..Ks for 2-cthoxyethanol + 1-alkanol 
mixtures at 298.15 K. Experimental values for !:,.K8 are plotted against mole fraction 
of 2-ethoxyethanol in figure 3. 

We have attempted to explain the physico-chemical behavior of the ·mixtures 
in order to know the nature of molecular interacticii1s between the components by 
various acoustical parameters calculated using the speed of sound and density data. 
Various parameters such as specific acoustic impedance Z, intermolecular free length 
Lr, van der Waal's constant b, molecular radius r, geometrical volume B, molar surface 
area Y, available volume Va, molar speed of sound R, relative association RA, collision 
factor S and molecular association MA has been calculated using the following 
relations: 

Z =up (9) 

b = (~- c~~)! [~ + c~;) r/2-11 (10) 

·=(~y/3 1 
16nN 

(II) 

K 
Lr=-- (12) 

upl/2 

4 
B = -m·3N (13) 

3 

Y = (36rrNB2) 113 (14) 

Va = V- V0 (15) 

Mulf3 
(16) R=--

p 

S= uV 
u':)OB 

(17) 
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Table 3. Values of ultrasonic speeds (11), isentropic compressibility tK5), deviations in isentropic 
compressibility (~Ks) for binary mixtures of 2-ethoxyethanol +methanol, ethaool, propanol, butanol, 

pcntanol, hexanol, heptanol and octanol at 298.15 K. 

Ks x 1012 /',.Ks X 10
12 Ks x 10

12 tlKs x 10
12 

xi u (ms- 1) (Pa- 1) (Pa- 1) Xi u (ms-1) (Pa- 1) (Pa- 1) 

2-Ethoxycthanol +methanol 2-Ethoxycthanol +ethanol 
0 1104.2 1042.63 0 0 1142.0 975.89 0 
0.0380 1130.9 981.86 -45.11 0.0538 1174.6 907.67 -49.66 
0.0816 1151.5 931.90 -77.10 0.1133 1199.2 856.88 -79.88 

~ 0.1322 1167.5 886.36 -101.80 0.1798 1220.6 813.83 -100.01 
0.1916 1188.6 842.09 -121.60 0.2542 1238.6 777.63 -110.49 
0.2623 1205.1 803.78 -130.80 0.3383 1253.7 746.68 -112.40 
0.3478 1220.5 771.62 -127.72 0.4341 1265.2 721.24 -104.80 
0.4534 1233.1 . 744.02 -111.81 0.5440 1275.7 697.77 -90.30 
0.5871 1246.9 716.60 -84.14 0.6716 1288.2 673.06 -70.96 
0.7619 1266.2 684.13 -44.62 0.8215 1301.4 648.68 -43.60 
1 1309.0 630.65 0 1 1309.0 630.65 0 

2-Ethoxyethanol +propanol 2-Ethoxyethanol +butanol 
0 1209.4 806.49 0 0 1240.2 806.49 0 
0.0690 1224.6 790.01 -17.36 0.0837 1245.0 790.01 -1.76 
0.1429 1238.7 770.83 -30.71 0.1706 1252.3 770.83 -5.67 
0.2223 1249.6 749.95 -37.90 0:2606 1261.4 749.95 -10.71 
0.3078 1259.5 728.42 -41.50 0.3541 1271.4 728.42 -15.80 
0.4001 1268.0 708.33 -41.43 0.4513 1280.6 708.33 -18.81 
0.5001 1276.6 689.16 -39.01 0.5523 1289.3 689.16 -20.21 

Jr~ 
0.6088 1285.0 672.37 -33.70 0.6574 1296.1 672.37 -18.52 
0.7273 1293.6 657.40 -26.11 0.7669 1301.2 657.40 -14.24 
0.8572 1302.5 644.23 -15.88 0.8810 1304.8 644.23 -7.35 
1 1309.0 630.65 0 I 1309.0 630.65 0 

2-Ethoxyethanol + pentanol 2-Ethoxyethanol + hexanol 
0 1277.2 755.71 0 0 1328.3 695.34 0 
0.0980 1281.8 741.34 -2.11 0.1119 1324.3 691.70 3.60 
0.1965 1286.5 727.16 -3.98 0.2209 1320.9 687.23 6.18 
0.2954 1291.0 713.23 -5.54 0.3270 1318.0 682.02 7.83 
0.3947 1295.1 699.89 -6.46 0.4305 1315.7 676.16 8.67 
0.4945 1298.8 687.10 -6.77 0.5314 1314.2 669.44 8.47 
0.5947 1301.6 675.20 -6.14 0.6297 1313.1 662.24 7.64 
0.6953 1303.8 663.86 -4.89 0.7257 1312.2 654.55 6.15 
0.7964 1305.6 652.85 -3.26 0.8193 1311.5 646.56 4.22 
0.8980 1307.1 641.99 -1.42 0.9108 1310.7 638.33 1.91 
I 1309.0 630.65 0 I 1309.0 630.65 0 

2-Ethoxyethanol + heptano1 2-Ethoxyethanol + octanol 
0 .1331.5 687.28 0 0 1347.7 669.96 0 

----r 0.1253 1326.4 686.72 6.54 0.1384 1339.3 671.52 7.01 
0.2438 1322.3 683.52 10.04 0.2654 1332.8 671.02 11.49 
0.3559 1319.2 678.85 11.73 0.3825 1327.3 669.33 14.40 
0.4623 1316.5 673.94 12.84 0.4907 1322.5 666.64 15.97 
0.5632 1314.2 668.51 13.12 0.5910 1318.7 662.89 16.16 
0.6592 1312.5 661.87 11.92 0.6843 1315.6 658.17 15.11 
0.7505 1311.1 655.00 10.22 0.7713 1313.3 652.39 12.75 
0.8376 1309.9 647.96 8.11 0.8525 1311.5 645.84 9.39 
0.9207 1309.7 639.34 4.20 0.9286 1310.2 638.54 5.08 
1 1309.0 630.65 0 I 1309.0 630.65 0 
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Figure 3. Deviations (AKs) for binary mixtures of 2-ethoxyethanol with methanol ( • ), ethanol 
(+), !-propanol (.6.), !-butanol (•), 1-pentanol (0), 1-hexanol (0), 1-hcptanol (6) and 1-octanol (o) 
at 298.15K. 

(18) 

(19) 

where K is a temperature-dependent constant, V0 is volume at absolute zero, U00 is taken 
as 1600 m s- 1

• These parameters are listed in table 4 for the pure components and 
in table 5 for the binary mixtures. Plots of Lr, Z, Va and R against the mole fraction of 
2-ethoxyethanol (x 1) are shown in figures 4-7, respectively. 

It is observed that, the value of specific acoustic impedance Z, increases with 
increasing x 1 for all the mixtures, while the Lr behaves in an opposite manner. 
The graphs do not show any sudden variation in their behavior, thereby implying 
the absence of complex formation [16]. 

The RA values increase with increasing x 1 for all the mixtures which signifies that 
the 1-2 interactions in these mixtures are not strongly dissociative. The decrease in 
Lr and Va with increase in x 1 indicates significant interaction between the mixing 
molecules [28]. 

From figure 3, it is evident that the 6.Ks values are negative for lower monoalcohols 
but the magnitude of negative values diminishes and the positive values increases with 
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Table 4. van der Waal"s constant b, molecular radius r, geometrical volume B, collision factor S, molar speed of sound R, available volume v., intermolecular free 
length Lr, molar volume at absolute zero V0 , molar surface area Y and specific acoustic impedance Z of the pure components at 298.15 K. 

B X 105 R X 106 z x w-3 

Component b X 105 (m3
) r (nm) (m.lmol- 1) s [m 3mol- 1 (m s- 1

) 113] v. x 105 (m3
) Lr (A) V0 x 105 (m3

) Yx 10-4 (A) (Kgm~s- 1 ) 

2-Ethoxyethanol 9.17 0.209 2.29 3.48 1065.30 1.77 0.5165 7.97 32.94 1211.35 
Methanol 3.69 0.154 0.92 3.05 420.98 1.26 0.6641 2.81 17.95 868.61 
Ethanol 5.38 0.174 1.34 0.92 613.01 1.67 0.6425 4.19 23.08 897.29 
Propan-1-ol 6.97 0.190 1.74 3.26 801.07 1.84 0.6015 5.68 27.45. 966.71 
Butan-1-ol 8.59 0.204 2.15 3.32 987.77 2.07 0.5841 7.13 31.54 999.79 
Pentan-1-ol 10.21 0.216 2.55 3.40 1179.00 2.19 0.5654 8.67 35.40 1036.06 
Hexan-1-ol 11.84 0.227 2.96 3.52 1378.00 2.13 0.5424 10.41 39.08 1082.70 
Heptan-1-ol 13.42 0.237 3.35 3.51 1557.70 2.38 0.5392 11.78 42.47 .1092.76 
Octan-1-o1 15.06 0.246 3.77 3.~4 175Q.42 2.50 0.5323 13.351 45.87 1107.54 
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Table 5. Speeds of sound, isentropic compressibility and excess isentropic compressibility, 
deviation of speed of sound, excess intermolecular free length and excess .acoustic impedance 

of alkan-1-ol + 2-ethoxycthanol at 298.15 K. 

R X 106 Vu X 105 

XI Ks (TPa-1) Lr cAJ [mJmol-1 (ms-l)li3] RA MA (m3) Zx 10-3 

2-Ethoxycthanol +methanol 
0.0380 977.74 0.6431 370.86 0.9073 -0.4828 1.20 904.38 
0.0816 927.53 . 0.6264 384.99 0.9170 -0.473R 1.17 936.28 
0.1322 887.44 0.6127 402.39 0.9281 -0.4660 1.15 965.17 . 

~ 0.1916 842.05 0.5969 424.43 0.9381 -0.4596 1.12 999.14 
•..;.: 0.2623 805.36 0.5837 451.84 0.9497 -0.4548 1.11 1030.36 

0.3478 772.16 0.5715 488.29 0.9617 -0.4529 1.13 1061.10 
0.4534 744.05 0.5610 539.29 0.9744 -0.4548 1.18 1089.94 
0.5871 716.16 0.5504 617.87 0.9864 -0.4620 1.27 1119.84 
0.7619 684.14 0.5380 756.05 0.9962 -0.4766 1.44 1154.39 

2-Elhoxyethanoi +ethanol 
0.0538 907.7I 0.6197 539.56 0.8946 -0.5187 1.58 937.92 
O.I I33 856.90 0.6021 560.05 0.9029 -0.5114 1.51 973.15 
0.1798 813.87 0.5868 583.40 0.9122 -0.5049 1.45 1006.63 
0.2542 777.66 0.5736 610.62 0.9226 -0.4992 1.42 1038.19 
0.3383 746.66 0.5620 643.28 0.9341 -0.4945 1.40 1068.28 
0.4341 721.21 0.5524 683.56 0.9467 -0.4913 1.41 1095.92 
0.5440 697.79 0.5433 735.61 0.9598 -0.4898 1.45 1123.38 
0.6716 673.08 0.5336 806.51 0.9727 -0.4904 1.49 1153.33 
0.8215 648.63 0.5238 908.28 0.9856 -0.4936 1.58 1184.66 

.--r~ 2-Ethoxyethanol +propanol 
0.0690 822.43 0.5899 711.17 0.8958 -0.5556 1.78 992.91 
O.I429 792.47 0.5790 732.34 0.9052 -0.5483 1.73 IOI8.71 
0.2223 767.51 0.5698 755.46 0.9157 -0.541 1.70 1042.67 
0.3078 744.60 0.5613 781.48 0.9267 -0.5339 1.68 1066.29 
0.4001 723.97 0.5534 811.03 0.9383 -0.527I 1.68 1089.34 
0.5001 703.92 0.5457 S45.34 0.9499 -0.5208 1.67 1112.81 
0.6088 684.77 0.5382 885.67 0.9616 -0.5151 1.68 1136.45 
0.7273 665.77 0.5307 933.91 0.9738 -0.5097 1.69 1161.12 
0.8572 646.86 0.523 I 992.71 0.9863 -0.5047 1.72 1186.90 

2-Ethoxyethanol +butanol 
0.0837 790.05 0.5781 874.65 0.8973 -0.5705 2.04 1016.67 
0.1706 770.86 0.5711 890.28 0.9072 -0.5634 2.01 1035.90 
0.2606 749.89 0.5632 907.40 0.9169 -0.5562 1.96 1057.18 
0.3541 728.41 0.555I 925.91 0.9267 -0.5489 1.91 1079.80 
0.45I3 708.30 0.5474 945.54 0.937I -0.54I4 !.87 I I02.47 
0.5523 689.17 0.5400 966.52 0.9480 -0.5336 1.83 1125.43 
0.6574 672.33 0.5333 988.67 0.9599 -0.5256 !.80 1147.57 

~ 0.7669 657.42 0.5274 1012.20 0.9728 -0.5172 !.78 1169.00 
0.8810 644.26 0.5221 1037.50 0.9863 -0.5088 1.78 1189.59 

-
2-Ethoxyethano1 + pentanol 
0.0980 741.34 0.5600 1036.97 0.8934 -0.5888 2.I4 1052.36 
0.1965 727.16 0.5546 1040.48 0.9031 -0.5809 2.09 1068.95 
0.2954 713.26 0.5493 1043.95 0.9132 -0.5725 2.04 1085.99 
0.3947 699.93 0.5442 1047.35 0.9237 -0.5638 1.99 1103.17 
0.4945 687.08 0.539I 1050.66 0.9348 -0.5547 1.94 I 120.60 
0.5947 675.20 0.5345 1053.74 0.9465 -0.5451 1.9I 1137.86 
0.6953 663.89 0.5300 1056.69 0.9588 -0.5349 1.87 I 155.30 
0.7964 652.85 0.5255 1059.56 0.9719 -0.5241 1.84 1173.21 
0.8980 641.99 0.5212 1062.36 0.9857 -0.5125 1.81 I 191.68 

(Cominued) 

~ 
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Table 5. Continued. 

R X 106 V" X 105 

X! Ks (TPa- 1) Lr (A) [m.lmol- 1 (ms- 1) 11.1] RA ·MA (111.1) Z X JO-J 

2-Ethoxyethanol + hexanol 
0.1119 691.65 0.5409 1194.66 0.8874 -0.6135 1.20 1091.75 
0.2209 687.22 0.5392 1176.73 0.8985 -0.6032 1.17 1101.63 
0.3270 682.07 0.5372 1159.86 0.9099 -0.5924 1.15 1112.39 
0.4305 676.20 0.5349 1144.01 0.92J6 -0.5811 1.12 1124.00 
0.5314 669.44 0.5322 1129.16 0.9334 -0.5694 1.11 1136.65 
0.6297 662.22 0.5293 1115.14 0.9454 -0.5572 1.13 1150.01 
0.7257 654.53 0.5262 1101.84 0.9580 -0.5442 1.18 1164.32 
0.8193 646.56 0.5230 1089.20 0.9711 -0.5306 1.27 1179.30 
0.9108 638.33 0.5197 1077.11 0.9850 -0.5160 1.44 1195.23 

2-Ethoxyethano1 + heptanol 
0.1253 686.72 0.5390 1331.37 0.8905 -0.6119 2.32 1097.86 
0.2438 683.55 0.5378 1287.40 0.9011 -0.6019 2.25 1106.37 
0.3559 678.90 0.5359 1248.55 0.9123 -0.5910 2.18 1116.57 
0.4623 673.96 0.5340 1213.83 0.9233 -0.5801 2.12 1127.06 
0.5632 668.51 0.5318 1182.65 0.9347 -0.5687 2.06 1138.23 
0.6592 661.84 0.5291 1154.56 0.9470 -0.5562 1.99 1151.19 
0.7505 654.96 0.5264 1129.09 0.9593 -0.5435 1.94 1164.52 
0.8376 647.92 0.5236 1105.85 0.9718 -0.5304 1.89 1178.26 
0.9207 639.38 0.5201 1084.81 0.9851 -0.5161 1.83 1194.18 

2-Ethoxyethanol +octane! 
0.1384 671.52 0.5330 1461.25 0.8903 -0.6175. 2.41 1109.65 
0.2654 671.06 0.5328 1385.10 0.9011 -0.6066 2.32 1114.39 
0.3825 669.29 0.5321 1321.61 0.9122 -0.5951 2.24 1122.97 
0.4907 666.69 0.5311 1267.83 0.9236 -0.5834 2.16 1131.60 
0.5910 662.89 0.5296 1221.83 0.9351 -0.5712 2.09 1142.32 
0.6843 658.20 0.5277 1182.02 0.9470 -0.5586 2.02 1154.83 
0.7713 652.40 0.5254 1147.29 0.9593 -0.5452 1.96 1167.13 
0.8525 645.84 0.5227 1116.70 0.9722 -0.5312 1.89 1180.61 
0.9286 638.54 0.5197 1089.59 0.9855 -0.5163 1.83 1195.30 

the increasing chain length of the alcohols. The values of !1Ks in terms of negativity are 
enhanced by the following order: 

Methanol > Ethanol > !-Propanol> !-Butanol> 1-Pentanol 

> 1-Hexanol > 1-Heptanol > 1-0ctanol 

These results can be explained in terms of molecular interactions and structural effects. 
Positive !1Ks values are due to the breaking of interactions and the corresponding 
disruption of molecular order in the pure components [42]. The donor-acceptor 
interaction between the 2-ethoxyethanol and the alcohols play an important part for the 
mixtures containing lower alcohols like methanol, ethanol, !-propanol where there is 
strong specific interaction between the component molecules leading to negative value 
of !1K5. Interactions between the molecules of 2-ethoxyethanol or monoalcohols are 
broken in the mixing process; the breaking leads to positive K~ values for the mixture 
containing higher chain length of alcohols as compared to the lower alcohols. There is 
a parallel in the qualitative behavior of !1Ks and vE curves. 
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Figure 4. Lr values for the experimental mixtures against the mole fraction of 2-ethoxyeLhanol, methanol 
C•l. ethanol(+), !-propanol(.&), !-butanol (e), 1-pentanol (0), 1-hexanol (0). 1-heptanol (A) and 
1-octanol (O) at 298.15K. 
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Figure 5. Z values for the experimental mixtures against the mole fraction of 2-ethoxyethanol, methanol 
C•l, ethanol (+), !-propanol (.&), !-butanol (e), 1-pentanol (0), 1-hexanol (0), 1-hcptanol (l'l) and 
1-octanol (O) at 298.15K. 
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Figure 6. Va values for the experimental mixtures against the mole fraction of 2-ethoxyethanol, methanol 
c•l. ethanol (. ), !-propanol (.it.), !-butanol (•), 1-pentanol (0), 1-hexanol ( <> ), 1-heptanol (to) and 
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3.6. Redlich-Kister polynomial equatio11 

The excess properties ( vE, !:.71, t:.G*E and !:.Ks) were fitte~ to the Redlich-Kister 
polynomial equation (43], 

K 

yE = XJX2 L A;(:»I - X2)i 

i=l 

(20) 

where yE refers to excess properties, x 1 is the mole fraction of2-ethoxyethanol and x2 is 
that of the other component of the binary mixtures, respectively. The coefficients (A;) 
were obtained by fitting equation (20) to experimental results using a least squares 
regression method. In each case, the optimal number of coefficients was ascertained 
from an approximation of the variation in the standard deviation (a). The calculated 
values of A; along with the tabulated standard deviations (a) are listed in table 6. 
The standard deviation (a) was calculated using the equation, 

? l (~rf: ~rE )2 a-=-- r;;-xp- real 
n-m 

where n is the number of data points and m is the number of coefficients. 

3.7. Preclictio11s of sou11cl speeds 

(21) 

The sound speeds of binary mixtures are often predicted by free length theory (FLT), 
collision factor theory (CFT), the Nomoto equation, the Vandeal Vangael (VV) ideal. 
mixing relation, the impedance dependence (ID) relation, etc. For comparison, the 
theoretical values of the sound speed u has been calculated by using the above five 
theories and empirical equations. The following final relations were used for calculating 
sound speeds. 

According to FLT [12], the speed of sound is given by, 

Ks 
IIFLT =-

Lrpl/2 

The free length Lr is obtained by: 

L 
V- L;x;Vo; 

r= 
L;X(f'i 

(22) 

(23) 

where, V0; is the molar volume of the pure component i at absolute zero and is given by 
Sugden's formula, · 

(
1 00.3 

Vo;= V; --.
Tc, 

where Tc is the critical temperature for the pure components. 
Y; is the surface area per mole for the pure component i and is given by, 

( 
' ) 1/3 Y; = 36.nNV0; 

Collision factor theory [15], 

(24) 

(25) 

(26) 
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Nomoto equation [56], 

liN= 
[:'(I R1 + x2R2 r 

X1 V1 +x2V2 
(27) 

Yandeal Vangael [57] ideal mixing relation 

I .X1 X2 
(28) --~-=--+--? 

x1M1 + x2M2 u;;,ix M1uy M2u7. 

+ 
Table 6. Redlich···Kister coellicients and standard deviations (cr) for the binary mixtures of 

2-ethoxyethanol +methanol, ethanol, !-propanol, !-butanol, !-pen tanol, 1-hexanol, 1-heptanol 
and 1-octanol at T=298.15K. 

Excess property Ao A, A2 A3 A4 CT 

2-Ethoxrthanol +methanol 
VEX JO (m3 mol- 1) 3.!6995 -0.19613 9.25258 0.49292 
6.11 (mPaS) 0.45326 -0.06186 0.15702 0.00207 
6.G*E (J mol- 1) 3479.34 -1432.39 1298.143 -2197.38 -1306.92 2.65174 
D.Ks x 1012 (Pa- 1

) -410.03 418.6652 -260.832 -231.895 186.4851 0.26013 

2-Ethoxlethanol +ethanol 
vExJO (m3 mor· 1

) -0.7623 0.1832 -0.14364 -0.26987 0.10883 0.0013 
6.1] (mPa s) 0.31223 0.00246 0.00039 

r D.G*E (J mol- 1) 1146.97 -231.093 71.5142 0.69754 
D.K5 x 1012 (Pa- 1) -384.08 270.8331 -468.176 -422.724 1819.404 0.0000 

2-Ethoxrthanol + !-propanol 
VEX )0 (m3 mol- 1) -0.4525 0.63921 0.95591 -4.03612 -7.6092 0.0000 
6.17 (mPa s) -0.4924 0.31418 -0.06658 0.06129 0.00028 
D.G*E (Jmor· 1) -576.47 417.0622 -40.3791 4.6357 -17.0632 0.29871 
D.Ks x )()12 (Pa-') -155.20 77.52434 -64.4247 9.7579 0.2561 

2-Ethoxrthanol +!-butanol 
vEx 10 (m3 mol- 1

) 0.35678 0.0052 -0.31737 0.00057 
6.17 (mPas) -0.7822 0.34872 0.3328 0.00137 
D.G*E (J mol- 1) -778.52 278.1309 472.5683 71.41829 1.65605 
D.Ks x 10 12 (Pa- 1

) -79.574 -24.6251 50.09514 -3.56549 0.13396 

2-Ethoxrthanol + 1-pentanol 
vEx 10 (m3 mor- 1) · 0.85714 0.30517 -0.11772 0.00185 
6.'1 (mPas) -1.6096 0.90572 0.24544 -0.11007 0.1719 0.00167 
D.G*" (J mol- 1) -794.99 56.02497 511.5964 241.3453 1.67093 
D.K5 x 10 12 (Pa- 1) -27.041 4.06096 24.65183 6.48988 -105.956 0.0000 

~f 
2-Ethoyethanol + 1-hexanol 
VEX )0 (m3 mo)- 1) 0.94412 0.36152 0.52195 0.15616 -0.25529 0.00331 

. l 6.11 (mPas) -2.4006 1.13292 0.20876 0.37026 0.0073 
6.G*E (J mol- 1) -958.04 416.3159 634.2876 439.3159 5.67164 
D.Ks x 1012 (Pa- 1) 34.5516 -5.80756 -7.03454 4.42241 7.98105 0.03121 

2-~thoyethanol + 1-heptanol 
f,E X 10 (m3 mo)-l) 1.58018 0.71001 0.21536 0.00249 
6.11 (mPas) -3.1936 1.24977 0.13886 0.01012 
6.G*E (1 mol- 1) -436.66 432.5375 -307.039 -728.232 1304.31 2.29942 
D.Ks x 10 12 (Pa- 1) 51.6636 3.55552 12.76334 -7.78112 0.19454 

2-~thoxrthanol+ 1-octanol 
rft x I 0 (m3 mol- 1) 1.65059 0.51687 0.46603 0.26796 0.00234 
6.17 (mPas) -4.0219 0.70295 0.44447 0.617H9 0.00719 
D.G*E (J mol- 1) 74.1220 -213.353 649.6937 2647.439 -2950.2 0.0000 
!lKs x 10 12 (Pa- 1

) 64.1492 14.7396 3.89818 -6.8375 2.27945 0.0169 

~ 
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Figure 8(a-h). Experimental and calculated ultrasonic speed u of[2-ethoxyethanol] +[methanol (a), ethanol 
(b). !-propanol (c), !-butanol (d), 1-pcntanol (c), 1-hcxanol (1), 1-hcptanol (g) and 1-octanol (h)] at 298.15 K. 
[llcxpcdmcntal (00000); IIFI.T (-------); IINomolo (----); UcFr ( ......... ).]. 

Impedance dependence relation [58,59] 

L:x;Z; 
U=---

X;p; 
(29) 

where, Ks, S, B, R, Z, p are the isentropic compressibility, collision factor, geometrical 
volume, molar speed of sound, specific acoustic impedance and density respectively 
for pure 2-ethoxyethanol (1), 1-alkanols (2), and the mixtures (12), lloo is a constant 
value taken as 1600 m s-1

. 

The compositional dependence of the experimental and sound speeds calculated by 
the free length theory (FLT), collision factor theory (CFT) and the Nomoto equation of 
the binary mixtures of 2-ethoxyethanol and 1-alkanols are shown in figure 8(a--h). 
The results show that the Nomoto equation and the collision factor theory predicts the 
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Figure 8(a-h). Continued. 

experimental data extremely well, whereas the free length theory gives the maximum 
deviation for the present set of binary mixtures. Table 7 summarizes the deviations for 
different prediction methods. Based on deviation values obtained, the following order 
for the r~lative predictive capability for each of the methods is obtained, 

Nomoto 2: CFT > ID 2: VV > FLT 

4. Conclusions 

In this work, eight binary mixtures have been studied in terms of excess molar volumes, 
viscosity deviations, acoustic impedance, intermolecular free length, isentropic 
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Table 7. Values of standard deviation (%) for sound speeds by various methods. 

(]" (%) 

Solvent mixture Uc~T IIFLT liNmnolo Uvv 1/ll) 

2-Ethoxyethanol +methanol 0.11 0.85 0.10 0.63 0.15 
2-Ethoxyethanol +ethanol 0.20 1.19 0.12 0.35 0.16 
2-Ethoxyethanol + !-propanol 0.04 1.35 0.05 0.13 0.05 
2-Ethoxyethanol + !-butanol 0.05 1.44 0.04 O.Q7 0.04 
2-Ethoxyethanol + 1-pentanol 0.02 1.59 O.Q2 0.02 0.()2 
2-Ethoxyethanol + 1-hexanol 0.01 1.79 0.02 0.01 0.01 
2-Ethoxyethanol + 1-heptanol 0.01 1.71 0.02 0.02 0.01 
2-Ethoxyethanol + 1-octanol 0.01 1.76 0.04 ().()2 0.02 

compressibility and interaction parameters. The investigation was carried out to explore 
the nature of interactions between the mixing components. It may be concluded from 
our effort that, the strength of associative interaction between the unlike molecules 
weakens with the increase of chain length of the 1-alkanols. 

Acknowledgements 

The authors are thankful to the Head of the Department of Chemistry, N.B.U. for 
his kind co-operation. One of the authors M.D. acknowledges University Grants 
Commission, New Delhi for awarding Teacher Fellowship under FIP Scheme and 
providing financial aid in support of this research work. 

References 

[I) B. Gracia, R. Alcalde. J.M. Leal, J.S. Matos. J. Chern. Soc. Faraday Trans., 92, 3347 (1996). 
(2] Y. Mahan, C.N. Liew, A.E. Mather. J. So/u. Chern., 31, 743 (2002). 
[3] A. Ali, Abida, S. Hyder, A.K. Nair1. Co/lee/. Czech. Chem. Cornm., 67, 1125 (2002). 
[4) M.N. Roy, A. Choudhury, A. Sinha. J. Teach. Res. Chern., 11, 12 (2004). 
(5] O.K. Hazra, M.N. Roy, B. Das. Indian J. Chern. Techno/., 1, 93 (1994). 
[6) M.N. Roy, A. Choudhury. J. Teach. Res. Chem., I, 17 (2000). 
[7) M.N. Roy, B.B. Gurung, A. Choudhury. J. Indian Chem. Soc., 81, 1 (2004). 
[8] S.L. Oswal, H.S. Desai. Fluid Phase Equi/ib., 61, 191 (1999). 
[9) S.L. Oswal, H.S. Desai. Fluid Phase Equilib., 186, 81 (2001). 

[10] S.L. Oswal, K.D. Prajapati. J. Chem. Eng. Data, 43, 367 (1998). 
[II] R.K. Dewan, C.M. Gupta, S.K. Mehta. Acoustica, 65, 245 (1998). 
[12] B. Jacobson. J. Chern. Phys., 20, 927 (1952). 
[13] W. Schaaffs. Acor/Siica, 33, 272 (1975). 
[14] M.R. Rao. Indian J. Chern., 14. 109 (1940). 
[ 15] W. Schaaffs. Z. Plzys., 114, 110 (1974). 
[16] S.K. Mehta, R.K. Chauhan, R.K. Dewan. J. Chem. Soc. Faraday Trmzs., 92, 1167 (1966). 
[17] D.O. Perrin, W.L.F. Armarego. Purification of Laboratory Chemicals, 3rd Edn, Pergamon Press, Oxford 

(1988). 
(18] J.R. Suindells, T.B. Godfray. J. Res. Na1d. Bur. Stand., 48, 1 (1952). 
[19] M.N. Roy, A. Jha, R. Dey. J. Chem. Eng. Data, 46, 1247 (:WOI). 
[20] M.N. Roy, A. Jha. A. Choudhury. J. Chern. Eng. Data, 49, 291 (2004). 
[21) P. Brocos, E. Calvo, A.A. Pineiro, R. Bravo, A.A.A.H. Roux, G. Roux-Desgranges. J. Chem. Eng. Data, 

44, 1341 (1999). 
[22) P.S. Nikam, L.N. Shirsat, M. Hassan. J. Clzem. E11g. Data, 77. 244 (2000). 



Volumetric, viscosimetric and ai:oustic properties of non-aqueous binary mixtures 685 

[23] S.K. Mehta, R.K. Chauhan, R.K. Dewan. J. Chern. Soc. Faraday Trans., 92(7), 1167 (1996). 
[24] N.Y. Shastry, S.R. Patel. /111. J. Thermoplzys., 21(5), 1153 (2000). 
[25] R.J. Fort, W.R. Moore. Trans. Faraday Soc., 62, 1112 (1966). 
[26] R.K. Nigam, P.P. Singh. Indian J. Chem., 9, 1691 (1971). 
[27] S.L. Oswal, H.S. Desai. Fluid Phase Equilib., 186, 81 (2001). 
[28] A. Pal, R.K. Bhardwaj. Z. Plzys. Chem., 216, 1033 (2002). 
[29] S.L. Oswal, P. Oswal, A.T. Patel. J. Clrem. Eng. Data, 40, 607 (1995). 
[30] R.C. Reid, J.M. Prausnitz, B.E. Poling. The Properties of Gases and Liquids, 4th Edn, Mcgraw-Hill 

International. New York (1987). 
[31] L. Grunberg, A.H. Nissan. Nature, 164, 799 (1949). 
[32] M. Tamura, M. Kurata. Bull. C/zem. Soc. Jpn., 25, 32 (1952). . 
[33] R.K. Hind. E. McLaughlin, A.R. Ubbelohde. Trans. Faraday Soc .. 328, 56 (1960). 
[34] K. Ramamoorthy. J. Pure Appl. Phys., 11, 556 (1973). 
[35] J.B. Irving. Viscosity of Liquid Mixtures, NEL Report Nos 630 and 631, National Engineering 

Laboratory, East Kilbride, Glasgow (1977). 
[36] T.M. Reed, T.E. Taylor. J. Plzys. Clzem., 63, 58 (1959). 
[37] R. Meyer, M. Meyer, J. Metzer, A. Peneloux. Chern. Plrys., 62. 406 (1971). 
[38] A.W. Quin, D.F. Hoffmann, P. Munk. J. Chern. Eng. Data, 37, 55 (1992). 
[39] S. Glasstonc, K.J. Laidler, H. Eyring. Tire Theory of Rate Process, p. 514, McGraw-Hill, New York 

(1941). 
[40] R.J. Fort, W.R. Moore. Trans. Faraday. Soc., 61,2102 (1965). 
[41] 0. Redlich, A.J. Kister. Ind. Eng. Chem., 40, 345 (1948). 
[42] T.M. Aminabhabi, B. Gopalkrishna. J. Clzem. Eng. Daw, 40, 632 (1995). 
[43] H. Doe, T. Kitagawa, K. Sasabe. J. Phys. Clzem., 88. 3341 (1984). 
[44] H.-C. Ku, C.-H. Tu. J. Chem. Eng. Data, 50, 1060 (2005). 
[45] A. Ali, A.K. Nain, D. Chand. R. Ahmad. Phys. Chem. Liq., 43, 205 (2005). 
(46] E. Jimenez, H. Casas, L. Segade, C. Franjo. J. Clzem. Eng. Data, 45, 862 (2000). 
[47] A.K. Covington, T. ·Dickinson. Physical Chemistry of Organic Solvents Systems, Plenum Publishing 

Company Ltd., London (1973). 
[48] N.Y. Sastry, M.K. Yoalnd. Int. J. Themophys., 21(5), 1153 (2000). 
[49] G. Douhcret, A. Pal. M.l. Davis. J. Chem. Thermol~vn., 22, 99 (1990). 
[50] D.R. Lide. CSIR Handbook of Chemistry and Physics, 7th Edn (199Q-1991). 
[51] J.M. Resa, C. Gonzalez, J.M. Goenaga. J. Chem. Eng. Data. 50, 1570 (2005). 
[52] T.A. Aminabhabi, T.S. Aralaguppi, S.B. Hargoppad, R.H. Balangdi. J. Clzem. Eng. Data, 28, 324 ( 1983). 
(53] G. Ritzoulis, D. Missopolinou, S. Doulami, C. Panayiotou. J. Chem. Eng. Daca, 45, 636 (2000). 
[54] T.M. Aminabhavi, Y.B. Patil. J. Clzem. Eng. Daza, 43, 504 (1998). 
[55] 0. Nomoto. J. Plzys. Soc. Jpn .. 13, 298 (1958). 
[56] Y. Tiwari, L.R. Mishra. Acoustica, 48, 257 (1981 ). 
[57] M. Kalidoss, R. Srinavasamorthy. J. Pure Appl. Ultrason., 9, 4 (1997). 
[58J J.D. Pandey, K. Shukla. J. Pure Appl. Plzys., 15, 37 (1993). 
[59] F.N. Tasi. J. Chem. l:.izg. Data, 39, 441 (1994). 
[60] I. Johnson, M. Kalidoss, R. Srinavasamorthy. J. Chem. Eng. Data, 47, 1388 (2002). 



',, .. ; 

J.- I1,1dlan Chern. Soc., 
Vol. 82, July 2005, pp. 625-631 

Excess n1olar volume, excess energy and viscosity deviation of binary mixtures of 
tetrahydrofuran with some hyd_rocarb~ns at various temperatures 
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Mallii.\"Cfipt rec·L'ivetl I July 200-1. l"t!l"i.,.'cd I Nol't!lllbt!r 200-1. ;,cct:plet{ I llp,:i/ 21J05 

The density nnd viscosily of the binary mixtures of·lctrahydr·ofurun wilh norrnal pentane, hexune und hcpl:rrrc lwH. hee.n 

' meusured as u funt·tiun·or the t•nmpuslliun at 21!1!.1S. 2'1.1.15 und 11JI!.IS k. Fn11n lht•st• datu, l'XI"l'SS mnlar ••ulum•·· <"XI"CSS 

rrcc cncq:y, dcvlntiun In vlst•oslty ur thl' l"UIII)lnsltlun nnd the lntcru•·tlun purumetl'l' uf (;runh•·q: und Ni.~s:m huve heen cui

', culated. All the derived puru;ncters :;~c found 11;. be eilh•·r ncgu;i.vc or pusitive uver the cntir~ runge of composi,tion depend

' ... ing on the molecular interac.tions and the n:1turc: of the· binary liquid mixtures. The results ha1•c been interpreted in terms 

or po~slhlc molecular interactions ~xisting hctwee,n th!! ccunponents or these mixtures. 

Grouping or solvents inlo dasscs ol'len is based on tile na
ture of the intermolecular forces because the manner . . 
whereby solute and solvent molecules arc associated wilh 

1, on.c anolhcr llri ngs al>oul a marked L·IYect on.lhc rcsu IIi ng 
:·properties. Arter the introduction of the concept of ioniza- · 
tiO!l power of so(v~nt I, !TlUCh WOrk h;IS been devoted tO the: 
.~l~.;~nt effects on the rat~ a11d. ~q~ilib,ril,l.:n proc~~~es2~. ~f 

.___,.- · · 'cause of the close conne~tion between liquid stru_cture and 
macroscopic prop~rties, deLerniinatiun. of volumetric ~~1d 
viscometric properties is a valuable to.ol to learn the liquid 
state3• On the other hand, the obtaining. of reliable m~a
surements of solvent properties over a wide range of coin
position, pressure and temperature ortcn is not feasibl~; 
hence, prediction and correlation methods constitute a value 
able option to overcome such difliculties4·5. 

:; : The present work deals with to the study of the struc
. ture and interactions in THF +hydrocarbon mix.tures. Tet
rahydrofuran (THF) is a good industrial solvent. li figures 
prominently in the high energy battery industry and l~as 
found its applications in organic syntheses as evident from 
its physicochemical studies6•7. Since no reports a·re avail
able of density arid viscosity studies of tetrahyqrofuran 
(THF) with normal aliphatic hydrocartions, the .effect of 
chain-length of hydrocarbons (C5, C6, C 7) on these proper
ties of binary mixtures nf ietrahydrofuran with normal hy
drocarbons at 288.15, .293:15 and 29H.I5 K i.s r~p~med in 
t~e present investigation. 

Results and discussion , 

The physical propeni~·s of t~·lrahytln1furan ("rf-IF). nor
mal p!.!nta·ne, hexane arH.L,Jlcpt<anc at various temperatures . 

\· ' : : . . 

.1/CS-6 

'• 

arc given in Table I. The experimental values of mole-fr;lc
tions (X t>• densities (!J). viscosities and various derived pa
rameters of the diiTerc1it binary mixtures of solvents stud
ied here at difl"cJ·cnttclllpcraturcs arc n:cqrdcd in ;l'ab.le 2. 

. ' 
The ex peri mentill d~nsity (p) values (Table 1) have been 

u~ed 10 calculate the excess molar ~olume (~).viscosity 
, deviati9n (~11), ~x<;ess Gibbs free energy (y*EJ and inter
. action parameter (d) using the following eqs.s (1-4): 

~ = lvf _ ·I .r; t'vf i 

rn p i=t P; 

,. 

t.T] = q- LX;IJ, 
i=l . 

. c 

I• ·11M 1,.7." I TJ;M; 
G* ~ = RT In --- ' L..,.ri 11--

. p i=t . P; 

c: c 

In l1 = L,.r; lnll; +df1.r; 
i=l . . i=t 

(I) 

(2) 

(3) 

(4) 

·where c stands for the number of components of the mix
ture, M,and M; are the molar mass of the mixture and of the 
pure lb'mponents, p and P; represent the density ofti:J~ mix
ture und pure components: 11 and 11; are the corresponding 
viscns.itics. R is the gas constant and Tis the temperature in 
Kelvin. The values of these functions.aml d arc presented 
in Table 2 along with the values of p, 11 and n1ole fraction. 

. . . ! 
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'liabh; l.l'hysh.:nlpropcnics ol'lclruhydrul'urun,n-p':"'anc, 11-hcxune nmln-hcplnne 111 vurinus lempcmlurtls 
T!K p x I o-J kg l·n-J Tj/m.Pu.S 

This Work Liter.uure This Work Li ler.uure 
Tclrahydrnl'uran (THF) 

288.15 0.88720 0.887201'' 0.50924 0.50923 19 

293.15 0.8835!! 0.!!8357 1'1 0.49107 0.!19106 19 

298.15 . 0.8788!! 0.87888 19 0.45999 0.459991 9 

n-Pentane 
288.15 0.62528 0.62527' l>-l 8 0.23145 0.23144 1(>-: 18 

293.15 0.621) I 0.621321(•-18 0.21996 0.21995 1(>-!8 
298.1'5 0.61883 0.6188316-18 0.212·10 0.212JOII>-IR 

n-Hexane 
288.15 0.66125 0.661241(>-· 18 0 .. 13381 0.3:1'Js 1'c,_ 1s 
293.15 0.65472 0.65471 16-!8 0.31256 0.31225 16-1 8 

298.15 0.65253 0.65252 1(>-IR 0.29191 0.29.19011>-IH 
n-Heptane 

288.15 0.68192 0.68192 11>- 18 0.42121 0.42121 16-1 8 

293.15 0.67951 0.679501(>-IS 0.40020 0.40010 16-18 
298.15 0.67669 0.67669 1(>-IK 0.38450 o.3R4So1(,_,s 

The excess molar volume were correlated by Redlich-
Kister equation.' · 

(5) 

. The coefficient in eq. (5) was estimated by the least~squares 
fiqnethod, where thesquares of the difference between the 
c~lculated and experimental excess molar volumes results 
is minimized. The optimal values of the coefficients in eq. 
(5) are listed in Table 3. The staf)dard deviation was calcu
lated by 

0' (~) = f(~ exp1- .~ ca1)] 2/(D -·N)o.s · (~) 

where D and N are the number of data points and par~m
eters, respectively. The experimental values of LlT] are also 
reported in Table I. The viscosity deviations were corre~ 
lated by the following equation : 

(7) 

where Q = LlT]/(m.Pa.'S). The coefficient in eq. (7) are'also 
regressed by employing the leas! square til lilcthod. st';in
danl devialions for ·the vi.scosity calculatioi1.~ were deter
mined by cq. (g), 

- 2 0.5 
0' (LlT])- [L(Llllcxpl- Llllcal)l I(D- N) (8) 

The optimal parameters in correlating deviations of visco
sity are listed in Table 4 .. 

From Table 2 it is observed th~t the values of~ for all 
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. binary mixtures THF + n-pentane, THF i: n-he?Cane and THF 
+ n-heptane at different temperatures oyer the entire co-in
position are positive indicating the mutual dissociation of 
the c_omponent molecules. Because of the· small difference 
in the molar volumes of the components, tetrahydrofuran· 
will not tit into the structureofthe normal aliphatic hyd~b
carbons CC5R12• C6Hj'4.·C7H 16), thereby increasing the vol
ume of the mixture9. Posilive ~also suggests that the dis
persion forces prevail between THF and normal hydrocar
bons. 

. . . ~ 

It is also found from Table 2 that the difference in the 
molar volume~ of the mixtures of the components follows 
the following order : THF + n-heptane > THF + n-li'e~an~~> 
THF + ri~pentane at any temperatu·re studied here. This in- . 
dic~tes the higher value of ~ forTH~ + n~pentane mix; 
ture than that" of THF + n-hexane mixture which is in turn · 
higher than that of THF + n-heptane (shown in Table 2):. 

There is a systematic increase .in ~~.with a rise in te~
pcraturc for all tiiixtures studi,ed here ai1d such ch;~nges 'or 
variations are evidenl from Table 2. T.his increase in ~~ 
.with lempcruturc is as expected from tliltorelic·nJ clmsidcr-
utions10. · · ' 

Deviations in viscosity (Al1) shown in Table 2 for the 
mixtures of tetrahydrofura'n (THF) with. nonnal aliphatic 
hydrocarbons (C5-C7) are negative which increase with in
creasing size of hydrocarbons. The trend in 611 is THF-' 
C5H 12 < THF-C6H 14 < THF-C7H 16. The dominance of ex~-
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Table 2. Density (p}, viscosity(')), excess molar volume(~). vis~osity deviation (LlTJ), e_xress rree energy (/factivation of viscous now (G•Ei, 
interaction parameter (d) and mole fractions or tctrahydrofuran (X1) with diiTcren·t normal hydrocarbons at various temperatures 

XI p X 10-J 1)/m.Pa.S ~ Ll1J/m.Pa.S . :c·E ' d 
kg m-3 /cm3mol- 1 J mol- 1: 

288.15 K 

THF + n-Pcntanc 

0 0.62528 . 0.23145 0 ·o . 0 ·. 0 

O.ICXXI~ O.h•I;IR<I 0.2•140•1 ll.OHO 12 -0.01.~20 -4H.;102•11 -0.2!!79~ 

0.21Kl<I'J ().(lh.\14 O.:.!:'iHh.l O.'.!.!:'iOI O.tr.!H-1 I -K:'i.0702h -0.2'>207 

0.31Xl12 O.hH:I~6 0.271<2') O.:IH21J -0.0.16~:1 -1\?.:IJ:?I S -(1.24'12!! 

0.40013 0.70536 0.21J!!5'J 0.52531 :--0.1)440 I -lJ!!.IJ66!!l!· -().253!!!! 

~ 0.50014 0.72910 :.' . 0.32188 0.60112 -(),04850 -103.43975 --0.25!!29 

0.60013 0.75389 0.34765 0.75452 -().05051 -104.11553 -(),27671 

0.70012 0.78256 0.38240 . 0.65501 -().04354 -70.39536 -().23806 
,. 

0.80009 0.81536 0.41850 0.35254 --0.03521 -57.71623 -(),2'-ll35 

0.90005 0.85002 0.46314 0.15231 -0.01833 -19.71319 -0.1786!! .,. 
0.8!!720 0.501)24 0 0 0 0 

,( 
THF + n·H.:.xanc 

' 
! 0 0.66125 0.33381 0 0 0 0 

·. 0.11713 0.67683 0.34235 0.31001 --0.01201 -27.52968 --0.23410 

0.22998 0.69396 0.35205 0.47510 --0.02211 _:52.41408 ~.24807 

0.33863 0.71227 0.36440 0.58502 -{),()3002 -()),79133 --0.24709 

.. 0.44335 0.73168 . 0.37894 0.67511 --0.03265 -65.71838 ~~.24491 
)r 0.54436 0.75343 0.39784 0.59002 --0.03147 -50.21391 --0.21945 

0.64184 0.77676 0.4166.1 0.47512 --0.02980 -43.40952 --0.21533 
·' 0.7359!! 0.110164 0.43672 0.36()13 --0.0263 I -36.22659 --0.21676 

0.82695 0.82184 0.45847 0.25003 --0.02041 -27.60456 --0.22318 
. 0.91491 0.85643 0.48214 0.14561 --0.01217 -17.23062 --0.24081 . ~· 

O.X!l720 0.~0924 () 0 () 0 
·Till'• n:lkplam· 

. · 0 O.hKilJ2 . 0..121::!1 () () () lJ 
0.13376 0.69798 0.42314 0.01801 · -D_.OO'J84 -7A.llJ21 -0.17')64 

;.Q.25784 0.71408 0.42721 0.16810 
, 

--0.01670 -7 72454 --0.18181 
0.37:127 0.7:\105 0.4:1212 0.29111 _:--{).02175 -9.27331 --0.19153 
0.4!111'11 117-1')00 O.·l.l7·1h lUHII2 -0.0260X -17.-1.1592 -D.21 39H 
0.58153 0.76!186 0.4.J67lJ 0.32102 -0.02561 -12.0 I H93 -().21126 

~-
. 0.675110 IJ.7X9% 0.456-1 1! .0.24515 -().024:! I -1 I .42528 --0.21828 ' . 

_: 0.76430 IU\1226 0.46761 0.17321 --0.02088 -9.62714 ;:-0.2251 I. 
(}.84753 lUC\579 0.47lJX5 .0.11213 -0.015lJ7 -!!.13692 -D.23610 
0.92597 0.86066 0.4'J30ol 0.06122 -().00968 -7.3%67 '--0.26666 

0.88720 0.50924 0 0 0 0 
293.15 K 

THF + n-Pt:ntunc 
0 0.62131 0.21996 0 0 0 0 
0.10005 0.63975 0.23307 0.10009 -D.OI401 --40.13625 --0.24946 
0.20009 0.65882 0.24979 0.28215 -().02442 -52.82306 --0.20946 
0.30012 0.67932 0.26882 0.42501 --0.03250 -58.50596 --0.19254 

~ 
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0.400 IJ 0. 71)(19 I 

0.50014 0.72427 

0.6001J 0.7~%2 

0.70012 0.7'111•111 

0.80009 O.H I 076 

. 0.9000.'i ())~115'1~ 

0 

.O.IIiiJ 

O.HH.158 

0.6!\472 

0.67031.' 

. 0.2299!! 0.61!750 

0.33863 0. 7().')<)6 

0.44.135 0.7257:1 

. 0.54436 0.747(1) 

0.64184 0.77 J:\0 

0.73598 0.7'>649 

O.R2695 

. li,<) 149 I 
. ,;j/ >· .. 

'! . 

:;1?: .. : ·. 
. '·0 

'· Q.13376 

0.25784 r- . 0.37327 

0.48091 

'. 0.58153 

0.67580 

0.76430 

0.84753 

0.92597 

I 

0 

0.10005 

0.20009 

0.30012 

0.40013 

0,5()(1 I 11 

0,(1()(11.1 

0,7()()1~ 

0.80009 

0.90005 

628 

0.82346 

0 .. 111,,27:1 

0.88358. 

0.67951 

0.69541 

0.71116 

0.72815 

0.74110 

0.7ri587 

0.7Rri82 

0.8()1)0 I 

0.83246 

0.85715 

0.88358 

0.61884 

0.63(i27 

0.65502 

0.67532 

0.696RO 

0.71'1'11 

11.7·1." ~( 

0.'/7.\ 17 

0.80424 

0.!!4<Xl4 

0.87888 

0.21!')43 

O.JIIY• 

ru:nor~ 

!1 .. 111H.\r1 

. UAOJJ:'i 

())11IXMi 

O.illJI07. 

.·. 0.31256 

O::i2340 

11.3.15.~') 

0 . .14f<'JH 

. 0.36001 

0.37971 

0.4rxm 

o:42074 

0.44201 

0.·11••1 1}1} 
• • ! • . 

o.49io7 

0.40020 

0.40303 

0:40749 

0.41302 

0.41907 

0.42S49 

0.4385-:J 

. 0.44949 

0.46185 

0.47507 

0.49107 

0.21210 

0.22409 

0.24048 

0.25800 

0.27677 

O,l,111_1c, 

O . .I-171Kl 

0.38003 

0.42120. 

0.45999 
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O.f>OCXJ2 

0.72551 

O.XIl<l.12 
II loll\ I l 

().j.J()().j 

I j I.Xr.ll I 

·o 

;->o 
0.':14011 

0 .. ~:2'012 

o:r,35IO 

. 0. 7000 I 

0.():~50.1 

o.scio02 
0~38215 
0.2C'><XJi 

_ o.iiioo.1 
,d 

~~ •. ··! • 

:o 
O.QJ211 

O.:hiOI 

oji9o5 

0.39811 

OJ3521 

0.26115 

0.18522 

0.1 i609 

0.06713 

0 

0 

0.25510 

0.46ool 

0.59870 

0.75420 

O,SIICJI)(J 

().&J,IK!II 

0.117505 

0.71lJ(XJ 

0)4)'JCJ 

0 

--{1.11390 J 

-{l.0439'i 

--O.Il-1.~(;0 
11.11·11.1 1 

-1).0.\352 

ll.ti I~~ I 

0 

·THI'+ n-Hcx.:mc 
.. () 

-{l.O I 00 I 

-0.011!02 

-{Ul24m 

-0.0:1169 

--O.O:JCXl2 

.•: 

-{).02640 . ' 

; --0.02320 .. 

-().()11!17 

.().()1'011'1 

'· ,. '·· ·.: (). 

· ·r~fi ~ n~Heplane 
I• ·o. 

-O.CXlQ32 

-{),() 1614 

~.02110 
-0.02483 

-0.02455 

-0.02302 

--0.02016 

--0.01537 

--0.00927 

0 

29!!.15 K 

THF + n-Pentane 

0 

.. --0.0121!1 

...{).02122 

-0.02850 

--0.03452 

-O.Il:'H•IIl 

· -ll.I~IIJ~ I 

-0.03M65 

--0.03040 

-{1.0 140 I 

0-· 

-64.64241! 

-74.H972J 

-7(1, 91 :100 
(1J.IIHr1 ... 'f• 

-50.211142 

o· 
' .·,' 

.. ,_.,. '·'. , .. '()'. ·. : •,., ,,'. -. 

· -JJ.7ss71i 
-24.)5(1)7 '· 

'. ;. 

-31.96879 

-61.24642 . 

'-41.13155 

-22.50561 

. -18.26332 

· :.:.i4.9Cl41M 
. 'i 

. '. ·II ,CIHI•:I'I ' ): 

0 

. o'· 
-6.1991\6 

-6.62451 

-8.97066 

-1!'1.95693 

-10.38316 

. -9.17771 

-!!.91551 

-7.42920 

-7.24725 

0 

0 

-37.51550 

-39.51000 

-45.81660 

-.'i4.i9800 

~ 1J.,,H,,IIIl 

117 .. ,_~;\!KJ 

~6.343!!0 

-43.53820 

-1.44872 

0 

. ; 

; 

f: 

~>.'195:\7 

:..{),21415 

:;-0.2274<1 
, ,(J.~IIJ'/,, 

-{).2'2641) 

. 0,11 hh·l 

'·'0 

0 

.:.().18204 

~).18527 
. ' 
. --0.1909!! 

. -{).2389.1 
' ' 

~.20693 

. -0.18047 

'..:C).ISI61 

J.1HJl11 

. --lf.2U717 ; 

0 

0 

. -0:·179()4 

. ·-t>;J !IIIII 
. I 

-0:19.1.53 . 

-0.213S'8 . 

.-0.21126 . 

-0.21!!28 

-0:225 i;i 
-0.236iO 

--0.26666 

0 

0 

-0.24!.148 

-0.18319 

-0.1734~ 

--0.18177 
. \.: 

. II, I'J1HH 

- 0.2) 7!1;1' 

-{).23686' 

--0.2262.9': 

-{J.I i 9 nt' 
'o· :'. 

" I ~ 
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Tab/t.'-2 (contd.) 
; 

; 

THF + n-Hcxanc 

·o 0.65253 0.29191 ~ .0 ··. ···. 0 () 0 

'0.11713 0.66764 0.3025.! 0,40111 -0.00909 . -10.00730 -0.17017 
.:·. 

-0.01546 .. -.19.0~990 -0.17560 
0.22998 0.68449 0.31417-> 0.61002 . ·:~;:-,,;.1:. 

::;~· 
. ':. 

.0.33863 0.70279 0.3251!2 0.71502 -0.02155 -34.60930" -0.19689 

0.44335 0.72236 0.33805 0.77501 --0.02838 '. -51.01!960 -0.24782 

'0.54436 0.74425 0.357CXl 0.66541 -0.0274!! --28.97290 ~l.IR652 

~0.64 i!!4 0.71>770 O.JT\:'iH 0.~.1021 --0.021>~ I -17.33250 ~l.I701J:'i 

'();7;15911 0.7 1>21> I O.J9•134 0.41001 -0.0~127 . 1.~.01_.1.10 --O.I74.'i'l 

' . 0.11261)!\ IUii'J.Ii> 0.'11.~0.\ 0.27.~ I 2 -0.01 )S7 -7 _<)J(l77 --O.II•XX I 

'·0.91491 O.K-1793 0.431>-lK· 0.150<U -0.(Kl1121 --I.X·Il>.l·l ··O.I71>X·I 
; ' <i I 0.1!71!1!8 0.45999 0 0 () 

.I 
THF + n-Hcpt:anc 

~ 0.67669 Q.38450 0 () () () 

I .• '. 
:. 0.13~76. 0.69246 0.38606 0.05512 -0.00854 -5.49011 -0.17200 

0.25784 0.70808' 0.38915 0.26102 -0.01481 --5.70903 -0.17872 
•' . •'. -.6.60921 

t '·~ 

'0.37327 0.72492 0.39354 0.35621 -0.01914 -0.18669 

'0.48091 0.74273 0.39842 0.41111 -0.02238 --11.48670 -0.20288 

0.58153 . 0.76231 0.40609 0.35005 -0.02231 -8.35571. .. -0.20388 

0.67580 0.7H308 0.41463 0.28106 -0.02089 -6.83200 --0.201!59 

·0.76430 0.80505 0.42423 O.llJ514 -{),017lJ7 -5.56-199 -0.214.70 

. 0.84753 0.821!28 0.43559 OJ ~008 ~).01289 -4.67554 -0.21027 
·' 
0.92597 O.XS272 0.44651 0.07201 -0.007R9 --3.80617 -(!."24030 

I I 0.87888 0.45999 0 0 0 0 
' 

Tuhlc 3. Regression results fur the c:.-c·ess.~olumes o(TIIF + 1uinnal hydrocnrh<;ns mixture nt various tclllpcnllurcs 
""' ·~ 

. Systez:n Temp. 
: .. .· . 
' "o /II :. (12 '1/3 (/4 os I) 

.'~i K :;' 

THF
1 
+ _n-Pentanc 288.15 ~.66282 2.02386 -2.08350 2.84555. 0.04050 

~. 293.·1~ 2.97246 1.1!1!91!5 -2.06088 . -2.33610 0.01 R701! 
~ ~ 4 

;: .. 
'' 29K.1.5 3.:'i4241 1.347111 0.0341.20 

?J'HF,.f. n-Hexanc . 288.15 2.54097 -q8838 -2.09799. 2.60345 . 3.227!16 -2.9KI!77 O.OIJ813 · 
' ' . '. 

293.15 2.60473 -1.~502 0.49835 0.017298 

298.15 VW:151 --1.36760 0.019951 

. 'TJ·IE + n-l·lept:""' 28!!.15 1.-l-161.5 -0.0142H6 --2.62717 1.1403!! I .612X9 0.011453 

293.15 1.:'>0759 -D.4li;!Oh -I .h!!!!l)') l.b~.\bX 1l.U11'27·1 

291!.15 l . .'iK020 -0.55754 -I .5~45.~ I .6635.1 0.()()95!!2 

,,.!lier.mic cntkdpy or mixing uver endothermic mixing r..:
'sulting tetr;rliydrofurun (THF)-hyurm:arbon interaction: 
.'!ead.s to less negative tiT] yalues,for higher aliph,U,tic hydro
:~arbons than for lowero~~s_2 1 . It seems that in \~tnihydro
furan + hydrocarhon systems. 1hc forces hetwe~~ pairs of 
. unlike molc..:ules are far Jess than that between pairs of like 
!llol~culcs. Therefore. t~e hi nary m,ix lures of' tctr.ahydrof'u-· 
ran. with higher hydrocarbonsare less tluid due to~enhanced 
non-covalent forces between like molecules. N~gative tiT] 

values in the prcsen1 investigation can also tic attrib_uted to 
unequal molecular sizes of' the conslitucnt.molccules or"rl•e 

·I •n:ix·t~re.~he~e djspe·i·Sion'fo·rces Ure dominhnt12., .·· ... 

. · The effect oft6m~·~~atu~e i~cre~~~ is _to disrupt het~ro 
and homo associutic)n of the moleCl;JICS which causes in· . 
.crease in nuidity _of the liquid. So, t.T] values are higher at 
higher temperatures". Similar reS!JitS w~s obiained as reported ' 

. earlier 13• . . . ' .. ·_ 
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Tuhle 4. Regression results for the deviation or viscosity oi'THF +normal hydrocarbons mixture ut various temperatures 

System Temp. ou or (12 flJ (14 8' 
K 

THF + n-Pcntane 288.15 - .ci.l944!l ---{).0p55 . ~ .. 0.001113 
293.15 0.17614. ---{).04281 0.001459 
298.15 ---{1.1'5715 ---{).04"444 .... . ' ·. . ~· o:i5ci 1574 

TI-IF + n-Hcxanc 2!!8.15 -0.1 :II OR ---{).01022 0.000923 
29:1.15 --n_II6H2 -0Jll651 - 0.001417 
29!!.15 -0. I I Ol_l ~)_()1977 0.02744 o.<'xxw4H 

TH_E + n-l'fcp!anc 2!!!!.15. -0.1 021] -n.02HH I O.Oci05J3 
2'!:1.1) ()_()1JX(,.1 -0.02.WJ 0.02062 "0.0()<)71 ---{).Cl4H66 0.0002h 7 
29fi.l5 -OJIHH4CJ -0.02129 ' I 

0.()()()322 

I 

The negative values of excess· Gi'hbs free energy of tlow _ perature was determined ·with a calibrated ~thermometer a9d 
(shown in Table 2 )-for tetrahydrofuran + n-hydrocarbons -a Muller bridge. _The py_cnom~ter was then removed from 

· over the entire range of composition and temperature which the thermostatic. bath, properly dried, and weighed. The 
indicate the formation of molecular complex between un- evaporation losses remained insignificant during the tifT!e 

. like molecules througl; non-covalent bonds. Subba C'/ a/. 1'1 of acttmi measurements. Averages ·or tt'iplicate measure-
made a similar observa-tion l;roln G*E studies -for the binary - ments were ti1ken into accmini. The density values were 

- mi~tures ofpropionic.acid and-alcohols. -reproducible to ±3 x w-5 g 'e:m-3. Details have been de-
- . 

The positive values of Grunberg and Nissan parameter 
(d) indicates the presence of strong rnoleculadntcrilcti-ons 
due to appreciable dipole-dipole and dipole-induced dipole_ 

_, interactions13 while the negative values of d rna~ be attri.b-:
uted to dominance of dispersion type of forces 12 between 
the l~ke molecules. The last conclusion is in excellent agrec
m~nt with the values of d (shown in Table 2) ootained from 
the experiment in our investigation. 

-scribed earlier22. -

I The vis~ositics were lllCl.-S~;i·ed by means of suspcl)ded~ 
level Ubbelohde2.J viscometer at the desired lemt)erature 

-(accuracy ±0.0 I K). The precision of the viscosity mea
surements was 0.05%. Details have been described eurlier24 . 
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Physico-Chemical Studies on the Solute-Solvent Interactions and 

Ultrasonic Speed of Resorcinol in 2-!Ylcthoxy Ethanol and 

Tetrahydrofuran at Different Ten1peratures 
Bhoj Bahmlur Gurung, Mousumi Das, Vikas Kr. Dalwa and Mahendra Nath Hoy· 

' . . 
pepartment of Chemistry, University of North Bengal, Darjeeling: 73~430, INDIA 

ABSTRACT 

The densities, viscosities and ultrasonic speeds of resorcinol in pure 2-methoxy 

ethanol and pure tetrahydrr4i1ran have heen investigated in 303.15K, 313.15K and 

323.1 5K. Apparent molar volume (V,). viscosity parameters of these solutions are obta'ined 

from these data supplemented with their densities and viscosities respectively. The limiting 

apparent molar volumes (V/) and experimental sl~pes (SJ. derived from the-·Masson 
equation have been interpreted in terms of solute-soh:ent (md :.:olute-solute .interactions 
respectively. The viscosity data have been inte17Jreted in terms of solute-solvent and solute~ 
solute interactions, respectively.- The structure making/breaking capacity of this solute 
investigated here has been discussed. The compressibility data also indicate the 
electrostriction of the solvent molecules around the solute particles. 

In t a·od u ct io 11 solvents widely used in various industries. 

. These are industrial solvents and figure 
prominently in the high-energy battery 
technology_ and have also found wide 
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Studie~ on viscosities, densities and 
ultrasonic speeds of solutions assist in 
characterizing t:1e structure and 
thermodynamic properties of solutio!ls. 

Various types of interactions exist between 

applications in the organic synthesis as -·\ ..?· 

the solutes in solutions and of these solute-
solute and solute-solvent interactions are of 
current interest in _all branches of chemistry. 
These interactions help in better understanding 

the nature of soLute and solvent that is 
: ' ' 

whether the solute modifies or distorts the 
structure of the solvent. 

Tc.·trnhydrol'tirnn (TIIF).- and 2-
J1lt!lhoxy enthanor" (ME) 'are very ilnportmil 

manifested from the physico-chemical studies 
·' 

in these media'· 11
'. In this present work, ail " 

attempt has been made to provide an ·· ,:;:: 
·: '; 

unequiv.ocal interpretation of solute-solvent . ."-' ': 
. .. "'.\ 

and solute-solute interactions prevailing in the · · 

studied solutions. Several workers ha~e- _ -~ · 

reporte~ _ vol~metric.' viscom~t.r~c a?d _ :·)~f .. 
ultrasonic stu~Ies ofti1IS compound m no~-.. j~1 .. 
~l~u:ous solutiOns' 1"

15 but such studies in pure··:· ·::·:r,1·, _ 
1111· and 2-mcthoxy clhnnol nre still scanty ... ~- ·J' · 

.· •· '., .. ,) 
. '<::M 
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Experiments 

-Method 

Dens it ics, pat 303.15, .1 13. I 5 and 
323.15 K were measured with Sprengel 
type Pycnometer having a bulb volume of 
25 cm 3 and an internal diameter ,of the 
capillary of -0.1 em. It was calibrated at 

303.15, 313.15 and 323.15 K with double
distilled water and benzene. The 
pycnometer with the test solution was 

equilibrated in a water-bath maintained at 

the desired temperature (±0:0 I K) b):' means 
of a mercury-in-glass thermo-regulator, and 
the absolute temperature was determined 
by a cc;1librated platinum resistarice 
thermometer and. ··Muller bridge.· The 
pycnometer was then . removed frqm the 
thermometer and Muller bridge. The 
pycnometer was then remo'ved from the. 

thermostatic bath, properly dried and 

weighed. The evaporation losses remained • 

insignificant during. time of actual 

measurements. An average of triplicate 
measur_ements was taken into account. The 
density values were reproducible to ± 3 x 
I 0:5 g cm·3• Details have been described 

earlier 16
• The viscosity was measured by 

- . 

means of a suspended level Ubbelohde 17 

viscometer at the desired temperature with 
C1 therrnostC\t bCJth controlled to ±0.0 I K. 

Sound velocities were determined 

with an accuracy of 0.3% using a single 

8 
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cryst~l variable path ultrasonic interf~romet~r 
(MittafEnterprises, New Del.hi,_ India)working 
at. 4 MHz. which was calibrated with water, . 
methanol nnd benzene at cnch tcmpcrnfure. 
described in de.tail elsewhere 18

•
19

• The 
solutions.studied here were made by mass, 
the conversion of molality into molarity ·was 
done20 . 

Source and purity of samples 

Tetrahydrofuran (Merck, India) was 
kept several days over KOH, refluxed for 24 

pours and distilled over LiAlH
4 

described 
earlier1

• 2-Methoxy ethano-l was allowed to 
stand overnight with CaSO~ and distill~d from 

11\\ 

sodium. Before fractional distillation the 
• ' . ;lt:' 

solvent · was treated with ·:2, 4-
dinitrophenhydrazine to :re~ove aliphatic 
ketones. Resorcinol -(A.R.) was purified by 
the reported ptocedure 11 imd the bompound 
was dried and stored in a vacuum de'siccator. 

Results 

The experimental values of 
concentration( c),-densities (p), viscosities ( 17) 
and derived parameters at 303.15, 313.15 and 
323.15 K are recorded in Table- l. 

The apparent molar volume (Y ,p) 
were determined from the solution densities 

using the following equation, 

M JOOO(p-po) 
v~ ==------

Po cpo 
(1) 
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. Table -1 
. '. 

Molar concentration,. densities, viscosities, app~rent mplnr vohimes (v +), lim~ting . 
apparent m_o.lar volume (v+0), experimental slope (S,.*) and. values of A and B of 

resorcinol in various solvents at different temperatures 

Resorcinol in ME 

c/mol p/g cm·3 T]/Cp v+ /cm3 v 0/cm3 · S */cm3 dm1'2 A/dm312 B/dm3 
+ y 

dm-3 mot·• mol·' mol-3'2 ·moi- 112 mot·• 

-t-
303.15K 

0.008029 0.95834 1.40147 34.21621 

0.05621 0.96104 1.43588 53.28075 

0.10438 '0.96271 1.46825 65.04447 

0.15256 0.96348 1.50134 75.54179 
21.7866 135.4508 0.02071 0.46342 . i. 

·-.::·.:. 

0.20074 0.96382. 1.53721 83.23679 
-·: 

::'· 

0.24891 0.96401 1.57063 "88.58110 ..• 
·.: 

313.15Ks ·./:. 

0.007954 0.94935 1.21587 44.36590 ·.:.·. 

0.05566 0.95166 1.23826 62.06549 
'T 0.10333 0.95303 1.26285 72.99709 

0.15105 0.95395 1.28926 . 80.17937 34.1912 118.3329 -0.0273 0.48472 
I .. 

0.19873 0.95418 1.31665 87.56597 
.'! 

0.24644 0.95444 1.34376 91.96859 i· · . 

. I. 
323.15K ... · .. 

0.007893 0.94208 1.04675 55.04547 

0.05522 0.9440 I 1.06603 70.97192 

0.10247 0.94509 1.08673 80.97367 
0.14972 0.94556 1.10875 88.98941 . 

46.1865 106.6030 -0.0344 0.4940 . -~ ::;~~: 
:·.:. 

0.19699 0.94584 1.13195 94.18618 
0.24482 0.94624 . 1.15483 96.85475 

.. -··, 
., . 

~ Resorcinol in THF 
303. I"SK 

0.0080634 0.8768 0.44945 5.36021 
0.05644 0.88083 0.45897 26.99526 
0:10482 0.88381 0.46680 40.09853 -7.46164 145.60272. 0.079406 0.21908 . -. 

0.15320 0.8861 I 0.47375 49.99311 -
0.20 !59 0.887R7 0.48075 58.19976 ... 

.. 

0.24997- 0.88934 0.48838 64.55114 ·. ;.;~;l 
--,... 

9 . 0t1f~~ 
'·'I:' .-.··... -:::r~ 
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313.15K 
0.007974 0.8670~ 0.41 0]4 9.84666 
0.05580 0.87090 0.41594 31.32406 
0.10363 0.87381 0.42164 43.11721 
0.15415 0.87599 0.42677 53.02089 -2.14684 140.23313 0.0152 0.25078 

0.19927 0.87764 0.43228 61.24157 
0.24715 0.87930 0.43740 66.24838 

323.1SK 
0.007906 0.86129 0.38944 14.45223 
0.05542 0.86494 0.39331 35.06637 
0.10291 0.86768 0.39780 46.99245 
0.15039 0.86981 0.40258 56.09555 2:16829 139.40834 -0.01988 0.28058 

0.19782 0.87128 0.40736 64.69020 
0.24526 0.87258 . 0.41245 70.76840 

where M is the molecular weight of 
the solute, cis the molarity of the solution and 
the other symbols have their tlsual significance. 

squares treatment of the plot of V/ vs c 112 

using the M~sson equation21
• 

The limiting apparent molar 
volumes ( V/) w.ere calculated using the lease 

Table- 2 

(2) 

Molal 'concentration (m), sound velocity (u), adiabatic compressibility (f3), apparent 
molal adiabatic compressibility (~k), limiting apparent molal adi~batic 

compressibility (~ 11 °) and experimental slope (S" *) of resorcinol in various solvents 

at different temperatures 
Resorcinol in ME 

m/inol u/ms·' 13 xl0 10/pa·' ~"· xl0 7/m3 ~"0x 107/m3 S"*xl07/m3 mol-312 

kg·' mol·' pa· 1 mol·' pa·' pa·• kg·' 
303.15K 

0.008386 1302.42222 6.15144 -3.53056 

0.05889 1315.10976 . 0.01637 -2.60571 . 

0.10973 1323.69716 5.92826 -2.02055 -4.0552 6.01661 

0.16115 1329.89488 5.86844 -1.58099 
0.21316 1335.37726 5.81830 -1.29114 
0.26576 1338.06352 5.79381 -1.00556 

10 
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-
313.1SK 

0.008386 1268.73567 6.54382 -4.17088 

0.05887. 1282.8593 6.38552 ' -3.07\\0 

0.10973 1292.53715 6.28069 ·-2.4066 -4.833.0 7.2967 

0.16115 1299.04835 6.21189 -1.90114 

0.21316 1301.~4487 6.18374 -1.4104 

0.26576 1304.96485 6.15253 -1.12253 

323.ISK 

0.008386 1240.67703 6.89596 -4.91245 

~ 0.58870 1256.37339 6.71098 -3.61256 

0.10973 1267.15845 6.58969 -2.83223 -5.7239. 8.7415 

·0.16115 1274.50031 6.51075 -2.23143 

0.21316 1277.51300 6.47816 -1.67623. 

0.26576 1279.76619 6.45264 -1.30988 
'Resorcinol in THF 

' 303.ISK I .. 
. . . 

0.0092057 1252.90681 7.26544 -4.55220 
0.06453 1263.84373 . 7.10751 -3.25120 

-r- 0.12017 1270.<?0584 . 7.00510_ -2 .. 5363 -5.2802 7.9261 
·0.17625 1273.69507 6.,95635' -1.8841 
0.23287 1274.80837 6.93044 ' -1.4088 
0.29005 1276.09679 6.90502 -1.10556 

313.15K 
0.0092057 1193.59694 8.09516 -5.32146 
0.06453 1205.16882 7.90562 -3.90844 
0.12017 1211.94033 7.79149 -2.9865 -6.1470 8.9247 
0.17625 1216.28610 7.71666 -2.3412 
0.23287 1218.31345 7.67654 -1.80601 
0.29005 1219.65271 7.64523 -1.4413 

~ 323.15K 
0.0092057 1148.06843 8.80897 -7 .. 32857 
0.06453 1162.03754 8.56198 -5.20866 
0.12017 1169.80470 8.42197 -3.91044 -8.5072 13.02574 
0.17625 1173.01.666 8.35540 -2.90088 
0.23287 1174.41862 8.3514 -2.17714 
0.29005 1175.04828 8.33394 -1.67397 nf :. 

. j. 
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Where V/ is the partial molar volume 
at infmite dilution and Sv • the experimental slope. 

The values of V/ and Sv • along with 
temperature of resorcinol in solvents follows 

the polynomial-

V 0 = a +a T+a T
2 

'P 0 I 2 · 
(3) 

J. 7:R. Chem. 1/(2) 7-17 (2Q05) 

Over the temperature range under 
investigation, where T is the temperature in 
Kelvin. · 

Values of coefficients of the above · 

equation for resorcinol in pure THF and 2-

rnethoxy ~thanol are recorded in Table- 3. 

Table- 3 

·Values of coefficient for resorcinol in THF a aid ME . . 

Solvent a /cm3 moJ·• .,,. aJcm3 .mol·' K·• A /cm3 moJ·•K·2 
'r 

THF -643.094 3.61205 -4.9985 x 1 o-3 

ME -548.5366 2.05172 -2.0465 X 10-.1 

From the values of coefficients the following equations are obtai!wd 

Resorcinol in TIIF 

r . V 0 = -643.0947 I cm 3 mol_,. + 2.50 172T I cm3mol-IK-'- 4.9985 X 10-J I cm3mol-'K-2 (4) 
• ' • 0 

Resorcinol in ME 

V 0 = -548.53663 I cn1'1mol-1 + 2.50 I 72T I cm3moi-'K-:'- 2.0465 x 10-3 I cm3mol-1K-2 (5) . . 

.The apparent molar expansibilities (~E0) can be obtained by the following equation. 

(6) 

The values of~~ of the studied compound at_303.13, 313.15 and 323.15K ate 

determined and reported in table- 4. 

Table- 4 

Limiting apparent molar expansibilities (~~) for r~sorcinol in ~_HF and ME at 

different temperatures 

Solvents 303.15K 313.15K 323.15K O>zv +o/dTz)p 

THF 0.57262 0.49035 0.40809 Negative 
ME 1.2(l09l 1.21999 I . I 7907 Negative 

12 
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Helper22 developed a technique of 

examining the magnitudes of(82 V4>0/8T
2
)., ror 

s.olute in terms of long range structure-making 

and breaking capacity of the solutes in mixed 

solvent systems using the general 

thennodynamic ~xpression. 

(7) 

The viscosity of resorcinol in pure 

THF and in pure-2-methoxy ethanol have been 

analyzed using the Jones-Dole23 equation: 

..2l = 1 + Ac 112 +Be 
· 11o 

(8) 

where 11 = ( Kt '- ~} 
where, 'l')

0 
and 11 are the viscosities 

of solvent and solution respectively. K and L 

are the constan~s for a particular viscometer. 

The 'values of !\ and B are estimated by 

computerized least square method and 

·recorded in table I. 

Adiabatic compressibility (p) was 

calculated from the following relation. 

(9) 

where p is the solution density and u 

.. is the sound. velocity in the solution. The 
· apparent molal adiabatic GOmpressibility (<h) 
of the .solution w.ns determined from the 
relation. 

I 3 

The limiting apparent molal adabatic 

compressibility (<~k 0 ) was obtained by 

extraploting the p1ots of(<h) versus the square 

root of molal concentration of the solute to 

zero concentration by the computerized least 

square method. 

o s· 112 
<p.K = (j)K + Km (11) 

where Sk' is the experimental slope . 

0 • 
The values of u, (3, ~k •. ~k and Sk 

are recorded in Table 2. 

Discussion 

We have determined the p and 11 and 

calculated the V ~· V ~ \ Sv', ~k• <Pk 
0

, B and A f 

at 303.15, 313.l5and 323.l5K using 

appropriate equations and graphical diagrams. · 

As the investigated systems are 
characterized by hydrogen bond, the solute

solvent and solute-solute interactions can be 

interpreted in tenns of structural changes 

which arise due to hydrogen bond interactions 

present between various components o'f the 

solvent and solute-solute interactions· can be 

interpreted in term~ of structural changes 

which arise due to hydrogen bond iriteractiGns 

present between various components of the 
solvent and solution systems. 

To examine the solute-solvent 

interactioD:~· the Y 4> 
0 can be us~d. Table-1 ansJ . 

Figs. I and III in case of ME reveais that the 
Y+0 vnlucs arc positive and increase with rise 
in temperature. This indicates the presence 

.'.\ 
· .. ·, 

.. ;; 

.... 
. : ~. 

,·,· ... ··)<. 



of strong solute-solvent interaction and these 

i~1teractions are strengthened with rise in 
temperature. Whereas in case of THF the 
Vtvulucs urc smull ut v:irious lculpcrulurcs 

and the values of V ~0 increase with increase 

·of tempefatur~. ·This indicates the presence 

Fig. I: Plot of~ v0 and Sv* v&.· 
Temperature of re.orciool in ME 

150 

0 . ······--· .. ----r ------..----'--

303.15 313.15 323.15 

Tomporaturo 

,...------·----------........................ ____ .. ___ _ 

Ft.&. W: Plot of .p v0 and Sv* VB. 

Temperature of resorcinol in THF 

:lOO 

:r lCSO 
-------~·-------- ~· 

"' 
100 

~ ISO. 
"> ... 0 t---.====---+---.----....,J--, 
- ·:cso 303.2 313.2 323.2 

Temp eraturu 

. It is also evide11t (Table-! arid Figs. I 

an'd III) that Sv' are positive in both systems 

at different temperatures. Since Sv' is a 
measure of solute-solute interactions, the 
results indicate the presence of strong solute
solute interaction. As expected, theSv' values 

decrease with increasing temperature in these 
. solvents for the studied solute,, which IS 

1·1 

J.TU. Clrem. 11(1) 7-17 (Joii'.s; 

of weak solute~solvent interac~ion and such 

interaction increase~ with rise oftefllperature. 
Similar results were obtained for some 1: I 
dcc.:t_mlytc iu uquculis DM F2

" und uqucous 
THF 1

• 

Ill 
'Ill 

i 
< 

.... D: Plot·of A ail4 B ~ 
Temperabueol~ID.MB. 

. . . . 

0.6 
0.5 

----------'--.. B 
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-0 

-0.1 

'------------------------' 

·-···· ·-, ------- ------·-·· 
Fi&· IV: Plot of A an.d B v.. 

Temperature of roaordDJl ln THF 

0.3 
0.215 

IQ 
0,2 ·----------- B 

""' 
0,115 . u 0.1 

~ 0.05 

0 
-o.o5 303.2 313.2 . 

Temperature 

attributed to more violent thermal agitation at 

higher temperature resulting in diminishing the 
force of solute-solute interactions25 • · 

It is found from Table 4 that the value 
of ¢~:0 of solute decreases with rise in 
temperature in studied solvents, which can be 

. ascribed to the absence of caging or packing 
effect. 26 
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In our present investigations, it is 

evident from Table 4 that the (8
2
V ~0/0T2)P 

values are negative for ·resorcinol in studied 
solvents, suggesting thereby that resorcinol 
acts as a structure-breaker in such solvents. 

It is observed (Taqle 1 and Figs. II 

and IV) that the yalues of B of resorcinol in 
the studied solv~nt systems are pos~tive ari.c:i. 
these values increase with increa.sing .. . . . 

temperature. This indicates that this solute acts· 

structure-breaker in such solvents. These 

conclusions are excellent agreement with that 
drawn ·from magnitude of (82V ~0/8T2 ) 

~il~lt~ls~tr~a~te~d~~~a~rl~ic~~r~.---------------·-------
Jl'ie. V1 Plot of ~s.0 and Ss.* v•. 

Temperature ofre•orclnolln J1111t 

10 

~--· 
s .. • 

.. 0 
.-4 
)( s 
;; 
co 0 -·,~--

"'f 
3D:l·~--~-~~·1C5 323.15 D -8 • 4>,.o o,. 

~ 
-10 ' .f 

. Temperature 

A perusal or Table 2 and Figs. V 
and VI show that the values of ~Ko are 
negative and become more negative on .. 
increasing the temperature. Negative ~Ko 
values of resorcinol can be interpreted in 

. tenns of the loss of compressibility o'f solvents 
due to electrostrictive forces in the vicirutyof 
the solute particles. On raising the temperature 
ofthe system, the solute particles lose some 
solvent molecules from their first coordinCI!ion 
sphere in a process, which is expected to 
increase the compressibility. But at higher 

: 

IS 

. · .. -

rt has been reported by a number of 
' • . . ' 27 28 ' 

workers that dB/dT is a better cntenon · 
determining the structure .. making/breaking 
nature o'f any solute rather than simply the -
value of~· It is found fron). Table 1 that the 
values of B increase w~th rise in temperature 

(positi~e dB/dT) suggestin,g structure-. 

breaking t~nde~cy. 

A siinil.ar result was reported by"., . . : 

some workers29 iri studied solvents in case of· 

viscosity of some salts in propionic acid + 
ethanol mixtures. 

0 P'lc. VI: Plot o! ~It IUI.d Sx* v•. 
Temperature of roaorci.nol in THF 

0 1151 
... 10 
I( -• 
rl 15 ------_______. Sx* 

0 -----·----·- ... _., .. ' --·---·--· -- . --·--.-- ·-- ·-·-· .. ,_., 

-.. ·0 . ... 
-· ·10 

303.:1 313.:1 3:13.:1 

----........ ------.ol> ... 

Temperature 

temperature, breakdown of the non-covalent 
bonding between the solvent molecules also. 

takes p!ace more effectively resulting in a loss 
of compressibility. Tl1us it m.ay be concluded .. 
that for the solute solution under study, the 
latter effect is growing faster and overriding 
the former as far as the present' t~~p.erature 
range is concerned. From Table 2 (figs. ·v · . 
and VI), it is evident that Sk; have positiv~ ·:··:·:: 
vnlues indicnting the existence of s'trong ::.:: 
solute-solute interactions in the studied solvent .· .. ·: 
system which resembles the agreement.·) 

.-· .-!·.: 

(, .... ~_ .... ~ ~- .. . ,• 

·"' .. 
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drawn from Sv • discussed earlier. A similar 
~esults were reported by work30 in the case 
of ultrasonic studies of some alkali metal 
halides and nitrates in TIIF I· W:ttcr mix tun:·. 

List of Symbols 

p . : Density of solution 

p 
0 

: Density of solvent 

11 : Viscosity of solution 

11.
0 

: Viscosityofsolvent 

c : Molar concentration of solution 

m : Molal concentration of solution 

u : Sound velocity of solution 

u . : Sound velocity of solvent 
0 

13· : Adiabatic compressibility of solution 

f3
0 

:Adiabatic compressibility ofsolv~nt 

· <j> K : Apparent molal adiabatic 

compressibility 
<j> K 

0 
: Limiting apparent molal adiabatic 

sK· 
v$ 

compressibility 
: Experimental slope 

:Apparent molar volume 

V 0 :-Limiting apparent molar volume . ~ 

Sv~ .. ·: Experi~ental slope 

M .: Molecular weight of solute . . 
~ E· : Apparef.lt molar expansibility 

~ E 
0 

: Limiting apparent molar expansibility 

ME : 2-Methoxy ethanol 

THF : Tetrahydrofuran 
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Electrical conductance of alkali chlorides in mixed solvents : Methanol + 
carbon tetrachloride and methanol + 1,4-dioxane at 298.15 K 
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Abstract : Conductance measurements for selected alkali metal chlorides, MCI (M+ = Li, Na, K) are performed in the 
binary mixtures of methanol with carbon tetrachloride and 1,4-diqxane at.298.15 K. The limiting equivalent conduc-

. tance (~), 'the association constant (KA), and the Walden products (Ao'llo) for the three salts are evaluated at all the 
mole fractions of the solvent mixtures using the 1978 Fuoss conductance-concentration equation. Analysis of data indi
cates presence of strong association of the electrolytes In the solvent mixtures studied here. The results have been dis
cussed and interpreted in terms of ion-solvent interactions and structural changes ·in the mixed solvent systems. 

Keywords : Methanol, mixed solvents, association constant, ion-solvent Interactions, ion-ion interactions. 

Study of electrical conductance of mixed organic solvent 
·systems plays a signifidant role in examining the nature 
and magnitude of ion-iQn and ion-~olvent interactions1- 7. 

Other solvent properties 'such as the viscosity and permit
tivity have also been taken into account in determining 
the extent of'these interactions. 

1 ,4-Dioxane is a good industrial solvent and figures 
prominently in the high-en~rgy battery technology8 and 
has also found its application: in the orgaruc syntheses9,10-12. 
Carbon tetrachloride is'used io niake compounds such as 
chlorofluoromethanes, used as refrigerants and aerosol
spray propellants, in fire extinguishers and for dry clean
ing-of fabrics. Methanol is very widely used in industry, 
including the manufacture of pharmaceuticals and cos
metic products, in enology and as an energy source13. 

· The alkali metal salts, speCially, Li salts has· ·been 
used for many years in non-aqueous batteriesB. In such 
systems, the choice of electrolyte solution and optimiza
tion of its salt concentration are two important factors. 
An electrolyte possessing high specific conductivity and, 
hence, minimal ion-ion interaction is required to main
tain the cell at low resistance. Knowledge of the applica
tion of the solvent and solute studied and the state of 
association of the electrolytes and their interactions with 
solvent molecules is ess~ntial for the optimal choice of 
solvent and electrolyte 14. 

Methanol is extrem~ly self-associated· by hydrogen 

J/CS-5 

bonding in pure state15 • But, this type of strong intermo
lecular forces are either very week or totally absent 'in 
case of carbon tetrachloride or 1 ,4-dioxane while the di
pole-induced dipole forces along with dispersive forces 
predominate in these cases. 

The conductance and viscosity of three alkali chlo
rides is studied to reveal the nature of ionic association 
and mobility of ions in these mixed solvent systems, which 
have not been studied earlier as per available literautre. 

In the present work; an attempt has been made to 
ascertain the complete nature of ion-solvent, solvent-sol
vent interactions of the alkali metal chlorides in solvent 
mixtures of methanol with carbon tetrachloride and ·1, 4-
dioxane at 298.15 K. A comP.arison between the natures 
of interactive forces operating in these two different sol
vent systems is also analyzed. 

Results and discussion· 

The physical properties of the pure solvent and sol
vent mixtures are given in Table 1, where E is the dielec
tric constant, Po is the density (kg m-3) and llo is the 
viscosity (mPa.s). Conductivities of electrolyte solutions 
as a function of molar concentration (c) are given in Table 
2 in different solvent mixtures at 298.15 K. 

Permittivity (E) of the solvent-mixtures were estimated 
by a computerized extrapolation programme, using E and 
W% values from literature14. The _conductance data have 

I •. 
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Table l. Physical properties of solvent mixtures at 298.15 K 

Mass% of 

methanol 

100.00 

90.60 

82.31 

66.89 

I 00.00 

90.60 

82.31 

66.89 

Methanol + carbon tetrachloride 

x 1 E Po X 10-3 

I 

0.97885 

0.95712 

0.90657 

32.66 

26.72 

22.22 

15.31 

/Kg m-3 

0.7866 

1.0313 

1.0401 

1.0405 

Methanol + 1,4-dioxane 

I 

0.96364 

0.92747 

0.84752 

32.66 

29.12 

26.41 

21.25 

0.7866 

0.8058 

0.8225 

0.8570 

no 
/mPa.s 

0.5470 

0.5672 

0.5875 

0.6438 

0.5470 

0.5589 

0.5488 

0.5684 

Table 2. Electrical conductance A as a function of concentration c 
for alkali chlorides in mixed solvents at 298.15 K 

c X 104 1\/S cm2 c X 104 1\/S cm2 c X 104 A/S cm2 

mol dm-3 mol-l mol dm-3 mo!- 1 mol dm-3 mol- 1 

12.35 

21.17 

27.79 

32.94 

37.06 

40.43 

43.24 

45.62 

47.66 

49.42 

50.96 

52.32 

6.37 

10.92 

14.33 

16.99 

19.11 

20.85 

22.30 

23.53 

24.58 

25.49 

26.29 

26.99 

1224 

LiCI 

Methanol + carbon tetrachloride 

83.2 

76.8 

72.6 

69.2 

67.5 

65.8 

64.9 

63.6 

62.6 

62.4 

61.8 

60.9 

82.7 

76.6 

72.9 

70.2 

67.8 

66.2 

65.1 

63.8 

62.9 

62.4 

61.6 

61.0 

x, == 1.0000 

12.54 

21.49 

28.21 

33.43 

37.61 

41.03 

43.88 

NaC1 

89.1 

83.3 

79.4 

76.6 

74.3 

73.1 

71.8 

46.29 70.6 

48.36 69.6 

50.15 68.7 

51.72 67.7 

53.1 67.1 

x, = 0.97885 

7.76 86.8 

13.3 80.3 

17.46 76.8 

20.69 74.1 

23.28 

25.39 

27.15 

28.64 

29.92 

31.03 

32.00 

32.86 

71.7 

70.0 

68.7 

67.4 

67.2 

66.0 

65.3 

65.0 

13.53 

23.20 

30.45 

36.09 

40.06 

44.29 

47.371 

49.97 

52.20 

54.13 

55.82 

57.31 

KCI 

7.74 

13.26 

17.40.·. 

20.62 

23.20 

25.31 

27.07 . 

28.56 

29.84 

30.94 

31.91 

32.76 

94.2 

87.7 

84.5 

81.4 

79.4 

78.2 

77.2 

75.6 

74.9 

74.6 

74.1 

73.5 

92.3 

85.5 

82.0! 

79.8 

77.6 

75.8 

74.8 

74.0 

73.3 

72.7 

72.0 

71.5 

;.: .: . 
LiCI 

4.44 80.5 

7.61 76.~ 

9.99 74.4 

11.84 72.9 

13.32 71.9 

14.53 

15.54 

16.39 

17.12 

17.75 

18.30 

18.79 

1.57 

2.69 

3.53 

4.19 

4.71 

5.13 

5.49 

5.79 

6.05 

6.28 

6.48 

6.65 

10.11 

17.33 

22.75 

26.96 

30.30 

33.09 

35.39 

37.34. 

39.01 

40.45 

41.71 

42.83 

9.68 

16.60 

21.79 

25.82 

70.8 

70.1 

69.5 

69.1 

68.7 

68.3 

68.1 

50.8 

47.4 

45.6 

44.0 

43.3 

42.3 

42.0 

41.8 

41.5 

40.7 

40.7 

40.3 

102.1 

100.5 

99.5 

98.6 . 

98.1 

97.7 

97.4 

97.2 

96.9 . 

96.7 

. 96.5 

96.4 

96.8' 

93.3 

91.1 

89.5 

x, = .. 9.95712 . 

NaCI 

'4.40 '83.4 

7.54 78.5 

9.86 76.0 

11.73 73.2 

13.20 72.0 

14.40 

15.40 

16.25 

16.98 

17.61 

18.16 

18.64 

71.0 

69.8 

69.1 

68.5 

68.0 

67.4 

66.8 

x, = 0.90657 

6.1 47.5 

10.5 37.3 

13.8 31.3 

16.3 27.3 

18.4 24.6 

20.0 21.6 

21.4 20.0 

22.6 18.6 

23.6 17.5 

24.5 16.0 

25.3 15.2 

26.0 14.6 

Methanol + 1.4-dioxane 

x1 = 0.96364 

10.22 97.3 

17.51 91.2 

22.98 89.1 

27.23 

30.63 .! 

33.42 

.35.74 

37.70 

38.38 

40.48. 

86.7. 

85.1 . 

8~.1 

83.1 

82.3 

·' . 81.8< 

81.3 

42.12 80.9 

43.25· 80.5 

XI= 0.97747 

9.84 98.3 

46.86 93.6 

22.13 90.6 

26.23 88.8 

Tab/e-2 (con/d.) 

KCI · 

4.50 87.6 

7.72 80.8 

10.13 76.8 

12.01 74.0 

13.51 72.2 

14.74 

15.76 

16.63 

17.37 

18.01 

18.57 

19.07 

1.53 

2.61 

3.64 

4.26 

4.74 . 

5.14 

5.48 

5.76 

6.02 

6.21 

6.40 

6.56 

70.5 

69.4 

68.6 

68.3 

66.9 

66.6 

66.0 

70.6 

67.1 

63.8 

61.8 

60.0 

58.9 

58.0 

57.3 

57.0 

.. 56.0 

55.2 

55.4 

9.52 100.4 

16.32 95.8 

21.42 92.9 

25.39 91.1 

28.57 89.5 

31.17 88.3 

33.33 . 87.5 

35.16 ' 86.8 

36.73 . 86;1 

38:09· 85.9: 

39.28 85.3 

40:33 85.1. 

7.89 96.9 

13.52 . 92.9 

'17.75 . 90.5 

21.04 • ' 88.5 
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.. ; , -:·;,, ., Table-2. (contd.). 

:•··,aucp:r:·,!··: ·;·:: .. · · · NaCI" '' ·· · :J · KCI ;:.:·, 

29:<>5':··.:·.-1·88.5:~~;:: · 29.51···: :·;87.1 ··. 23.67 · · 87!o .. 
31.:69·' :<"'87:3 :<· 32.'19. 85.8 ;; . •'25.82. 86.1":. 

n~89fll';o;d86:9> ·.·: 3(43 ' 84'.9 . : 27·.~1;: ''SS1.S' . 
35.75 86.2 36.32.. s4:i ·,; · ,;,.29:13 ··· ' ·s.ts"·· 
·3'i.§s!r;'.··r' as·.:,·· ··: · 37.94·· · · · :·a3.6 ' 30A3 · ··84:1 

~~:7rrn;'t~ ss:si ":w ·39.34 ..... s~fi: •; .. 31.'561: < 'a3.6. 

\1~i?.··:'~'r'g5,2"',: :.,.4o.57' i · · 82~·~. ,; _ _._,;' 32.55 1 ,:·:83:~ ·.• 
. ·;.~!l) ···1fl tf[ "? ,,,.,. ·•. · '· "' '· • · · ·, · · ··. i , . 

.. ;:li~;P,~;I;! r!'( 84.? ... ~, . 4,1.65 ,. . 82.3 . :. ; 33,.42 82.7 

,::-;· .. ,.,, ;r,;'_;.; . 

3.62 87.9 

.. 6.20 .... 0 84.7 .. 
• "j I• ,·,' 

8.14 ' 82.7 

9.65 81.2 

10.85 80.2 

11.84 79.4 

12.66 
! ; 

78.7 

13.35 78.2 
:, 

13.94 77.7 

14.46 
,. 

77.2 

14.91 76.8 

15.31 76.5 

XI =.0.97747 ,.· 
'·. . ,.,: 

3.59 89.5 

6.16 85.9 

8.09 83.5 

9.59 81.8 

10.79 81.2 

11.77 . 80.0 

12.59 79.2 

13.28 78.7 

13.87 78.2 

14.38 77.8 

14.83 77.3 

15.23 77.1 

3.85 

6.60 

8.66 

10.26 

1l.S4 

12.59 

13.46 

14.20 

14.83 

15.38 

15.86 

16.28 

91.4 

87.0 

84:6 

82.6 

81.6 

80.5 

79.7 

79.0 

78.7 

78.2 

77.9 

77.5 

been ai;~iyzed by Fuos.s conductance-c~~centration equa~ 
tion (Fuoss, 1978a,b)16·17. 

t\ = P [t\o (1 + Rx) + Ed 
P = 1 -a (1 -y) 
. 2.& y = 1- KA cy r 
-In/= f3K/2 (1 + K R) 

fl = eZie k T 

KA
1 
= KR/(1 - a) = KR (1 + K5) 

(1) 

(2) 

(3) 

(4) 
(5) 

(6) 

where,_ Rx is the relaxation field effect, EL is the electro
phoretic counter current, K-1 is the radi~s of the ion at
mosphere. E is the relative permittivity of the solvent, e 

'· • is the electron charge, k is the Boltzmann constant, y ~s 
;:_. the rra,~ti~n of solute present as unpaired ion, f is ~e 
:~-· activitY ·coefficient, c is the molarity of the solution,. T i.s 

. i:,::~ :.the absblute temperatUre, f3 is twice the Bjerrum distance, 
. ~,;:'.'and a ~eitotes the fraction of the paired ions, KJ?. de- · 

, /·-, I; . ' , . . 

:. i\:i~ribes the fo~ma~ion and separation of solvent separated 
. ;1j(.P<u,rs oy.diffusion in and .out of spheres of diameter 'R' 

~~~;;!I:I:Pund cations, and 'K~·is the constant desc~ibJng the short :!...,.. ... . . . . 
/!}.range process by which contact pairs form and dissoci-
~~L ate. KR and K5 are given as follows, 
&fii:-.·: --------- -·-· . . 

~&·::: .. 
~:-.?:'! •·. 

~~J~l~~:;-

K = a/(1- a) 
.S 
1 I !~ . • : . , 

. (7) 

(8) 

The cqmputations .were perfolllled in a computer using 
the pr~gramme ~uggested by_Fuoss. The initial t\.0 values 
for iteration proce.Pure were obtained from Shedlovsky 
extrapolation19 of the data. Input for the program is the 
set;:(q~ .. ~j;j :::r, ---~-, n), n, e, TJ, T, initial value·of t\.0, 

and li set of instructions to cover a protected range of R 
values!f, 

In practice, calculations were performed by fitting the 
values of t\.0 and cr, which minimize the standard devia
tion (cr), 

0'2 =- L [(J\j calc.- J\j obs)2 l(tl - 2)] '(9) 

for a sequence of R values and then plotting cr against the 
best-fit R corresponds the minimum of cr versus R curve: 
First, .approximate run .oYer a fairly wide range of R 
values ·are made to locate'.the minimum and then a fine 
scan around the minimum was made. Finally with this 
minimizing value of R, corresponding J\ 0 and KA. were 
calculated. 

I~· ~he present analysis, however, since a rough scan 
of R vaiues gave no significant minima in the (cr% vs R) 
curves, the R value was assumed to be, R = a + d 
where, a is the sum of crystailographic radii and d; the 
average distance· corresponding to the side of a cell occu- . 
pied by a solvent molecule. The distanced is given by17, 

d(A) = l.183 (M!p0) 113 (10) 

where, M is the molar weight of the solvent and Po is its 
density. In mixed solvent studies M is replaced by the 
mole fraction average molecular weight (MAv>· given 
by, 

(11) 

where, W1, W2 and M1, M2 are the weight fraction and 
molecular weight of the first' and second component re
spectively. Though, this is an over simplification ignor
ing possible selective solvation, it at least provides a self 
consi~tent way ~o obtain an acceptable value for the pa
rameter when a broad range of R values fits the data. 

· The limiting equivalent conducta~ce, (t\.0) , the asso
ciation constant (KA), and the Walden products (Ao'l'\o) 
for the three salts at all the mole fractions of the solvent 
'mixtures studied here are given in Table 3. These data 

. are interpreted in terms of ion-solvent arid ion-ion inter

. actions and structural changes in the mixed solvent sys
tems:· 

Iris observed from Table 3 that, the limiting equiva-
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lerit conductance.(~ values for alkali chlorides increases 
with the increase jn size of the cation for any~.~ole frac
tion of the ~ixed' solvent systems~ For the thiee alkali 
chlorides, haYi11g:- cominon' aillon,. ihe Ao vaiile. is en-
hanced by the fbllowing otder : ·.: : :r;;,: 

This is due to' solvation of the ions by the solventmix-
. tures. For these electrolytes having the commq~. anion, 
as the size of the cation increases; the solvation decreases. 
So, ~t can be .said that, Li +, which has the largest size in 
soluqon, is _the. most ~olvated o11e;. and K;, having til~ '.' ·+ ' . . .+:. r ' ·4.!:'1:''(\ . ;:• .. 

L1 1< Na;: .< K. 1 ..... 
smallest size is the least solvated .one 19. · ·· · · · · 

t-(' • ;_. ' •. ; 

The trend .of variation pf Ao values predicts\$~ .relatiy~ 
actual sizes of these .ions as they exist in soJutloq1B. Thus 
.the actual sizes of the cations as they exist ill solution, . 
follow the order. ; 

1 The conductivity elihancemept in case of solvent mix
tures can qualitatively qe well exp!ained by, a favora\:)le . 
co~~ination., of high permittivity_ and low,~,~viscosity ,?f 
solvents as observed by. some res~luchers20 ;. In the dis
cussed solvent mixtures, methanol 'is the common solvent 
having higher permitti.vity compared to 1 ,4-dioxane or u+ > Na+ > K+ 

Table 3. Values of derived conductance parameters (J\o, KA, R, J\o'llo· cr) for alkali chlorides in mixed so\ vents at 298.15 K 

Mass% of x1 t\0 -!;·. KA R Walden product a 

methanol IS cm2 moJ-1 ldm3 mol-l lA (J\ollo) 

100.00 

90.60 

82.31 

66.89 

100.00. 

90:60 

82.31 

. 66.89 

100.00 

90.60 
82.31 

66.89 

100.00 

90.60 

82.31 

66.89 

100.00 

0.97885 

0.95712 

0.90657 

0.97885 

0.9571? 

0.90657 

0.97885 

0.95712 

0.90657 

1 

0.96364 

0.92747 

0.84752 

90.60 0.96364 

82.31 9.92747 

66.89 . 0.84752 

100.00 1 

90.60 0.96364 

82.31 

66.89 

1226 

0.92747 

0.84752 '. 

LiCI/methanol + carbon tetrachloride 

108.25 ± 0.50 328.34 ± 0.51 6.38 

106.79 ± 0.71 492.40 ± 0.71 6.14 

. 90.54 ± 0.10 570.23 ± 0.10. 6.23 

60.22 ± 0.18 642.41 ± 0.18 6.43 

NaCI/methanol + carbon tetrachloride 

111.85 ± 0.79· 253.35 ± 0.79 6.73 
. . 

110.79 ± 0.67 447.99 ± 0.67 6.49 

98.23 ± 0.33 460.91 ± 0.10 6.58 

72.23 ± 1.31 481.35 ± 1.31 6.78 

KC1/melhano1 + carboh tetrachloride 

113.77 ± 0.15 187.62±0.15 7.11 
112.18 ± 0.31 344.69 ± 0.31 6.87 

103.22 ± 0.49 565.86 ± 0.49 6.96 
86.32 ± 0.34 776.44 ± 0.34 7.16 

LiCI/methanol + 1 ,4-dioxane 

108.65 ± 0.51 328.34 ± 0.51 6.38 

107.35 ± 0.04 335.18±0.04 6.43 

103.39 ± 0.11 341.24 ± 0.11 6.48 

96.85±0.17 434.19±0.17 6.69 

NaCI/methano1 + 1 ,4-dioxane 

111.85 ± 0. 79 253.35 ± 0. 79 6.73 
110.92 ± 0.26 241.87 ± 0.26 6 .. 78. 

; l0,6.21 ± 0.16 284.22 ± 0.16 .... ~:83_., . :. 

.99.22 ± 0.28 370.31 ± 0.17 6.94,. 

. KCJ/m.elhanql + 1 ,4-dioxane .. 
113.77 ± 0.15 j 187.62±0.15 7.11. 
112.72 ± 0.16 248.24 ± 0.16 .7.16 
108.63 ± 0.21 254.63 ± 0.21 7.21 

: 101.45 ± 0.08 . 429.15 ± 0.08 7.32 
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Das et al; : Electrical.~onductance of. alkali chlorides in mixed solvents. etc. 

carbon tetrachloride. In both the solvent mixtures the 
.. conductivity measurements were do~e;bY. taklng tbe's~m~ 

s~itS. So, ih~ ~ombhtafion ~f a solvehf ·of higher 
1
perinit-

. . . , . ·. '. " , . I . '' . 
· tivity (methanol) _with the one having low viscosity (1 ;4~ 

. dioxane) has 1Cbmparatively higher mobility resultin{in 
. higher conducti'vit}r values. . . '' . ' ! . 

1 i :· ; ,.. ''• : l 

; 6:- The assoCiations constant (KA), as recorded in Table 3 
i11qicates. that, all the salts are highly associated in both 
~e s_oivent mixtures. "This is 'as expected because of ihe 
lower pennittivity of the components ·added21 .' For the 
~~Isali.,metal chlorides studied here, the KA v~l~es d~~ 
creases with increasing size of the_ cations in the order : 

Li+.< Na+ < K+. ·. . 

This is due to an apparent decrease in ion dipole interac
tionsP2,23. 

It is further seen from Table 3 that A0 values decrease 
gradually with the addition of CC14 or l ,4-dioxane to 

. . . pure methanol with corresponding increase in KA values. 
i .. : : This indicates-that association of ions· increase with the 
1 . ' :·addition of 1 ,4-dioxane or CC14 to pure methanol render
. · ,."·:~ ing ·to the· decrease of the mobility of ions in the mixture 
' · .. and thereby decreasing· Ao values. The significantly large 

. values of K A. and exofuennic ion-pair fonnation in the 
S:Qlvent mixture indicate the presence of specific short

, .. 'range interaction within the ion-pair. . 

__ :·):·The values ofWalden·product (A0~0) ·for the studied 
·>elclctrolytes pass' through a maximum at about 0.97885 

;. :(l; . . . ~ 

70T-~~~--~--------~--------~ 

. I 

65 

I 30 +-----r----,.-----,...----.....-----r-......J: ~ • 
0.9 0.92 0.94 0.96 0.98 

t~ :. . 
.- .. ;:·.;;··• Mo~e_fraction of Methanol (xl) 

t_;_i;_:.:_'_._:_._:_~_._Fig_\··· · .. 1_. • Walden products for several alkali metal cations ( + = LiCI, 
-. · • = NaCI, . .a.. =;=.KCI) as a function of the mole fraction 

of methanol in methanol-CC14 solvent mixture.. · . 
~·~:/. 
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Fig. 2. Walden products for several alkali metal cations ( + = LiCl, 
• = NaCl. .A. = KCI) as a function of the ~ole fraction 
of methanol in methanol-DO solvent mixture. 

mole fraction of methanol, in methanol carbon tetrachlo
ride solvent system, whereas for, methanol, 1 ,4-dioxane 
solvent system, the Walden product is maximum at 
0.96364 mole fraction of methanol (Table 3). The Walden 
products then decrease continuously for all the lower mole 
fractions: The representative pl'ots for the selected ·chlo
rides for :solvent mixture 1, (methanol + carbon tetra
chloride )'is 'given in Fig. 1; and.that for solvenfmixture 
2, (methanol+ 1,4-.:dioxane) is given in Fig. 2. 1:: 

· There are lots of models , to 'account.· for ·the depen
dence of the Walden product on solvent composition. 
The theory based on "gel effect"2P 5, proposes that, the 
initial increment: in (J\ollo) is due to migration process, 

·occurring free of viscous fore~ through· the interstices 
created by long range order in the solvent. Some re
searchers26 have also put forward a 'sorting mechanism' . 
depending upon the 'acid base properties' of the organic 
solvent. It is suggested that, .in this experiment, ion-metha
nol interactions are stronger· than ion-carbon tetrachlo~ 
ride or ion-1 ,4-dioxane interactions presumably because 
of the weaker acid-base· properties of the later two ~ol~ 
vent components. ·The theory .envisages a comparative 
enrichment of methanol ·in tl~e ionic cosphere and this 
causes·tlie.local viscosity near the ions to be lower than 
the bulk viscosity of the solvent medium, which.·in turn 
increases the mobility and as a result the Walden product 
appears higher for the next solvent mixtures. The theo
ries based on solvent-dipole relaxation effect27,28 can be 
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used to explain the decrease in Walden product (Aollo} as 
the carbon tetrachloride or 1 ,4-dioxane concentration in 
the solvent mixture increases. It is generally accepted 
that, retardation due .to relaxation of solvent dipoles around 
the ions in motion can decrease their mobility and the 
dielectric-shifting coefficient can be c'omputed. However, 
to obtain meaningful data, it is essential to take into 
account the microscopic nature of the solvent in the vi
cinity of the ion~ as a:lso the influence of the ions i~ 'the 
structure of the solvent. · · 

There is another proposed scheme based on the, as
sumption that, the progressive addition of carbon tetra
chloride or 1 ,4-dioxane to methanol causes initial con
traction of the solvation sheath around the ions present in 
solvent media. This "desolvation effect"24•29 decreases 
the effective size of the cations and anions and as a re
sult, the ionic mobility. and. Walden product of the salts 
can increase -initially in the methanol rich region of the 
mixture. Gluekuf30, has noted that,.as the ion: size de
creases, its first solvation sheath also contracts and there
fore the friction between this layer and the ion increases. 
It appea1·s that, this enhanced drug of the solvation layer 
decreases the mobility and so the Walden product (A0n0) 
shows· a maximum at a particular solvent composition 
and then decreases monotonously. Extensive solvation of 
the ions with carbon tetrachloride or 1 ,4-dioxane can also 
decrease the mobility of the ions but this process is sig
nificant at higher concentration of carbon tetrachloride 
or 1 ,4-dioxane in the solvent mixture and helps in the 
continuous decrease of Walden product (A0110). 

It should still be mentioned25 that, the theories dis
cussed here or other contemporary theories do not pre
dict quantitatively either the value of the maxi~um or its 
enhanced dependence for certain electrolytes in. different 
solvent medium. 

Experimental 

Lithium chloride (Merck, India) was recrystallized 
from conductivity water, dried for several hours at 403 K 
and stored in a vacuum desiccator. Sodium chloride (Loba 
Chemie) was dried for 48 h under reduced pressure in 
presence of P20 5 at 473 K without preceding purification 
and.stored under dry nitrogen. Potassium chloride (Merck, 
India); crystals were dissolved in conductivity!water, fil
tered, saturated with chlorine and precipitated· by HCl 
after boiling off excess chlorine. The precipitate was 
washed, dissolved in conductivity water, recrystallized 
by cooling to 268 K, dried at room temperature in a 
vacuum desiccator, fused under dry nitrogen,-.cooled and 
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stored in· a desiccator. •, ·. · · · ' · ·. · . · : 

M~tha1~{(M~;~t In~ia, U~~spi' grade:,' 99:5.% pu~~) 
was dried over. 3 A. molec1Jlar' 'si~ves and distilled fr;tc
tionally. Th~ . middl~ 

1 

·fractjon was collected and redis
tilled. ·Carbon tetntchloride (MerGk, India) was shaken 
vigorously with potassium hydroxide for· several hours 
and. was washed with water .. This step was repeated for 
sev~ral times and then shaking: was done with concen
tni.te.d sulphuric l add. until ther~ was no further colora
ti~n. washed again with wat;er,. dried 'with CaClz;_ and 
distilled over i>2o_s. 1 ,4-Dioxane (Merck, India) with ini
tial water co'ntent of 120 ppm found by Karl~Fischer ti
tration and 0.15% impurities found by gas chromatogra
phy was used after redistillationlO .. ·'·, ,,. 

. Digital Temperature controller BI,>;41 (Bose-Panda In
: struments, India) (±.OdK) was used to,maintain the tem
peratures. Conductance measurements of the solvent sys
tems were executed in a· Systronic 308 conductivity-TDS 
meter (accuracy ±0.1 %) working at a frequency of 1 kHz, 
using a -dip. type immersion cell (cell constant 1.07 at 
298.15 K)." Densities (p) wel'c mensuJ'ed ntthe nwntioned 
temperatures with an Ostwald-Sprengel type pycnometer 
having bulb volume of about 25 cm3 and an internal di
ameter of the capillary of, about I mm. Viscosities (~) 
have been measured by means of a suspended Ubbelohde 
type viscometer31 . The details of density and viscosity 
measurements were described earlier9•23. The precision 
of the density and viscosity measurements is ± 3 x 1 o-4 

g cm:·l and ± 2 x I0-4 mPa.s respectively. 

All the solvent mixtures were prepared by mass. Three 
sets of each binary solvent mixtures (90.6%, 82.31%, 
66.89%) of methanol with carbon tetrachloride and I ,4-
dioxane having mole fractions of methanol (x1) as 1.0000, 
0.97885, 0.95712, 0.90657 and 1.0000, 0.96364, 0.92747, 
0.84752 respectively were chosen as the solvent media 
for present study. A stock solution of each salt.was·pre
pared by mass and working solutions were prepared by 
weight dilution. 
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ABSTRACT··· 

The densities. viscosities and ultrasonic speeds of somii monobasic acetate 
salts, viz. ammonium a~etate (CE-i

1
COONH). lithium acetate.(CH

3
C00Li),_sodium· 

acetate (CH
1
COONa) and potassium acetate (CH

3
COqK) in methanol water 

mixtures.(JO%, 20%, 30%) have been measured.at 298.15, 308.15 an.d 3.18:15 K. 
The· lfmi~ing appdreni molar. vo'tum·es_· (v ~ .. 0 ),. tlie exp~rim\ent~/ ·slope (S/). 

-supplemented with the measured density datci have· been interpreted .fn t~rms of. 
· .st;Jlute-solver~.f and ;o/ute~soluie inter~actions resp'ectiv~ly. The parameters Band A 

.. :: ob(a_inei/froin viscosity-data analyzed using Jones-Dole equation have also been 
... : ; .. .": .'.j'lf.erpreted {n. terms .of solute- so'!ut¢ ,and soiute-solvent interactio~s respectively. 

•, •• r;, -ot"u ' • • • • • 

· ·.:. · ·;r~'Fhe structure. maki~g or_ structure breaking nature oft he .acetates in th~ _solvent-
.. mixtures studied here lias been discussed. The compressibility data s·upplemented 

with t/z~ ultrasonic speeds explain the electrostriction of the solvent molecules around 
the positive ions. : · · · ·. . · 

K_e·y ·words: Density, viscosity, ultrasonic speed, methanol+ water niixt.ures;acetate 
salts, solute-solute and solute-solvent interactions. . ,,' . 

Introduction 

Studies on the· thromodynamic 
transport properties and ultrasonic.spe~s. 
of different electrolytes in different 
solvents are of great importance to obtain 
infon11ation of the beh~.wior of ions i.n 
solutions. Among the various type of 
interactiOI1s occurring between solute 
molecules in solution, these solute-solute 
and solute- solvent interactions arc of 

24 

current. interest in· all branches of 
-chemistry1•7• These _interactions help in 
better understanding of the n·ature of 
solutes and solvents,' i.e., whether the 
solute modifies or distorts the structure of 
the solvent. The inferences regarding these 
interactions is derived from density; 
viscosity and ultrasonic speed data 
mcnsurcd cxpt,rimcntnlly. The litcrulul'c is 



·.· . 
. · · .. : :·.! 

full of su.ch 
1

data in pure ~ol't~nt~ but: . ·. The densiti~s ( p) ·we~~}l:t~a~tJfe~ 
·investigation~ on mi~ed sply~P:( ~yste~s::\ .. :. ::;~j_th·.<-~11· ·._.Os_t_:W_ald,_.., ~pre.~g~J ·typ_e. : .. ;_: ::: : 
are scantY. P'artial mola{voh.l_me: vi$c6~ity·:;· · .. pycnometer hayj~g _a bulb v~lum·e_'of~S.: .. ~: ~, , 
cbefficients ffi1d adiabatic compre~sibilities :: cin 3 an'd .an internal diameter ofthe . . 
reflect the cumulative effects25 •26 of solute- cap iII ary of about 0. 1' em. The . 
~olvent. and so1ute..:so1ute interactions in pycnometer was calibrated at (298, 308 
mixtures of methanol. Such data are and JI8) K with qouble distilled water 

~xpected to highlight the role of acetate . and ben:z;ene.:· The pycnometer w.itJ:l th~. 
salts i.ti- b.inary aqueous.mixtures of,: test soJut~on was· equili.b.rate_d in a_water 

. metha~ol: Such. data ar·e· ·ex-peCted. tc)' : bath'fl1~i-ntafried:at ·±.:0.0.1 K of the 
·. . . . '' : . ~ ... ·:·. -·· _:,_. ,·:·>.·\/~:: ....... :;--: .. '---~~--~· :·:·,-::·~::·'-~-;~.~ .. -···:': .. i:' ~~''('· :-' ·' . ·. '. ;~- '. \-.·.·;1 . 

. highlighLth~ rol,e ,of ac¢t~te .s.alt$jp.:; ,::.·desired· :t¢mperature .by means. of a 
influencin-g the,: p~rtial· m.oia~ vbllirnc;·. ··<~-' ~e-rcu'tY: h1 gta·~~ Th.er~'o~reguiator a·hd · 
vis_cosity; coefficients and' adiab'atic> •' 'the te~perat~re was determined. by a 
compress{bilities in mi.xed s'olvent calibrated. The~mom.eter and Muller 
systems; These considerations prompted .... bddge~· The pycnometer Vlasj then 
us to undertake the present st\.1dy. ,, removed. form the Thermostatic bath, 

. . . . . . . , ..... pr __ op~~l __ .y_. · ·_dr:i~d ._an_d .weighe_d. The 
Exp·erimental . :. . .. 

Ammonium and sodium .acetate:· 
(Riedel A.R.) were used as received. 
Lithium and potassium acetates were 
prepared and purified by the reported 
pro9edures8 The salts·. were dried an.d 
stored in vacuum desiccators. 

Methanol (E. Merck, India, 
Uvasol grade 99.5% ·pure) was dried 
over 3 A molecular sieves and disti lied 
fractionally. The middle fraction was 
collected and redistilled. The purified 

solvent had a density of 0.979935 
g.cm·3 and a viscosity of I .58089 m ·. 
Pa. sat 298.15 K. These values agree 
well with the literature values 27

·
24

• The 
purities as checked by gas 
chromatography were found to be 
99.8% for methanol. 
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... 
' . . 

e yap 0 rat i 0 n . . . 1 0 s s e s rem a i n e d 

insignificant' during, the time of actual 
mea·suremehts .. An average of triplicate 
measurements were taken into account. 
The d_en~ity values are reproducible to 
±3 X 1 0'5 g . cm3 .. Details have been 
discussed earlier. 9 · 

'fhe apparent molar volumes (V¢) 
were c a 1 cuI ate d from the so I uti on 
densities using to following relation, 

V<ll = M/p0 -103(p-p0 )/cp0 ......... (l) 

where M is th~ molecular weight of the 
solute, c the molarity of the solution, p 
is the· density of the solution·,· p 

0 
is the 

density of the solvent mixture. 

The limiting apparent molar 

volumes ( v~") and experimental slopes 

1 ,; 

. :' , .. " . ~- ... ,, : . ... ~, .•. 

;. 
'· 

':', 

. ' 

.•, 
., 
;; 

' .) 

.. : :r 
,; ; 

-~-::/~ 



(Sv *)were detennined applying the least 

square method to the plots.of v, vs.cY2 
using the Masson equation; 

10
'

11 
. 

. V.P == Vq,0 +Sv·c 112 
....... : ............ · ••••••. (2) 

where (V ~0) is the partial molar. volum~. · 
at. infinite ·dilution .d·nd .S' .. •· ·,t11e · 

• • '. • • • • : : • f \' • '· • < • ~' 

experimented slope. The va'ri·afiori of 

( v,) with temperature of the salts in the 

solvents fo.llows the polynomial 

equation, V4°=a0 +a 1T+a 2T 2 
...... (3) 

over the temperature range _under the 
investigation. 

The apparent molar expansibilities · 
are c-alculated· from eq-uation, . 

0 [ 0 ] . ~ E = ov.p .( oT p .. .. . .. .. .. .. • .. .. • .. • • • • • c 4) 

The sig. n of (c/ V 0 l oT2
) was 

. ' . <l> I'' 

also detem1ir1ed to ascei1ain whether Uie: · 
chosen acetate salts are struc't-ure breaker · 
or maker in' methanol water mixtures. 

Here, the general them1odynamic 

expression; ( 8cp I Br )T = -( 82V/ I 8T2
) 

1
, .. (5) 

is used for thi's explanation. 

The viscosities were ·measured 
by means of suspend·ed ·level 
Ubbelohde type viscometer 11 at the 
derived temperature (accuracy 
±0.0 \ K). The precision of the viscosity 
mectsurcment was O.Q5lY<>. Details have 
been described earl icr. '-~ 
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The viscos,ity data of solutions· fo·r 
various electro·Iytes ·studied here· have 
been analyzed· ·using. Jones-Dole 

·.equation .. 16 

TJ I TJo ~.1.+ A:fc"·+ Be. . ... · :. :.: .. -.' . 

. ( 11~-llo•~-1) /~ --A .. +BJJ.,_:;~~.:; .... :f. ... Je:c6J 
< . ··. ,,.:-..~:-,:, · ' >,::,·:.<• <"-· 'ic;·.·~;-;':>:\::::,' 

where,· T} = (K+~L/t) x.p'· · ··,;.·_•':~ ,:_-_,. 

where T} and ll 
0 

are the viscosities of 
solution and solvent mixture. 
respectively. A and 8 are constants for. 
the ab.ove equation, p is the deh~ity of. 
the solution and K and L are cons'ta~ts 
for a particular viscometer. The values 
of A and B are estimated by least squares·. 

·method. 
l 

\ 

SO'unq velocities were dete~ined .1 

with an acc'(,lracy of0.3% using asirigte·l 
crystal · variable-path ultrasonic I 
i~terfetomet'er (Mittal Enterprises, New ! 
Delhi, India) wo'rking at .4 MHz, which · 
was calibrated, with water, methanol' nnd 
benzene at the required temperature. 

Adiabatic compre~sibility .coeffi
cients 13, ·were derived· from ·the 

. . ·. . ']· . ' . . 

followtng relatiOn P = ~P ............ (7) 
\) . 

where p is the density of solution and u· 
is the ultrasonic speed in the solution. 

The apparent molar adiabatic 

compressibilitie~ ( q> k) of the solutic?ns _w_as 
calculated from the fol1owir1g eq.uat.io;1, 

l 

' .i 

i, I 



Mousumi {)as. Blrl~j llalradur Gurr11rg & Ma/r('nt/ra Narlr Roy 

.(~k) = ~ x M I Po+ IOOO(P,p0 - [.~ 0 p)/ mr)p0 · .( 8) 

where, m is the molality of the solution, 

-~ 
0 

is the adiabatic compr~ssibility of the. 
·~ol,vent mixture and the other teims are·· 
~escribed earlier. · 

The limiting apparent molar 

adiabatic compressibilities ( ~ k0
) and 

yxperimental slopes (S * k) were obtained 
4•17 by extrapolating the plots of (<I> k 

versus the square of molar concentration 

rm 6f the electrolyte by the 

computerized le~st squares method 
using the following equation. 

. ~k = ~k0 +S\.Jffi" : ........ · ................. (9) 

. The plots of V ~- against fc are 
nlllincnr nnd the slopes nnd ii1krccp1s 

of these. lines are taken as Y <P 0 and S ,: 

respectively and their values arc 
recorded in table- 2 . 

TheY~ 0 values are interpreted in 

terms of solute -solvent interactions (as 
ionic interactions vanish at infinite 
dilution). 

Table-2 shows that the values of ... 
v~ 0 are po~itive and large and decrease 

· .. with ~ncrease of temperature as well as ·. 
··, with increas.e mass% of methanol in the 
:solvent mixture. Tl-lis indicates the . . 

presence of st'.rong ~olute-solvent 
.. interaction. 

27 

These interact.ions eire weakened 
with rise in temperature, suggesting 
more electrostrictive solvation at higher 

· temperature. Sin1.iiar results are. reported 
for some' 1 :'1 electrolytes in. aqueous 
DMF. ts.t9 

The values of experimental slope, 
(Sv *) shown in Tab le-2 are negative for 
all investigated salts and increase with 
rise in temperature .. This indicates the 
presence of weak solute-solute 
interactions and these interactions, 
however, increase. with the increase of 
temperature which may be attributed to 
the solvation I of solutes, i.e., more and 
1nore solute is accommodated in the void 
sp.ace left in the packing of large 
associated solvent molecules with the 
i ncreasc of temperntttre. 

·The variation of V¢ with· 

temperature of the salts in the solvents 
follows according to equatiqn (3) over 
the temperature ranoe under the . 0 . 

investigation. The coefficients (a's) are 
presented in table 3. 

.r 

The limiting apparent molar 

expansibilities ( ~ 0 E) calculated from 

equation ( 4) are recorded in table- 4. The 

.'j 

I, 

. : ~~ 
·.; 

. • f 

. · .. ' 

~Eo values for lithium acetate and 
sodium acetate in me.thanol solutions · . -'!i 

. •• t 

·increase wi-th increase of temperature, 
whcrc'us for ammonium ucctutc und 
potassium acetate the values. decrease 
with increase of temperature. The 
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. Table 1 :Concentration (c), Density (p) ,_ V~scosity ( 11), Apparent Molar Volume (v~) and ( 11/11
0 
:-I) I :JC 

of some acetate salts in various mass% of Methanol at different temperature 
. 

10 %, Methanol+ H
2
0 mixture 

c p/g.cm·3 Tllcp V~/cm3 (lllrl 0-l)/.fc c p /g.cm·l Tllcp ·v ~ /cm3 
( 11 '-11 0-l)I.Jc' 

mol·' moJ·I 
298.15 .K 

CH
3
COONH

4 CH3COONa 
0.00611 0.97993 1.16903 0.07 0.1208 0.00604 0.97991 1.17609 143.15 . 0.2001 
0.04277 0.98000 L 18472 0.20 0.1112 0.04230 0.97999 1.21049 137.90 0.2203 
0.07943 0.98014 1.19128 0.28 0.1017 ' 0.07886 0.98028" ' 1.23226 135.21 0.2280 
0.11609 0.98030 1.19696 0.34 0.0985 0.11482 0'.98058 1.24885 . 133.12 0.2311' 
0.15275 0.98054 1.20041 0.39 . 0.0935 0.15108 0.98095 1.26477 132.03 0.2372 

~ 0.18941 0.98079 1.20204 0.43 0.0872 0.18733 0.98150 1.27939 130.34 0.2424 
CH

3
COOLi CH

3
COOK 

0.006007.0.97992 1.17694 . 105.80 0.2101 0.00608 0.97993 1.18346 101.20 0.2611 
0.042050 0.9800 l 1.22019 102.74 0.2615 0.04254 0.98004' 1.21630 97.52 0.2020 
0.078094 0.98019 1.25000 100.83 0.2840 0.07899 0.98028 1.23128 95.66. 0.1723 
0.114137 0.98047 1.27886 99.23 0.3086 0.11546 0.98060 1.23837 94.29 '0.1432 
0.150180 0.98078 1.30350 98.63- 0.3240 0.15192 0.98092 1.24430 93.53 0.1201 ~ 

.0.186223 0.98117 96.86 0.3371 . 0.18837 1.24555 
:--:! 1.32651 0.98165 90.86 0.0960 ~ 

308.15 K -~ 
Ill 

CH
3
COOI\1JI

4 

~-
CH

3
COONa ...... .... 

0.00608 0.97419 0.91396 78.15 0.0756 0.00601 0.97720 0.92812· .142~58 0.2770 -~ ... . . .... 
0.04259 0.97429 0.91360 . 76.43 0.0801 0.004214 0.97728 0~95686 . 138.60: ·. 0.2587 ~ 

I ' ~-

0.07907 0.97448" .. 0.93016 ·; 75.23 0.0844 0.07854 . ' 0.97746 0.96913 . 136.09 '0.2377-
....... 

~ 
0.11556. 0.97468 0.93547 74.64 0.0872 0011439 0.97775 0.97941 . 134.49~ 0.2301 

;;:::, 
c::::. 
~-

-~. --·· 
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• ·'> .. ~ ~-~~j :..::.~ • _I.~ • - -: ·; ·, ' , .. ' •• J • . ..;, - : '·· --· ' . . . . ' 

. . 

z:: 0.15207... 0:97.50(} . . 0.94071 . 73.62 . -0.09061 0.15047 o.97807 ···o:98S97·--·· 1~3.46 0.2195 ::: 
0.18852 0.95237 0.94490 73.36 0.0923 0.18669 0.97853 0.99355 132.05 0.2163 s 

~ -__ :: :.~ · · ·· ·• -· 'CH ·coati CH
3
COOK -:;::, . . . . . . . 3 

~ 0.00599 0.977~24 . 0.92534 . 104.93 0.2380 0.00608 0.97742 0.91880 140.70 0.1440 ~ 

0~041883 :0.97293' .. 0.95880 .:::: 
103J8. 0.2702 0.04233 ·0.97872 0.93950 137;29 0.1653 :::-

~ - . -.:::. 

0.077831 0.977433. -_ 0.98269 I 01.61 0.2922 0.07853 0.98009 0.95354 -135.73 0.1765 :::: 
~ 
:::-

0.113654 0.977594 -· L00418 101.03 0.3120 0.11474 0.98148 0.96557 133.62 0.1851 ~ 
. . §-

0.14946 0.977799 133.52 . 0.1940 
... 1.02321 . 1 00.82 . 0.3262 0.15121 0.98299 . 0.97714 ~ 0.185447 0.978027 L04124 98.58 0.3390 0.18745 . 0.98448 0.98617 130.95 0.1972 
~ 

318.15 ~ 

> 

"" CHCOONH CH
3
COONa ~ 3 . 4 

0.00605 0.971)9 0.74055 140.70 0.0966 0.00598 0.97138 0.75594 ·140.70 0.3679 ~ 
0.04248 0.97149 0.75096 137.29 0.] 052 0.04194 0.97150 0.78334 137.29 0.3211 ~ -N ::::-

\C 0.07878 0.97164 0.75796 135.73 0.1112 0.07811 0.97171- 0.79853 135.73 0.2960 :::>;, 
~ ·-

0.11516 0.97181 0.76395 133.62 0.1161 0.11391 0.97210 0.80398 133.62 0.2782 
0.14946 0.97203 0.76886 133.52 0.1183 0.14973 0.97234 0.80939 133.52 0.2614 
0.18783 0.97229 0.77329 130.95 0.1201 0.18583 0.97303 0.81359 . 130.95 0.2480 

CH
3
COOLi CH

3
COOK 

0.00595 0.97139 0.74934 104.20 0.2524 0.00602 0.97151 0:73882 99.35 ·0,0666 
0.04169 0.97149 0.77659 102.4.8 0.2771 - . 0.04215 0.97236 0.74890 98.04 0.0921 

.. 
0.07737 0.97165 0.'79554 10L41 · 0.2960 0.07824. . 0.97327 0.75679 96.80 0.1059 
0.11312 0.971.89 . 0.81431 . . 100.42 0.3207 0.11432 . ·0.97423 0.76385 95.89 0.1160 
0:14484 0.97215 0,82911 99.75 0.3316 0.15061 0.97520 0. 77110 94.37 0.1265 
0.18444 ·o:97252 0.84257 98.68 0.3407 0.18636 0~97821 0.77795 93.71 . 0.1353 

. kli1t\'f~~§;£~~~.£t~iik~~.;-:~:'-:~~~:, : .... -~ ~--. . - ... --·--.... _, .· ~--· .. - ,. . . . ' ... . ' . -
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20 °/o l\1ethanol + H20 mixture 

298.15 K 

CH
3
COONH

4 CH
3
C00Na 

1 

0.00633 0.96441 1.41901 78.30 0.1696 0.00601 0:96524 1.40148 143.61 
0.04431 0.9645] 1.43976 77.3 7 0.1345 0.04208 0.96531 1.44499 139.44 
0.08230 0.96465 1.44607 76.88 . 0.1144 0.07816 0.96551 1.46547 137.'63 
0.12028 0.96482 1.44810 76.34 0.0988 0.11.423 0.96583 1.48433 136.00 
0.15826 0.96502' 1.44863 75.87 0.0871 0.15030 0.96626 1.50054 134.16 
0.19624 .0.96529 1.44850 75.21 0.0780 0.18637 0.96679 1.5.1799 132.74 

CH3COOLi ·CH
3
COOK 

0.1288 
0.1562 
0.1669 
0.1779 
0.1850 
0.1951 

0.00605 
~ 0.04232 

0.07859 

0.96525 
0.96530 
0.96544 
0.96565 
0.96585 
0.96609 

1.42408 
' 1.46637 
1.49275 
1.51453 
1.53353 
1.55044 

106.24 0.2201 0·.00633 
104.37 0.2324 0.04431' 
103.19 0.2362 o·.o8230 

0.96524 
0.96533 
0.96554 
0.96584 
0.96618 
0:96656 

1.44145 
1.47557 
1.4703 

1.46130 
1.44635 
1.42865 

100.08 
98.51 
97.50 
96.53 
95.57 
94.60 

0:3710 
0.2561 
0.1842 
0.1262 
0.0830 
0.0463 

0.11487 
0.15.114 
0.18741 

' 102.09 0.2411 0.12028' 
101.56 0.2451 ' 0.15826 
101.05 0.2480 0.19624 

. CH3COONH4 

0.00630 0.96041 1.06642 78.28 

0.04406 0.96049 

0.08186 0.96058 

1.08.163 

1.08872 

78.07 

77~94 

0.11957 '0.96067 1.09350 77.81 

0.15741 0.96079. 1.09675 77.69 

308.15 K 

0.1342 

0.1194 

0.1111 

0.1050 

0.0993 

CH
3
COONa · 

0.00598 . o·.96040 1.06816 143.08 O.i590 

0.04187 . 0.96048 

0.07775 . 0:96064 

1.09117 

1.10567 

139.63 0.1667' 

137.77 0.1716 

0.11369 0.96100 . 1.11752 136.18 '0.1752 
' ' . 

0.14950 .0~96136 1.12788. 135.01 0.1781 

0.19526 0~96090 .. 1.09920_ 77.59 0.0944 0.18531 0.96180 1.13713 '133.81 0.1804 ! . . .. :. '\ ; " ; : ~ :: . : ' . . 

''Vf' 

::
:--! 
;:>;:: 

Q 
11> 
3 
.._ 

"'· ...... 
~ 

"' ~ 
""'....... 

...... 
·"' ~ 
':::> 
~ 
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. 'CiiJCOOIX'. . C~3CQOl{ . ~-.. :::: · o.oo6o2 ... ··o.9604I. ·- :L0768.7 .104.68 0.2648 . 0.00630 0.96038 1.07277 104.31 0.2101 ... 
~-

0.04217 0.96051 . 1.09823 103.57 0.1986. 0.04745 0.96047 1.0.9564 100.63 0.1761 tl '· ~ 
: 0.07179 0.96062 1.02963 102.90 0.1691" 0.08172 6.96065 1.10345 98.96 . 0.1609 t::J , 

::to 
.. ~-

0.09670 0.96078 1.10375 "102.11- 0.1482 0.11921 0.96097 1.10706 97.15 0.1424 t:l:l 
Q 
::to 

0.15122 0.96111 1.09786 101.28 0.1041 0.15700 
::l 

0.96139 1.10991 95.63 0.1309 :?-· 
::; 

0.18760 0.96142 1.09312 100.51 0.0833" . 0.19466 0.96193 1.11049 93.97 0.1211· 9 
~ 
:::. 

318.15 K o.;· 

~ 

CH
3
COONH

4 CH
3
C00Na ~ 

::l 
::to 
111 

o.o0626 ·o.9542.8 0.84331 . 77.39 0.1160 0.00594 0.95426 0.85520 .141.09 . 0.3036 :::. . 
t:l... ., 
::l" 

0.04382 0.95441 0.85766 .. 77.43 0.1259 0.04159 0.95435 0.87535 139.90 ·o.2330 ~ 
w :;. - 0.08142. 0.95451 0.86676" . 77.44 . .0.1305 0.07728 0.95452 . 0.88094 138.98· 0.1950 ~ 

~ 
0.11893 . 0.95460 0.87484 77.45 0.1361 0.11280 0.95469 .0.88053 138.56 ·0.1599 

0.15652 0.95470 0.88163 77.46. 0.1391 0.14863 0.95493 . 0.88081 137.85 0.1340 

0.19415 0.95473 0.88773 77.46 . 0.1415 0.18583 0.97300 0.81359 '130.95 0.2480 

CH
3
C00Li CH

3
COOK 

0.00599 0.95427 0.86332 . 103.52 '0.4281 0.00626 0.95425 0.84447 99.42. 0.1335 

0.04195 0.9.5438 0.89314 . 102.41 . 0.3363 0.043 75 . 0.95433 0.86008 97.54 0.1398 

0.07144" 0.95446 0.90041 10L80 0.2901 . 0.08127 0.95457 0.86983 96.41 0.1435 

.0.08846 0.95442 0.90225 101.54 0.2680 0.11864 0.95485 0.87774 . 95.60 . 0.1462 

0.15055 "0.95472 0.90340 100.12 0.2092 0.15630 0.955.19 0.88486 . 94.40 . 0.1490 

. 0.18665 0.95483. 0.90207 99.90 0.1841 0.19363 0.95556 0.89135 93.53 0.1515 

-i~&;i&I~iL~\,:;:~~::.: ;;:;·;·>i -~~:_.;.::,:;~ ,.-~ ... ;: -·' -· .· . . : .... _ -.. . ·~., .... . • .. ·-. 
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0.00623. 0.96060 

·v
''"" 

CH
3
COONH4 

-1.42075 
0.04361 . 0.96069 . '1.44170 
0.08099 0.96080 1.44822 

o.H837 0.96091 1.45178 

0.11575 0.96107 1.45161 

0.19313 0.96123 1.44753 

CH
3
COOLi 

0.00612 0.96060 .1.42936 

0.04287 ' 0.96075 1.45433 . 

~ 0.07960 0.96098 1.46872 

. 0.11635. 0.961'19. 1.46907 

0.15309 0.96141 .L46651 

·:... 
''r ';y(_ 

. 3q o/o Methanol+ H20 mixture 
I 

298.15 K 
CH3COONa . 

78.32 0.1809 . 0.00604 . 0.96059 1.41131 
77.83 0.1400. 0.04231 0.96068· 1.43791 
77.50 0.1206 0.07857 0.96089 1.46028 

77.27. 0.1059 0.11483 0.96118 1.47956 

76.99 0.0920 0.15110 0.96168 1.49930. 

76~79 0.0760 0.18736 0.96219 L51751 

CH
3
COOK 

104.09 0.2610 0.00614 : . 0.96058 1.45166 

102.30 0.2020 0.04294 . 0.96069 1.49218 

101.05 0.1720 0~07975 0.96094 1.49450 

100.86 . 0.1430 . 0.11656 0;96134 1.48253 

100.17 0.1200 . 0.15337 0.96.169 . 1.46658 ' 

0.18983. 0.96141 ' .1.45934 ' 99.32 0.0960 0.19018 0.96224 1.44118 

308.15 K 

. CH
3
COONH

4 CH
3
COONa 

0.00619. 0.95418 1.11128 77.17 0.1511 0.00600 . 0.95417 1.13797 

0.04338 _. 0.95431 . 1.13054 77.10 0.1413 0.04214 ' 0.95428 1.17441 

0.08056. '0.95444 L13986 77.06' 0.1336 0.07812 '0.95457 1.17669 

0.11771 0.95458 1.14644 77.04 0.1280 0.11420 0~95488 1.17059 

0.15489. 0.95471 1.52052 77.03 0.1245 0~15010 0.95522 1.16204 

0.19215, 0.95485 1.55694 . 77.0_0 0.1194 <t18612 '0.95575 ' 1.45594 

'¥ 

143.60: 0.0970 
139.44 0.1290. 
137.63 0.1516 

136.00 . 0.1660 

134.16 0.1810 

132.74 0.1925 

99.80 0.4640 

97.91 0.3150 

96.70 0.2370 

95.47. 0.1711 

94.71 0.1201 

93.14'' 0.0711 

~ 
:--l 

140.70 0.4650 
::.;, 

I") 
:::-

I 38.49 0.338 i ~ 

:::! 

137.11 0.2562 
..... 
"" ~ 
'-

136.11 0.1951 "" -«>.. . . . . . " . -· ~ . -«>.. 

134.91 0.1501 ..... 
~-

133.63 0.1001 
<::::> 
<::::> v. 
'-
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CH
3
COOLi CH

3
COOK ' .... ·-· ~ . - ~ ... 

~ 
0.00608 0.95417 1.13059 . 103.77 0.3781 0.00614 0.95414. 1.19467 98.01 0.2470 ~ . -
0.04268 0 . .95434 1.16015 :I 02.45 -0.2730 . 0.04275 . 0.95424 1.42266 . 96.67 0.1941 

\)· 
::1 
?: - .. ., 

t:::l 0.07941 0.95449 1.16321 101.60 0.2102 0.07938 0.95452. 1.46483 95.86 0.1562 :to 
~ 

0.11614 0.95484 1.15795 100.73 -· 0.1596 . 0.11456 0.95487 1.46909 96.35 0~1311 :::,, 
::1 
:to 
tl 0.15301 0.95508 1.15191 . 100.57 0.1253. 0.15245 . 0.95533 1.14410 . 94.43 0.1070 ::. 
:; 

0. I 8982 0.95558 1.14128 99.06 .. 0.0902 0.18916 0.95601 1.13977. 92.61 . 0.0872 C") 

~-
318.15 K ~ 

.. .. 
~ 

CH3COONH
4

_ . ·cH·COONa ~ J 

0.006I6 0.95027 . 76.48 . 0.0717 .. 0~00598 ·. 0.385-1 
:to . 

0.85584 0.95025 0.87640 140.47 ~ 
:: 

0.043 I4 0.95040 0.86645 77.11 0.0871· . 0.04184 0.95041 0.90397 138.95 0.3041 ~ 
.. 

~ w 0.08012 0.95051 0.87423 "77.50 0.096~ 0.07776 0.95056 0.91394 137.83 0.2653 :;. w 
~ 

0.1I711 0.95061 0.88145 . 77.81" 0.1043 0.11373 0.95093 0.9I 678 I36.81 0.2290 ~ 

0. I 5420 0.95072 0.88755 77.83 0.1092 0.14940 0;95122 0.91650 136.30 0.1991 
O.I91I2 0.95077 0.89315 78.24 0.1131 . 0.18533 0.95129 0.91517 135.54 0.1753 

CH
3
COOLi CH

3
COOK 

0.00605 0.95026 0.88810 104.02 0.4530 0.00608 0.95024 0.86366 99..15 0.1901 .. 

0.04243 0.95038 0.90768 103.88 0.3231 0.04248 0.95033 0.88094 98.09 0.1704 
-

0.07900 0.95050 0.90966 I 03.82 .. 0.2454 0.07892 0.95053 0.88902 97.69 0.1588. 
0.11549 . 0.95063 0.90687 103.77. 0.1933 . 0.11515 .0~95083 0.89495 . 97.89 0.1520 
O.I5217 0.95077 0.89786 103.70 0.1412 0.15155 . 0.95115 0.89922 . 96.92 0 .. 1454 . 
0.19067 0.95091 0.89044 103.66 0.1061 0.18810 0.95161 0.90169' 96.51. 0.1372 
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Table 2: Limiting apparent molar vol~me (V 4 °), exp_erimental sio·pe.(Sv'), A and l3 aparameters of 
viscosity for acetate·salts in different mass% ofMethanol at different tem-peratures. 

Mass vo S ·at · A at Bat ~ v 

%of.· 
~OH 298.15 308.15 318.15 298.15 308.15 318.15 298.15 308.15 318.15 298.15 308.15 318.15 

CH
3
C00Na 

10 145.54 144.34 142.75 -35.66 -28-78 -26.03 0.1937 0.2918 0.3921 0.1138 -0.1807 -0.3380 

20 144.05 143.62 142.06 -25.50 -21.78 -10.64. 0.1261 0.1541 0.3461 0.1536 -0.0625 -0.5505 

30 143.45 142.78 141.86 -22.96 -20.09 -14.14 0.0750 0.5460 0.4219 0.2711 -0.1028 -.5934 

CH
3
C00Li 

VJ 10 107.28 106.35 105.53 -23.61 -16.29 -15.31 0.1845 0.2133 0.2283 0.3596 0.2902 0.2624 """ 
20 106.53 105.81 104.50 -12.54 -I I. 74 -10.63 0.2131 0.3050 0.4728 0.0799 -0.5121 -0.6924 

30 . 104.72 105.07 104.12 -12.50 . -12.28 -1.01 . 0.2977 0.4369 0.5251 -0.4563 -0.8085 -0;9759 

CH
3
COOK 

10 103.30 101.48 101.03 -17.20 -18.09 -16.30 0.3053 0.1331 0.0519 -0.2967 0.1529 0.1923 

20 101.64 101.02 100.83 -14.92 -9.31 -16.04 '0.4434 0.2303 0.1295 -0.9036 -0.2505 0.0494 ~ 
:--l 

-13.02 . -6.80 0.5524· 
::.::, 

30 100.67 . 99.414 99.668 -14.71 0.2842 0.2009 -1.1116 -0.4527 -0.1456 
Q 

CH
3
COONH4 

11> 
:: 
.... 

10 80.22 79.23 78.35 -14.45 -13.82 -8.86 0.1289 0.0711 0.0916 -0.0925 0.04 79 0.0683 '"" ....._ 

"" '-

-8.18 -1.86 0.19 0.1886 0.1426 -0.2545. -0.1093 0.0715 .· "" 20 79.07- 78.06 77.39. 0.1106 ~ 

·' ol:," .... 
30 78.68 77.21 76.15 -4.68 -0.46 4.59 0.2019· 0.1587 0.0628 -0.2832 -0.0883 0.1178 -:--. .. ...... ' ~. ·, . 

~ 
~ 

~ 
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Tnblc 3: Values of various cocllicicnts (n
0

, a
1
, n

2
) of acetate salts in various mass <X, 

of water methanol mixtures 
Mass 0/o ·of CH,OH aJcmJ mol- 1 · aJcmJ mol- 1 K- 1 a,lcmJ moi- 1 K-2 

CH
3
COQNa 

10 
20 
30 

480.47 
791.35 

-2.12. 0.0034 
-3.86 0.0057 
-1.42 . 0.0013 

<:H3COOLi 

10 
20 
30 

·.244.49' 
476.18 
573.27 

-0.83 0.0013 
-2'.38 0.0039 

. -3.50 0.0065 

CH
3
COOK 

10. .. . 20 
30 

,16.59 
. 8'8~96 
-218.51 

2.33 -0.0069 
0.68 -0.0022 
3.32 -0.0076 

;:' ' c·II3COONH4 

10 
20 
30 

59.20 
-47.00 
-65.83 

increase in magnitude Of~ OE ValueS With 

. temperature may be ascribed to 'cagi,ng 
or packing effect', .19 It also indicates 
that the behavior of these two salts in 
·methano I are ~i m i lar to that of sotne 
s·ymmetri cal tetraal ky I ammonium 
salts. 12 On the other hand, the decrease 

in ~ 0
E values· with increase of 

· temperature, for ammonium acetate and 
potassium acetate indicates that they 
behave just like common salts, because 

. in .case of common salts, the molar 
· expansibility decreases with increase of 

temperature. 12•15 

35 

0.23 -0.0006 
0.93 -0.0017 

. 1.10 -0.0021 

During the past fc\v years it has 
been emphasized by some workers that 
S • i s n o t t h e s o I e c r i t e r i o n fo r v 

determining the structure makinu I . . ::::> 

breaking nature of any electrolyte. 
Hepler 1

•
1 devel.oped a technique of 

examining the sign for various 
electrolytes in terms of long range 
structure making and structure breaking 
capacity of the electrolytes in methanol 
water mixtures. The structure making 
solutes should have positive value,· 
whereas structure breaking ones have 

neg at i v e v a I u e (c} V 0 I 8T:!) . T 1 ...- ~ I' 1ese 



+ 

values of the selected acetates are 
recorded in .table 4 . ·It is seen from 

·table.4 that, the {o2 V/ /8T2
),. values for 

lithium acetate and sodium acetate are 
positive, indicating that they are 

J. T.R. Chem. 12(2)24-43 (lqOS) 

structure makers in methanol water· 
mixtures whereas f0r ammonium acetate 
and potassi~m acetate. the values are 

. negative, ind_icating that they are 
structure breakers in this mixed solvent 
system. 

·Table4:· Limiting apparent m~lar compressibi1ities (~E0) for acetate salts in various -
mass% of methanol at different temperature . 
Maa o/o of cpF 0/ cm3 moJ· 1 K- 1 

Methanol 298.15 K 308.15 K · 318.15 K 

CH
3
C00Na 

10 -0.1255 -0.0585 0.0085 Positive 
20 -0.4856 .:.o.3735 -0.2605 Positive 
30 -0.6825 -0.6575 0.6325 . Positive 

CH_,COOLi 

10 -0.0875 -0.0625 -0.0375 Positive 
20 -0.0926 -0.0156 0.-0615 Positive 
30' 0.3665 0.4965 0.6265 Positive 

CH3COOK 
10 -1.7515 -1.8885 -2.0253 Negative 
20 . -0.5985 -0.6415 -:-0.6845 Negative 
30 -1.1805 -1.3315 -1.4825 Negative 

CH
3
COONH

4
·. 

I 0 -0.0935 -0.1045 
20". -0.0840 -0.1180 
30 -0.1265 -0.1675 

. The· viscosity data for various . 
solutions of electrolytes were analyzed 
according to Jones-Dole equation 16

; The 
values of A and 8 are recorded in table 2. 

Table 2 shows that the values of A 
· are very-small for all salts studied in 

methanol water mixtures at vanous 

36 

-0.1155 Negative 
. -0.1520 Negative .. 

-0.2085 Negative 

temper~tures thereby showing the 
presence of weak. so-lute-solute 
interactions. In other words these results 
indicate that all the salts mix ideally with 
methanol +water mixtures and there is a 
perfect solvation of these molecules 
resulting in either the absence or weak 
solute-solute interactions. 



l 
Mousunrf {)as, llhoj /Jahaclur Gur11ng d< Mahendra Natlr Roy 

Table 2 shows that two· types of 
:trends arc observed. in the change of B
·coefficients with temperature. 8 values for 
lithium acetate and sodium acetate in 
methanol solutions decrease with increase 
of temperature, thereby showing that 
solute;. solvept interactions are weakened 
wi~h rise o( temperature, whereas for 
ammonium and potassium.ace~ate, values 
ofB-coefficient inciea8e with the in~ease 
in ~emp~ratur~_i~dicating improved ~olute.:. 
solvent' inter~ctions for the solutio'ns with 
the increase in tempe~ature which may be 
attributed to sqlvation of ions by. the 

· · solvent system studied here. 

It has been reported by a number 
of workers.that dB/dT is a better 
<:riteri9n 10

•
20

•
21 for determining the 

structure mnking I brnking cupncity of 
any eleQtrolyte ra~her than simply the B
coefficient. v~lues. It is evident from 
table 2. that for lithium ·acetate and 

. sodium acetate. the B values. decrease . . . ' . . . . . . 

with increase oftemperature (negative 
dB/dT) indicating that they.are str·ucture 
makers in methanol wa.ter mixture. On 
the other hand, for·ami:nonium acetate 
and potassium acetate the B values 
·increas;e .with· incre~se of temper~ture 
(positive dB/dT) indicating that they are·· 
structure breakers in methanol ·water 

\··''mixture. Thes.e conclusions are in 
· ex~ellcnt ~greement with that drawn 

.from (o 2V/ /8T2 )r values explained 

. earlier. 
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The values of ultrasonic speed (u), 
adiabatic compressibility ( rJ ), molality 
(m), limiting apparent molal adiabatic . . 

comressibjlity ( ~ k
0
), density ( p ), 

apparent molal adiabatic compressibihty 
( ~ k) and experimental slope (Sk0) are 
given in table- 5. 

A ·petusal of table - 5 shows that' 

the·.~ ko. values -decrease ·whereas· ·sic··· 
values increase with the increase.ofmass 
%. of.methanol in the mixt.ures at ·a· 
particular temperature (298.15 K) for all. 
the sal~s studied here, Since th·e·.values 

of ~ Ko and S\ are meas~~~ of solute

solute and solute-solvent interactions 
·respectively, the results a~e in good 
agreement with that drawn from the 

.l 

·conclusion based on the values .of .v~ 0 

·and sv· mentioned earlier .. Negative 

values of~ ko of the salts are interpreted 

in terms of the 'loss .of co~pre~sihiiity · · · 
· o f s o 1 v en t- m i x t u r e · d u e· to the . 
electrostrictive forces in the vicinity of 
the ions and hence the extent of 
compressibility electrostriction 
decreases with the increase of the 
amount of methanol irt the mixture for 
all the salts under investigation. Sam~. · 
results were observed ·for ··som~ 
electrolytes in aqueous ethanol, a_rid in. 
2-methoxyethanoF3 in ~ase of the stUdie.s · 

. Oil sound velocities of some alkali metal 
' 

halides in theTHF + H
2
0. mixtures. 22 
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Table 5: Mass%. THF/Molality (m), Density (p 0), Sound Velocity (u), Adiabatic Compressibility ([3 ), Apparent · 
Molal Adiabatic Compressibility(~ ki, l,-imiting Apparent Molal Adiabatic Compressibility (~k0) and :Experimental 

Slope (SK *)of some acetate salts in methanol water mixtures . 

(lOo/o, 20%, 30%) at 298.15 K 

Mass% of 
methanol m/mol kg·1 p/ kg m·3 u/m sec·' p :.- IQIOJPa·' <jlk X 1010/ . «f>k0x I 010

/ S *x)0 10/ 
k 

in 3moi·' Pa·' m3mol·1 Pa·1 m3moi·312 Pa·'kg''= 
CH

3
COON

4 

0.00623 979.931 1465.23 4.7533 . -33.379 

0.04374 980.009 1500.36 4.5329 -9.660 
10 0.08134 980.140 I547.72 4.2631 -8.443 -38.670 78.605 

0.11915 980.303 1647.72 3.9965 -7.940 

0.15708 980.548 17 I 5.00 3.8625 -6.854 
I_..) 0.19524 980.792 1748.27 3.7589 -5.010 oe 

-0.00656 964.410 1653.54 3.7923 -47.195 .. 

. 0.04601' 964.509 1698.45 3.5941 -10.954 
20 0.08567 964.462 1745.18 3.4037 -8.075 . -55 .. 103 117.50 

0.12544 964.816 1796.78 3.2104 -7.047 

0.16547 ."965.018 I 825.32 3.1102 -5.920 
~ 

. 0.20566 965.292 1872.11 2.9558 -5.494 :-..: 
::>;; 

0.00648 960.600 1695.00 3.6234 -96.108 (j 
:::-.. "> 

0.04550 960.689 1732.15 3.4693 -58.400 :: 
.._ 

30 0.08471 960.801. 1758.36 3.3663 -40.001 . -113.32 247.06 
..... -... ..... 
~ 

0.12403 960.905 1789.92 3.2483 . -25.202 ""' .... . .... 
0.16360 961.074 1821.02 3.1377 -11.503 

..... 
. .. , ....... 

---. ""' 0.20330 . 961.229 1867.36 2.9834 . -6.121 
o . 
0 ..... ..... 



,'i,_ ·1'- _;:Jr-- -~ '1 

CH3COOK· ~ 
.--' .. 

~ --. 

~ 0.00620 979.92-9 1453.23- . · 4.8321 -22.872 . -
0.04348 t:= 

980.044 1541.92 . 4.2917 ... 15.330 ~ 
:-: 

10 0.08008 9_80.282 1598.56 3.9920. -11.961 . -24.339 44.699 
t:::: 
::::-

.Q --
0.1_1847 980.597 . 1629.16 3.8422 -9.265 .. ~ 

::::-

0.15633 980.920 1637.14 3.0836 -7.182 -
~ 

0.19401 ~ 

981.648 1636.49 3.8039 -5.714 . ~· 
. 0.00656 965.241 1619.35 3.9508 22.549 :;; 

;e. 

0.04596 965.334 1734.89 3.4418 14.400 .. ~ 
::: 

-27.062 
::::-

20 0.08551 965.536 1770.48 3.3041 9.26.4 58.330 ~ 
::: -~ 

0.12313 965.841 1801.66 3.1897 7.185 ~ ::: 
Vol 0.16~97 966.176. 1724.37 3.4808 3.510 ::::-
\0 

~ 
0.20497 966.582 1672.79 3.6973. 1.640 ·:: 

0."00639 960.579 1605.78 4.0373 -27.50 I 
·o.04479 960.685 1759.84 3.3610 -18.890 . -32;667 65.64 

30 0.08339 960.938 1829.67 3.1086 -13.610 

0.12193 961.337 1843.05 3.0854 -9.412 

0.-16091 961.686 .1781.83 3.2143 -6.201 

0.19995 962.236 1736.83 . 3.4439 -3.700 

CH
3
COOLi 

0.00613 979.929 1455.54 4.8168 -23.665 

0.04299 980.018 1557.53 . 4.2062 -.17.500 

10 0.08006 980.191 1627.!6 3.8533 -13.731 . -27.507 49.642 



·'>i ~ ;~ . ~-
.y .,.·'-:: 

' 

. 
- . 

"0.11728 . 980.466 1630.54 3.8362 -9.414 j 

OJ5478 980.775 1648.45 .. 3.7521 . ;.7.607 
0.19231. 981.168. 1671.72 .. 3.~69. -6.614 '''.; 

0.00627 965.249 1641.36 . 3.8455 -4~ .001 . .• . 

0.04404 965.300 1890.99 2.8971 :.2?·.90.0 
20 ·O.Q8188 965.435 "2060.49 2.4397 ~20.100 -52.751 115.67 

OJOf29· 965.645 . 2120.69 2.3027 -18.100' 
0.15917 965.849 2039.72 2.4880 ~ 1 o~ too 

. 0.1.9-807 . 966.08q .1977.51 2.6470 ~7~300 
·o.oo637 960.604 1630.67. 3.9149 -50.010 

0.04481 960.749 1996~90 2.6104 37.201 

..... 30 0~08355 960.982 2357.73 1.8720 29.103 . -61.574· 136.72 -- 2668.21 1.4614 --- 0.12259 961.185 23.300. 
. 0.16192 961.405 2}70.96 1.3547. 18.312 

0.20133 962.035 2918.87 1.2201 15.400 

CH
3
C00Na 

0.00616 979.910 1449.22" 4.8590 -16.370 
~ 

0.04331. 979.987 1518.30 4.4265 -12.000 :-; 
. . ' ~ 

10 0.08098 980.280 1563.00 4.1757 -9.327 -20.21 38.896 (") 
.::r-

11> 

0.-11835 980.581 1586.60 4.0512 -7.290 3 
. - ·-"0.15634 "' 980.947 1588.07 4.0425 -5440 ~ . ..._ 

"' ·o.I9451. 981.499 1590.77 4.0262 -4.350 "!'-
.t:.. 

- ' ...... 
. :_ 0.00623 .- 965.244 1614.56 . 3.9779 ~19.700 ~-

.. t ...... :.::; <::) 
. <::) 

v. ..._. 
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·~ 
a 
~ 
a: -1:::;, 
~ 
!" 
tl:l 
::a-a . 
'-
~ 
Q 
::a-
~ ::-

0.04378 965.312 1720.34 
::; . 

3..5005 -13.600 0 
::; 

20 0.08157 965.505 1785.67 3.2491 -10.300 -24.049 ·. 51.253 § 
011 

0.11961 965.827 1808.63 3.1569 -7.690 
Q 
:::. 
~ 

0.15789 . 966.256 1814.23 3.1476. -5.780 ·~ 
::a-

" 0.19646 966.788 1831.61 3.0881 -4.880 :::. 
~ .., 
Q 

.;:.. 0.00629 960.593 1581.20 4.1638 . -9.369 ~ 
""'"' ~ 

0.04420 960.678 . 1585.75 ' 4.1395 -1.408 ~· 

~. 
30 0.08236 960.892 1712.98 3.5467 -8.134 -32.161 70._184 

0.12083 961.177 1726.96 3.4058 -5.902 
0.15945 961.676 174 7.32 3.3249 A.908 

0.19843 962.194 1767.98 -4.289 
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of Dimethyl Sulfoxide with t-Butyl Alcohol, Butyl Acetate, 
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Abstract-Densities and viscosities of binary mixtures of dimethyl sulfoxide (DMSO) with teri-butyl alcohol, 
butyl acetate, butanone, and butyl amine were determined over the entire range of mole fractions at tempera
tures of 298.15, 308. I 5, and 3 I 8. I 5 K. At each temperature, the excess molar volume (VE), viscosity deviations 
(L'iTJ), and Gibbs excess free energy of activation for viscous flow (L'iG*E) have been investigated from these 
measured density (p) and viscosity (TJ) values. The experimental viscosity data were correlated by means of the 
equations ofGrunberg-Nissan, Tamura and Kurata, and Hind eta!. The deviations have been fitted to a Redlich
Kister equation, and the results are discussed in terms of molecular interactions and structural effects. 
DOl: 10.1 I 34/S0036024406130267 

1. INTRODUCTION 

Dimethylsulfoxide (DMSO), a typical aprotic sol
vent having both polar and nonpolar groups, is an 
important solvent in chemistry, biotechnology, and 
medicine for the dissolution of various substances and 
as an antifreeze agent of living cells [1]. 

This solvent was chosen particularly for this study 
because of its wide range of applicability as a solvent in 
chemical and biological processes. Viscosity and den
sity of binary liquid mixtures are extensively used to 
understand molecular interactions between the compo
nents of the mixture to develop new theoretical models 
and also for engineering applications [2, 3]. These have 
been extensively used to obtain information on inter
molecular interactions and stereochemical effects in 
these systems [4]. In this paper we extend our studies to 
binary mixtures of DMSO with butyl acetate, tert-butyi 
alcohol, n-butyl amine, and 2-butanone. The various 
thermodynamic properties, such as excess molar vol
ume (VE) and viscosity deviations (Ll'll), obtained from 
experimental observations have been rationalized. 

To our knowledge, the experimental data reported in 
this paper are not available in the literature. 

2. EXPERIMENTS 

Viscosities (11) have been measured at 298.15, 
308.15, and 318.15 K by means of a suspended Ubbe
lohde-type viscometer [5]. Calibration was done at all 
the experimental temperatures with triply distilled 
water and purified methanol using density and viscosity 

1 The text was submitted by the authors in English. 

values from the literature. Densities (p) were measured 
at the mentioned temperatures with an Ostwald-Spren
gel-type pycnometer having a bulb volume of about 
25 cm3 and an internal capillary diameter of about I mm. 
The flow times were accurate to ±0.1 s, and the uncer
tainty in the viscosity measurements, based on our 
work on several pure liquids, was ±2 x I 0-4 mPa s. The 
measurements were done in a thermostatic bath con
trolled to ±0.0 I K. The details of the methods and tech
niques for determination of these parameters have been 
described in earlier papers [6-9]. 

The mixtures were prepared by mixing known 
volumes of pure liquids in airtight stoppered bottles. 
The reproducibility in mole fractions was within 
±0.0002 units. The weights were taken on a Mettler 
electronic analytical balance (AG 285) accurate to 
0.02 mg. The precisions of the density and viscosity mea
surements are ±3 x I 0-4 g cm-1 and ±2 x I 0-4 m Pa s, 
respectively. 

Dimethylsulfoxide (Merck, India) was kept for sev
eral days over anhydrous CaS04 and refluxed for 4 h 
over CaO. Finally, it was distilled at low pressure. 
The details have been described earlier [10]. tert-Butanol, 
n-butyl acetate, 2-butanone, and n-butylamine 
(S.D. Fine Chemicals, A R, purity> 99%) were used. 
The purity of the solvents was ascertained by GLC and 
also by comparing experimental values of densities and 
viscosities with those reported in the literature [2, I 0-
17], as listed in Table 1. 
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Table 1. Comparison of density (p) and viscosity (TJ) of 
pure liquids (I) with literature data at 298.15 K (II) 

T,K 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

298.15 

308.15 

318.15 

p X 10-3, kg m-3 TJ, m Pas 

I I 

1.0951 

1.0839 

1.0757 

0.8754 

0.8646 

0.8565 

0.7807 

0.7705 

0.7610 

0.7312 

0.7199 

0.7136 

0.7984 

0.7883 

0.7796 

II I II 

DMSO 

1.09568 [2] 1.9923 1.991 [1 I] 

1.0853 I [2] 1.7052 1.654 [11] 

1.4504 

Butyl acetate 

0.8761 [10] 0.6738 0.674 [10] 

0.8654 [16] 0.6684 0.593 [16] 

0.5342 

t-Butyl alchohol 

0.7799 [12] 4.4338 

0.77024 [11] 2.7910 

0.7594 [17] 1.8099 

Butyl amine 

0.7331 [20] 0.4960 

0.4195 

0.3600 

2-Butanone 

0.7996 [14] 0.3784 

0.7892 [14] 0.3235 

0.7784 [14] 0.3138 

4.433 [12] 

2.9397 [11] 

1.705 [15] 

0.496 [15] 

0.378 [14] 

0.341 [14] 

0.307 [14] 

3. RESULTS AND DISCUSSIONS 

Table 2 lists the experimental values of densities (p) 
and viscosities (T]) of the binary mixtures along with the 
corresponding mole fractions of DMSO (x1), excess 
molar volumes (VE), viscosity deviations (~T]), excess 
Gibbs energy of activation for viscous flow (~G*E), and 
interaction parameters (d12, T12, H 12) at all the experi
mental temperatures. The plots of VE, ~T]. ~G*E against 
x 1 at 298.15 K are represented in Figs. I, 2, and 3, 
respectively. Because of their similarity, the plots at the 
other ~emperatures are not presented here. 

The experimental densities have been used to calcu
late the excess molar volumes ( V~ using the following 
equation [4]: 

(I) 

where M;, p;, and pare the molecular weight, density of 
the pure components, and density of the mixtures, 
respectively. 

The deviation in viscosities from linearity (~T]) can 
be computed using the relationship 

2 

(2) 
i =I 

where T]; and 11 are the viscosities of the pure compo
nents and of the mixtures, respectively .. 

On the basis of' the theories of absolute reaction 
rates [ 18], the excess Gibbs energy of activation for a 
viscous flow (~G*~ was calculated from the equation 
[ 19] 

AG*' = RT[ In~ V- ,t, (x,in~, V;) l (3) 

where R, T, V;. and V are the universal gas constant, 
experimental temperature in absolute scale, and the 
molar volumes of the pure component and the mixtures, 
respectively. 

The excess properties (VE, ~11 and ~G*E) were fitted 
to the Redlich-Kister polynomial equation [20], 

K 

E " i Y = x 1x 2 .L.-a;(x 1 -x2), (4) 
i =I 

where yE refers to an excess property, x 1 is the mole 
fraction of DMSO and x2 is that of the other component. 
The coefficients (a;) were obtained by fitting Eq. (4) to 
experimental results using a least-squares regression 
method. In each case, the optimal number of coeffi
cients was ascertained from an approximation of the 
variation in the standard deviation (cr). The estimated 
values of a; along with the standard deviations (cr) are 
summarized for all mixtures in Table 3. The standard 
deviation (cr) was calculated using the equation 

E E 2112 

0' = [( Ycxp- Ycalcd) J , 
(n-m) 

(5) 

where n is the number of data points and m is the num
ber of coefficients. 

The values of the excess molar volume VE are found 
to be negative for mixtures of DMSO with butyl ace
tate, butyl amine, and 2-butanone, and their magnitudes 
follow the order given below: 

butyl amine> 2-butanone >butyl acetate. 

This indicates that specific interaction is present in the 
first three mixtures [21] and is strongest in the case of 
DMSO and butyl amine mixture followed by butanone 
and butyl acetate. But, for the mixture of DMSO with 
tert-butyi alcohol, the values of VE are positive, indicat
ing that dispersive force plays the main role [14, 22] in 
the case of a tert-butyl alcohol+ DMSO mixture. 

The values of VE may be regarded as the result of 
contributions from several opposing effects [23], 
namely, physical, chemical, and structural ones. Physi-
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. Table 2. Measured and derived parameters for various studied binary mixtures at 298. I 5, 308. I 5, and 3 I 8. I 5 K 

Xl 
p x w-3, TJ, VEX !06, ~TJ. ~G*E, 

dl2 T12 H12 kgm-3 mPas m3 mol- 1 mPas J mol- 1 

tert-Butyl alcohol+ DMSO, 298. I 5 K 

0.0953 0.8031 3.6683 0.068 -0.533 -270.70 -1.31 -0.41 0.12 

0.1917 0.8269 3.0119 0.145 -0.954 -559.55 .!.. 1.51 -0.31 0.14 
.. 

0.2890 0.8521 2.5592 0.225 -1.169 -762.96 -1.55 0.03 0.37 

0.3874 0.8791 2.2505 0.276 -1.238 -881.15 -1.55 0.35 0.61 

0.4868 0.9083 2.0714 0.296 -1.174 -887.18 -1.49 0.69 0.86 

0.5872 0.9399 1.9671 0.28! -1.033 -816.73 -1.41 0.97 1.08 

~ 0.6888 0.9743 1.9624 0.222 -0.790 -625.17 -1.23 1.31 1.37 
J 

0.7914 I.Oll5 1.9556 0.148 -0.546 -437.31 -1.12 1.54 1.56 

0.8951 1.0518 1.9423 0.065 -0.306 -258.69 -1.16 1.61 1.58 

Butyl acetate+ DMSO, 298.15 K 

0.1418 0.8943 0.6508 -0.140 -0.210 -419.83 -1.55 0.51 0.47 

0.2710 0.9137 0.6822 -0.2\2 -0.349 -617.16 -1.42 0.55 0.45 

0.3893 0.9335 0.7441 -0.238 -0.443 -698.62 -1.34 0.56 0.40 

0.4979 0.9539 0.8413 -0.226 -0.489 -675.80 -1.27 0.58 0.36 

0.5980 0.9750 0.9732 -0.192 -0.489 -583.06 -1.17 0.60 0.32 

0.6905 0.9968 1.1292 -0.141 -0.455 -470.78 -1.09 0.62 0.27 

0.7763 1.0195 1.3174 -0.089 -0.382 -334.72 -0.99 0.65 0.24 

~ 0.8561 1.0434 1.5356 -0.051 -0.267 -192.35 -0.85 0.71 0.25 

. 0.9305 1.0686 1.7657 -0.019 -0.135 -76.24 -0.70 0.80 0.29 

Butanone + DMSO, 298.15 K 

0.0930 0.8234 0.4384 -0.302 -0.090 -20.99 -0.09 0.70 0.65 

0.\875 0.8492 0.5180 -0.520 -0.163 1.37 0.02 0.71 0.65 

0.2834 0.8762 0.6758 -0.693 -0.160 263.84 0.54 0.87 0.79 

0.3809 0.9041 0.8631 -0.800 -0.130 467.78 0.81 1.00 0.91 

0.4799 0.9333 1.0880 -0.854 -0.065 632.84 1.04 1.16 1.06 

0.5806 0.9635 1.3404 -0.837 0.025 735.31 . 1.23 1.34 1.24 

0.6829 0.9947. 1.5525 -0.737 0.072 679.11 1.28 1.45 1.35 

0.7868 1.0274 1.7503 -0.589 0.102 549.37 1.34 1.57 1.49 

0.8925 1.0608 1.9089 -0.345 0.090 332.04 1.42 1.72 1.65 

'* . ·-
Butylamine+ DMSO, 298. I 5 K 

0.0942 0.7595 0.5608 -0.403 -0.076 -19.60 -0.10 0.87 0.80 

0.1896 0.7892 0.6836 -0.71 I -0.096 143.36 0.37 1.04 0.93 

0.2862 0.8207 0.8842 -0.948 -0.040 448.01 0.88 1.28 1.15 

0.3841 0.8540 1.1 108 -1.109 0.040 675.78 1.15 1.48 1.32 

0.4834 0.8892 1.3283 -1.191 0.109 776.10 1.25 1.61 1.55 

0.5839 0.9265 1.5437 -l.l85 0.174 801.06 1.33 1.74 1.74 

0.6858 0.9658 1.7132 -1.073 0.191 706.96 1.33 1.8 I 1.93 

0.7891 1.0070 1.8558 -0.845 0.179 548.66 1.34 1.88 2.13 

0.8939 1.0503 1.9775 -0.50! 0.144 345.03 1.48 2.06 2.07 
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Table 2. (Contd.) 

XI 

0.0953 0.7932 

0.1917 0.8173 

0.2890 0.8430 

0.3874 0.8703 

0.4868 0.8996 

0.5872 0.9310 

0.6888 0.9648 

0.7914 1.0014 

0.8951 1.0411 

0.1418 0.8842 

0.2710 0.9037 

0.3893 0.9238 

0.4979 0.9438 

0.5980 0.9649 

0.6905 0.9869 

0.7763 1.0096 

0.8561 1.0334 

0.9305 1.0580 

0.0930 0.8124 

0.1875 0.8380 

0.2834 0.8655 

0.3809 0.8940 

0.4799 0.9233 

- 0.5806 0.9533 

0.6829 0.9842 

0.7868 1.0165 

0.8925 1.0498 

0.0942 0.7489 

0.1896 0.7793 

0.2862 0.8111 

0.3841 0.8451 

0.4834 0.8804 

0.5839 0.9177 

0.6858 0.9567 

0.7891 0.9978 

0.8939 1.0403 

2.4965 

2.2559 

2.0712 

1.9334 

1.8355 

1.7704 

1.7292 

1.6867 

1.6621 

0.7177 

0.7848 

0.8663 

0.9507 

1.0476 

1.1548 

1.2712 

1.4053 

1.5465 

0.4090 

0.5575 

0.7461 

0.9258 

1.1266 

1.3117 

1.4620 

1.5877 

1.6767 

0.5155 

0.6382 

0.8425 

1.0464 

1.2390 

1.4212 

1.5703 

1.6681 

1.6887 

ROY, DAS 

H12 

tert-Butyl alcohol+ DMSO, 308.15 K 

0.026 -0.191 -156.14 -0.75 0.95 1.14 

0.054 -0.327 -286.22 -;-0.76 1.03 1.19 

0.077 -0.406 -376.30 -0.76 1.13 1.26 

0.098 -0.437 -423.97 -0.74 1.23 1.33 

0.111 -0.427 ...:.429.55 -0.72 1.33 1.39 

0.110 -0.383 -395.46 -0.68- 1.41 1.46 

0.099 -0.314 -330.22 -0.65 1.49 1.51 

0.075 -0.245 -270.22 -0.69 1.51 1.51 

0.034 -0.157 -186.23 -0.82 1.44 1.41 

Butyl acetate + DMSO, 308.15 K 

-0.244 -0.098 -111.00 -0.51 0.90 0.79 

-0.335 -0.165 -158.04 -0.47 0.91 0.77 

-0.357 -0.206 -167.64 -0.44 0.92 0.75 

-0.339 -0.234 -178.27 -0.46 0.92 0.72 

-0.299 -0.241 -169.13 -0.46 0.91 0.69 

-0.258 -0.229 -149.89 -0.47 0.91 0.65 

-0.203 -0.202 -125.88 -0.48 0.90 0.61 

-0.144 -0.151 -84.19 -0.48 0.91 0.58 

-0.069 -0.087 -47.14 -0.50 0.89 0.52 

Butanone + DMSO, 308.15 K 

-0.215 -0.043 204.19 0.95 0.82 0.76 

-0.440 -0.025 593.52 1.53 1.01 0.93 

-0.692 0.031 927.48 1.80 1.18 1.09 

-0.860 0.076 1061.92 1.77 1.27 1.18 

-0.940 0.14 1141.60 1.80 1.39 1.29 

-0.906 0.186 1102.61 1.79 1.48 1.40 

-0.786 0.195 946.45 1.72 1.54 1.46 

-0.613 0.177 716.86 1.69 1.60 1.54 

-0.360 0.120 409.58 1.69 1.68 1.64 

Butylamine+ DMSO, 308.15 K 

-0.529 -0.025 298.88 0.98 1.02 0.92 

-0.927 -0.025 614.32 1.06 1.10 0.98 

-1.212 0.055 1091.99 1.49 1.34 1.20 

-1.440 0.133 1408.81 1.62 1.49 1.34 

-1.509 0.198 1601.54 1.64 1.59 1.46 

-1.480 0.251 1709.70 1.67 1.70 1.58 

-1.320 0.269 1719.63 1.68 1.78 1.69 

-1.056 0.234 1543.01 1.66 1.83 1.77 

-0.618 0.12 1078.02 1.48 1.74 1.69 
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Table 2. (Contd.) 

XI 
p x 10-3, TJ, VEX 106, ~T]. ~G*E, 

dl2 T12 H12 kgm-3 mPas m3 mol- 1 mPas J moi- 1 

-

tert-Butyl alcohol + DMSO, 318.15 K 

0.0953 0.7837 1.7142 0.032 -0.078 -78.06 .:..0.39 1.22 1.27 

0.1917 0.8078 1.5876 0.060 -0.153 -216.16 -0.57 1.08 1.14 

0.2890 0.8335 1.4874 0.080 -0.211 -325.19 -0.64 1.05 l.IO 

0.3874 0.8610 1.4069 0.092 -0.245 -410.41 -0.70 1.04 1.07 

0.4868 0.8904 1.3750 0.096 -0.252 -410.63 -0.67 1.09 1.1 I 

0.5872 0.9221 1.3684 0.087 -0.230 -365.21 -0.61 1.15 1.15 

~· 0.6888 0.9562 1.3737 0.069 -0.189 -298.64 -0.58 1.20 1.19 

0.7914 0.9930 1.3890 0.043 -0.136 -215.40 -0.54 1.24 . 1.21 

0.8951 1.0327 1.4189 0.020 -0.069 -107.35 -0.48 1.29 1.26 

Butyl acetate+ DMSO, 318.15 K 

0.1418 0.8758 0.5781 -0.212 -0.086 -116.05 -0.51 0.74 -2.39 

0.2710 0.8955 0.6605 -0.348 -0.122 -70.40 -0.30 0.82 -0.66 

0.3893 0.9158 0.7569 -0.426 -0.134 -1.55 -0.17 0.87 -0007 

0.4979 0.9365 0.8393 -0.443 -0.151 -4.94 -0.18 0.87 0.19 

0.5980 0.9579 0.9280 -0.426 -0.154 -3.73 -0.19 0.87 0.34 

0.6905 0.9799 1.0308 -0.383 -0.136 20.96 -0.15 0.89 0.45 

0.7763 1.0026 l.l374 -0.312 -0.108 38.02 -0.11 0.91 0.54 

~ 0.8561 1.0261 1.2444 -0.222 -0.074 41.28 -0.08 0.94 0.61 

0.9305 1.0504 1.3507 -0.113 -0.036 31.38 -0.03 0.97 0.68 

Butanone + DMSO, 318.15 K 

0.0930 0.8051 0.3725 .:.0.389 -0.047 71.81 0.35 0.65 0.60 

0.1875 0.8312 0.4369 -0.662 -0.091 107.63 0.29 0.64 0.59 

0.2834 0.8584 0.5429 -0.870 -0.093 290.81 0.56 0.71 0.65 

0.3809 0.8866 0.6887 -1.009 -0.058 523.03 0.86 0.83 0.76 

0.4799 0.9161 0.8739 -1.093 O.Q15 749.95 1.16 0.99 0.91 

0.5806 0.9472 1.0807 -1.142 0.107 901.39 1.43 1.17 1.10 

0.6829 0.9797 1.2410 -1.128 0.151 989.72 1.76 1.44 1.39 

0.7868 1.0127 1.3732 -0.979 0.165 932.08 2.15 1.77 1.75 

0.8925 1.0455 . 1.3853 -0.657 0.057 641.73 2.59 2.14 2.18 

~ Butylamine + DMSO, 318.15 K 

0.0942 0.7422 0.4387 -0.510 -0.024 174.36 0.78 0.85 0.76 

0.1896 0.7728 0.5147 -0.960 -0.052 242.39 0.61 0.82 0.74 

0.2862 0.8050 0.6441 -1.316 -0.028 476.63 0.90 0.94 0.84 

0.3841 0.8396 0.8489 -1.623 0.070 841.07 1.36 1.17 1.05 

0.4834 0.8762 1.0931 -1.826 0.206 1138.80 1.75 1.43 1.32 

0.5839 0.9143 1.2867 -1.866 0.290 1196.30 1.89 1.60 1.50 

0.6858 0.9541 1.4169 -1.760 0.309 1073.30 1.92 1.69 1.62 

0.7891 0.9945 1.4255 -1.423 0.205 710.87 1.66 1.58 .1.52 

0.8939 1.0359 1.4277 -0.886 0.093 334.24 1.39 1.44 1.40 
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VEX 106, m3 moJ-l 

0.4 

-0.8 

-1.2 

0 0.2 0.4 

·-~ 

f 

0.6 0.8 

Fig. 1. Excess molar volumes (VE) for binary mixtures of 
DMSO(x1) with (/) t-butyl alcohol, (2) n-butyl acetate, 
(3) 2-butanone, and (4) n-butylamine at 298.15 K. 

cal contributions are nonspecific interactions and con
tribute a positive term to VE. The chemical or specific 
intermolecular interactions result in a volume decrease. 
The structural contributions arise especially from geo
metrical fitting (interstitial accommodation) of one 
component into the other due to the differences in the 
free volume and molar volume between the compo
nents and lead to a negative contribution to VE. 

The largest negative excess volume of DMSO and 
n-butyl amine system is due to the strong interaction 
between the oxygen atom of DMSO and the hydrogen 
atom of n-butyl amine. This indicates the formation of 
intermolecular hydrogen-bonded complexes. The para
bolic shapes of VE versus x 1 plots (Fig. 1) with well
defined minima also indicate the presence of complex 
formation. It is seen that the values of VE for binary 
mixtures of DMSO with 2-butanone are also negative 
over the entire range of composition, suggesting spe
cific interactions between the mixing components. 
These negative values of VE may be attributed to 
dipole-dipole interactions resulting in the formation of 
electron-transfer complexes between the molecules of 
mixing components. The molar volumes of DMSO and 
butyl acetate differ considerably. Hence, smaller 
DMSO molecules are interstitially accommodated into 
aggregates of butyl acetate, yielding negative VE values 
for DMSO and butyl acetate mixtures. 

The DMSO + tert-butyl alcohol mixture is the only 
exception among the binary mixtures showing positive 
values of VE over the entire composition and tempera
ture range. Mixing of DMSO with tert-butyl alcohol 
would induce dissociation of the hydrogen bonds in the 
self-associated alcohol [24], leading to expansion in 
volume, and, thus, a positive contribution to VE values. 

~T]. m Pas 
0.4 

0 0.2 0.4 0.6 0.8 

Fig. 2. Viscosity deviations (ATJ) for binary mixtures of 
DMSO(x1) with (/) t-buty1 alcohol, (2) n-butyl acetate, 
(3) 2-butanone, and ( 4) n-butylamine at 298.15 K. 

Another e~ually important contribution leading to the 
positive V values for this mixture arises from the close 
molecular sizes [25] of DMSO arid tert-butyl alcohol. 

Large negative values of viscosity deviations .1.11 are 
observed for the binary mixtures containing t-butyl 
alcohol and butyl acetate. For 2-butanone and butyl 
amine, the .1.11 values are negative for lower mole frac
tions of DMSO but become positive at higher mole 
fractions of DMSO, as shown in Fig. 2. 

The negative .1.11 values of DMSO and t-butyl alco
hol mixtures indicate the dominance of dispersion 
forces [25] between the unlike molecules [26]. Accord
ing to Fort and Moore [27], .1.11 values are negative in 
systems of unequal molecular size, with dominant dis
persive forces. This explains the negative .1.11 values for 
the DMSO and butyl acetate mixture. For 2-butanone 
and butyl amine mixtures with DMSO, positive AT\ val
ues indicate the presence of charge transfer interactions 
leading to the formation of complex species between 
unlike molecules [27]. These conclusions are in excel
lent agreement with that drawn from VE values. 

The systematic rise in VE values with a rise in tem
perature (Table 2) for all the systems suggested an 
increase in interaction between the component mole
cules [28, 29]. The effect of temperature increase is to 
disrupt hetero and homo association of the molecules 
resulting in an increase in fluidity of the liquids giving 
higher .1.11 values at higher temperatures. Similar results 
have been reported earlier [28]. 

According to Reed and Taylor and Meyer eta!., pos
itive .1.G*E values indicate specific interactions, while 
negative values indicate the dominance of dispersion 
forces [26, 30]. 
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~ Table 3. Redlich-Kister coefficients and standard deviations (cr) for the binary mixtures at 298.15, 308.15, and 318.15 K \ .. 

t Excess property T,K Ao At A2 A3 A4 cr 

DMSO + tert-Butyl alcohol 

vEx 106, m3mol- 1 298.15 1.183 -0.074 -0.722 0.002 

308.15 0.442 0.121 -0.087 --0.126 -0.124 0.002 

318.15 0.378 -0.100 -0.147 0.001 

~11. mPa s 298.15 -4.664 2.294 0.023 

308.15 -1.689 0.711 -0.094 -0.588 -0.502 0.002 

318.15 -0.998 0.220 0.272 -0.182 0.001 

~G*E, J mol- 1 298.15 -3553.20 981.45 1660.60 -1224.24 -2480.93 9.21 
.'j 308.15 -1707.49 454.38 311.26 -1252.91 -710.67 3.22 

318.15 -1639.09 485.49 -1006.67 7.39 

DMSO +butyl acetate 

vEx 106, m3 mol- 1 298.15 -0.889 0.518 0.257 0.002 

308.15 -1.351 0.541 -0.436 0.116 0.003 

318.15 -1.778 -0.024 0.002 

~11. mPa s 298.15 -1.958 -0.373 0.006 

308.15 -0.933 -0.305 -0.177 0.001 

318.15 -0.615 -0.001 0.007 

~G*E, J mol- 1 298.15 -2688.68 1090.97 370.72 419.07 5.51 

••• 
308.15 -702.389 35.529 -217.51 218.25 3.37 

318.15 -28.83 46.12 675.66 3.57 

DMSO + 2-Butanone 

VEX 106, m3 mol-l 298.15 -3.402 -0.052 -0.205 . 0.006 

308.15 0.599 0.931 -0.324 0.215 0.005 

318.15 -4.445 -1.210 -0.390 0.006 

~,. mPa s 298.15 -0.177 1.396 0.010 

308.15 0.599 0.931 0.214 0.005 

318.15 O.Dll 1.886 0.262 0.004 

~G*E, J mol- 1 298.15 2668.48 2379.35 -2772.74 -999.62 11.44 

-308.15 4545.82 -180.14 -242.60 -563.24 -2344.28 16.42 

318.15 3125.33 3726.60 114.70 1235.00 6.95 

~ DMSO + n-butylamine 

vEx 106, m3 mol- 1 298.15 -4.787 -0.437 -0.191 0.003 

308.15 0.858 1.293 -0.563 -0.362 O,.()J I 

318.15 -7.327 -2.062 -0.404 0.012 

~11. mPa s 298.15 0.510 1.266 -1.046 0.391 1.166 0.005 

308.15 1.121 1.783 -1.050 -1.39 0.014 

318.15 0.890 2.385 -1.662 -3.650 1.228 0.007 

i ~G*E, J moi- 1 298.15 3205.28 866.70 -2967.24 2496.09 976.64 16.87 

308.15 3808.74 2767.12 -518.58 999.67 16.24 

:;)~ 
318.15 4644.68 3325.08 -2269.01 6206.62 -2316.12 17.05 
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Fig. 3. Excess Gibbs energies for activation of viscous flow 
(t:J.G*E) for binary mixtures of DMSO(x1) with (1) t-butyl 
alcohol, (2) n-butyl acetate, (3) 2-butanone, and (4) n-butyl
amine at 298.15 K. 

It is seen that, for DMSO + t-butyl alcohol mixtures, 
the !J.G*E values are negative over the entire range of 
the composition and temperature, indicating the domi
nance of dispersive forces between the mixing compo
nents. The large, positive tlG*E values for the DMSO + 
butylamine mixture speak in favor of strong specific 
interactions through complex formation in the system. 
The values of tlG*E for DMSO + 2-butanone system 
are less positive, suggesting weaker interactions in the 
system. 

Several semiempirical relations have been proposed 
to estimate the dynamic viscosity (11) of liquid mixtures 
in terms of pure component data [30, 31). Some of them 
that we examined are as follows: 

The single parameter Grunberg-Nissan equation 
[32) reads as: 

'l = exp[~ (x,ln'!];) + x1x2d 12} (6) 

where d12 is a parameter proportional to the interchange 
energy and has been regar~ed as an. approx.imate mea
sure for the nonideal behaviOrs of bmary mixtures. 

Tamura-Kurata [33) put forward the following equa
tion for the viscosity of binary liquid mixtures: 

2 

"" 112 11 = ~x;<jl;11; + 2(x,x2<jl 1<jl2) T12• (7) 
i= I 

where T12 is the interaction parameter and <jl; is the vol
ume fraction of 11h pure component in the mixtur.e. 

Molecular interactions may also be interpreted by 
the viscosity model of Hind et al. [34), 

2 

11 = .Lx;11; + 2(x1x2H 12), (8) 
i= I 

where H 12 is the ~nteraction parameter. 

The values of the interaction parameter d 12 have 
b~en ca.lcu!ated. as a function of the composition of 
bmary hqmd mixtures and are listed in Table 2. From 
Ta~le 2. we see that the DMSO + n-butylamine mixture, 
'Yhich mvolves large specific interaction, shows posi
tive d 12 values, whereas the DMSO + t-butyl alcohol 
system, where dispersive forces are predominant 
shows negative d12 values [16, 35, 36). ' 

The values of T12 and H12 have been calculated from 
Eqs. (4) and (5) and are listed in Table 2. It is observed 
from Table 2 that T12 and H 12 values are positive for all 
binary mixtures, show almost identical values and do 
not change appreciably with the change of composition 
of binary mixtures. This is in agreement with the view 
put forward by Fort and Moore [27). After a thorough 
study of the behavior of excess properties and interac
tion parameters of selected binary mixtures, it is 
observed that specific interaction is present in the sys
tems of DMSO + n-butyl amine, + butyl acetate, and 
+2-butanone and that dispersive forces are dominant in 
the system of DMSO + t-butyl alcohot at all the exper
imental temperatures. 

ACKNOWLEDGMENTS 

The authors are thankful to the head of the Depart
ment of Chemistry of the University of North Bengal 
for his kind cooperation. M. Das is grateful to the Uni
versity Grants Commission of New Delhi for sanction
ing a Teacher Fellowship under an FIP scheme and pro
viding financial aid in support of this research work. 

REFERENCES 
1. T. Kamiyama, M. Morita, and T. Kimura, J. Chern. Eng. 

Data 49, 1350 (2004). 
2. R. Francesconi, A. Bigi~ K. Rubini, and F. Comelli, 

J. Chern. Eng. Data SO, 1932 (2005). 
3. C. Lafuente, B. Giner, A. Villares, et a!., Int. J. Thermo

phys. 25, 1735 (2004). 
4. P. S. Nikam, L. N. Shirsat, and M. Hasan, J. Indian 

Chern. Soc. 77,244 (2000). 
5. J. R.Suindells and T. B.Godfray, J. Res. Nat!. Bur. Stand. 

48, 1, (1952). 
6. M. N. Roy and A. Choudhury, J. Teach. Res. Chern. 1, 17 

(2000). 
7. D. K. Hazra, M. N. Roy and B. Das, Ind. J. Chern. Tech

. no!. 1, 93 (1994). 
8. M. N. Roy, A. Jha, and R. Dey, J. Chern. Eng. Data 46, 

1247 (2001). 
9. M. N. Roy, A. Jha, and A. Choudhury, J. Chern. Eng. 

Data 49,291 (2004) .. 

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY Vol. 80 Suppl. I 2006 



THERMODYNAMIC AND TRANSPORT PROPERTIES OF BINARY MIXTURES S171 

10. N. V. Sastry and M. C. Patel. J. Chern. Eng. Data 48, 
1019 (2003). 

II. J. A. Riddick, W. B. Bunger, and T. K. Sakano, OrganiC 
Solvents: Physical Properties and Methods of Purifica
tion, 4th ed. (Wiley-Interscience, New York, 1986). 

12. R. Anson, S. Garriga, P. Martinez, eta!., J. Chern. Eng. 
Data 50, 677 (2005). 

13. C. M. Kinart, W. J. Kinart, and D. J. Checinska-Majak, 
J. Chern. Eng. Data 48, 1037 (2003). 

14. Hsu-Chen Ku and K. Chein-Hsiun Tu, J. Chern. Eng. 
Data SO, 608 (2005). 

15. TRC Thermodynamic Tables:~Non-Hydrocarbons (Ther
modynamics Research Center, College Station, TX, 
1971). 

16. T. M Aminabhavi and K. Banerjee, J. Chern. Eng. Data 
43, 514 (1998). 

17. TRC Thermodynamic Tables: Non-Hydrocarbons (Ther
modynamics Research Center, College Station, TX, 
1966). 

18. A. W. Quin, D. F. Hoffmann and P. Munk, J. Chern. Eng. 
Data37,55 (1992). 

19. S. Glasstone, K. J. Laidler, and H. Eyring, The Theory of 
Rate Process: the Kinetics of Chemical Reactions, Vis
cosity, Diffusion and Electrochemical Phenomena 
(McGraw-Hill, New York, 1941), p. 514. 

20. D. S. Gill, T. S. Kaur, H. Kaur, et al., J. Chern. Soc., Fara
day Trans. 89, 1737 (1993). 

21. J. N. Nayak, T. M. Aminabhavi, and M. I. Ara1aguppi, 
J. Chern. Eng. Data 48, 1152 (2003). 

22. M. N. Roy, A. Sinha, and B. Sinha, J. Solution Chern. 
34, 13 I I (2005). 

23. A. J. Treszczanowicz, 0. Kiyohara, and G. C. Benson. 
J. Chern. Thermodyn. 13,253 (1981). 

24. Y. Marcus, Introduction to Liquid State Chemistry 
(Wiley-Interscience, New York, 1977). 

25. P. Assarson' and F. R. Eirich, J. Phys. Chern. 72, 2710 
(1968) 

26. T. M. Reed and T. E. Taylor, J. Phys. Chern, 63, 58 
(1959). 

27. R. J. Fort and W. R. Moore, Trans. Faraday Soc. 62, 11 I 2 
(1 996). 

28. T. N. Aminabhabi and B. Gopa1krisna, J. Chern. Eng. 
Data 39, 529 (1994). ·· 

29. M. Singh, J. Ind. Chern. Soc. 79, 659 (2002). 
30. R. Meyer, M. Meyer, J. Metzer, and A. Peneloux, Chern. 

Phys. 62, 406 (1971). 
31. J. B. Irving, NEL Report Nos. 630 and 631 (National 

Engineering Laboratory, East Kilbride, Glassgow). 
32. L. Grunberg and A. H. Nissan, Nature 164, 799 ( 1949). 
33. M. Tamura and M. Kurata, Bull. Chern. Soc. Jpn. 25, 32 

(1952). 
34. R. K. Hind, E. McLaughlin, and A. R. Ubbelohde, Trans. 

Faraday. Soc. 56, 328 (1960). 
35. K. Ramamoorthy, J. Pure Appl. Phys. 11, 554 (1973). 
36. K. Ramamoorthy, J. PureAppl. Phys.ll, 556 (1973). 

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY Vol. 80 Suppl. I 2006 




