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Scope and Object of the Work 

The importance and uses of the chemistry of electro-

lytes in non-aqueous and mixed solvents a.re well-recognized. 

applications and implications of the studies of reaction in non-aqueous 

and mixed solvents have been summarized by Meek 1 , Franks 2 , 

Po~"'Ch 3 Bates 4 • 5 t"t: .J . I 
, Parker 6 • 7 , Criss and Salomon 8 , Marcus 9 

and oU1ers10 - 1? The ion-ion and ion-solvent interactions have been 

subject of wide interest as apparent from recent Faraday Transa.ctions 

of the chemical society 13 . 

The majority of reactions that are of chemical or 

biological interest occur in solution. It was previously believed 

that the solvent merely provides an inert medium for chemical reac-

tions. The signicicance of solute-solvent interactions was realised 

only recently as a result of extensive studies in aqueous and non-

aqueous solvents. While proton transfer reactions are particularly 

sensitive to .the· nature of the solvent, it has become increasingly 

clear that the majority of the solutes are signliicantly modified by 

all solvents. Conversely, the nature of the strongly structured solvents, 

such as water, is .substantially m:1dified by the presence of solutes. 

Complete understanding of the phenomena of solution chemistry will 

become a reality only when solute-solute , solute-solvent and solvent

solvent interactions are elucidated 14 . 

Inspite of vast collections of data on the different 

electrolytic ··and non-electrolytic solutions in water, the structure 
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of water and the different types of interactions that water Wldergoes 

with electrolytes are_ yet to be properly -Wld~rstood. · However, the 

studies on properties of aqueous solutions have. provided sufficient 

information on the thermodynamic properties of different electrolytes 

'and non-electrolytes, the effects of variation in ionic-structure, ionic 

mobility and common ions on the properties of aqueous solutions ancl 

. ·15 16 a host of other preperties ' Nevertheless, during recent years 

there has been an increasing interest in the behaviour of electrolytes 

in non-aqueous and mixed solvents with a view to investigating ion-

ion and ion-solvent interactions Wlder varied conditions. However, 

different sequence of solubility, differences in solvating power and 

possibilities of chemical or electrochemical reactions unfamiliar in 

aqueous chemistry have· open new vistas for physical chemists, and 

interest in these organic solvents transcends the traditional boundaries 

of inorganic, physical, organic, ana).yticaJ. and 17 ele ctroche mis try 

. We are mainly interested in the studies of ion-solvent 

interactions as .they are controlling forces in dilute solutions where 

· ion-ion interactions are ·absent, Influence of these ion-solvent interac-

tions on transfer of electrolytes between solvents is small but suffi- · 

· ciently large to cause dramatic changes in chemical reacti_ons involving 

ions. The changes in ionic solvation have · important _ applications in · 

such diverse areas as organic and inorganic synthesei, studies of 

18 . 19 ·reaction mecha¢sms, non-aqueous battery technology and extraction 

. The importance of ionic hydration in biochemistry and biophysics has 

:been stressed 20 · . 
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The proper understanding of the ion-solvent intarac-

t!.ons would form the basis of explaining quantitatively the influence 

of the solvent and the extent of interactions of ions in solvents and 

thus pave the way for real understanding of the different phenomena 

associated with solution chemistry, Estimate of ion-solvent interactions 

can be obtained thermodynamically and also from the measurements 

of- partial. molar volumes I v:tscosity B- co-efficients and , conductivity 

studies. 

Estimates of single-ion values enable us to refine 

our models of ion-solvent interactions. Acceptable values of ion- · 

solvent interactions would enable the chemists to choose solvents 

that will enhance ( 1 ) the rates of chemical reactions 1 ( i1 ) the 

solubility of minerals in leaching operations or reverse the direction 

of equilibrium reactions etc. 

It is thus apparent that the real understanding of 

the ion-solvent :f,nteractions is a difficult task. The aspect embraces 

a wide range of topics but we concentrated on the measurements 

of transport properties like viscosity and conductivity as well as 

of thermodynamic properties such as apparent molal volume and appa-

rent molal adiabatic ·compressibility studies, 

These are described in subsequent chapters • 



Summary of the Works done 

Tetrahydrofuran 1HF ) , 1 , 2 dimethoxyethane 

( DME ) and their aqueous mixtures have been Chosen as the solvtmt 

system in the present .study. 

Both these solvents are ether. 11-!F is a cyclic 

ether and DME is an open-chain ether. They have a similarity with 

each other with respect to their r:flysical properties. 

Tetrahydrofuran 1HF ) and 1, 2 dimethoxyethane 

( DME ) are commercially known as 1 Cellosolv_es· 1 being used exten-

sively as a solvating agent for Cellulose. 1HF, a low permittivity 

( E = 7. 58· ) has also been found its probability of application in 

high energy batteries and organic syntheses as manifested from the 

physico.:.chemical studies in this medium 21 ' 22 • 1,2 dimethoxyethane 

( DME ) is used now-a-days as an electrochemical solvent 

in non-aqueous battery electrolyte and also as solvents for the pre

paration and reaction of organoalkaline earth compounds 23 • 

The present dissertation has been divided into eight 

chapters. 

Chapter I forms the background of the present work. 

After presenting a brief. review OJ notable works in the field of ion

solvent interactions, such properties as conductance, viscosity, appa-:-

rent molal adiabatic compreE;sibility have been stressed. Critical 
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evaluations of .the different. methods of obtaining the ~ingle-ion values 
·.l 

and· theiJ:. implications have been made. The solvent properties are. 

then discussed, stressing the importance of such work. 

Chapter n describes the conductances of the tetra

alkylammonium bromides, R4 NBr ( R = C 4H7- to c711_5- ) , UBF6 and 

in tetrahydrofuran ( 'THF ) at 25°C. The conductance data 
' . 24 

have been analyse? using the Fauss-Kraus 'Ill,eory yielding values 

for the ion-pair and triple-ion formation constants. 

Chapter m entails the studies on relative viscosity 

of tetraalkylammonium bromides in tetrahydrofuran 11iF ) at 25 

and · 35°C. ~.e experimental results have. been analysed by using 
' 25 26 ' 27 28 ' . 

. Jones-Dole , . Moulik , Breslau and Vand equations. 

Chapter N describes the determination of the apparent 

and partial molal volumes of .. some tetraalkylammonium bromides in 

tetrahydrofuran ( THF ) and 1, 2 dimethoxyethane at 25, 30, 35, 

40' and 45°C. The linQ,ting a~parent molal volumes c¢ ~ ) and experi

* ' ~· mental slopes ( Sv ) have been interpreted in terms of ~on-solvent 

·~ 

and .ion-ion interactions respectively. Use has been made of the 

non-thermodynamic, so called extrapolation method to split the limiting 

appa~ent molal volumes· into the ionic contributions. The variation 

of .A.. 0 with temperature · has been explained from the· view point '-f:'v 
of ion-solvent interactions. 

1E.:) 
Excess molar valumes ( VE ) , excess viscosities 

*E and excess molar free energies of activation of flow ( G ) 
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have been reported for tetrahydrofuran + water and 1, 2 di.methoxyethane 

+ water nrlxtures at 25, 35 and 45°C in chapter v. The excess 

functions havt:J bt:Jt:Jn · discussed from the view point of itltat'molecular 

inturactions, Thi:J prapt:Ji:' undt;Jrstanding of tht;Jst:J :i.ntt;Jractions would 

t:mablt:J us to t:Jxtract ust:Jful information from the studit:Js of Viscosities 

and conductanct:Js of t:Jlt:Jctrolytes in TIIF and TIIF + Hz 0 mixturt:Js. 

Chapter VI describes the studies on the conductances 

of alkali metal chlorides · and bromides in Tetrahydrofuran + water 

miXtures ( 20, 40, 60 and 80 wt% of 'lliF ) at 25°C. The data have 

been analysed by the 1978 Fauss conductance equation and the 

characteristic parameters, /\0 , KA and . R have been evaluated. The 

ionic Walden products have been determined and their variations with 

solveot compositon discussed. 

In Chapter. VII, adiabatic compressibility data have 

been reported for some alkali metal chlorides and bromides in Tetra-

hydrofuran + water mixtures at 25°C. The compressibility data have 

bet:Jn analyst:Jd in tt:!rms of the limiting apparent molal adiabatic comprt:J

ssibillty ( cp k ) and the experimental slop~:! ( Sk ) and the results 

reveal the t:Jx:istance of solute-solvent and ion-ion interactions in these 

solvent mixtures. 

The dissertation ends with some concluding remarks 

- in Chapter VDI. 
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I N T R 0 D U C T I 0 N 

Most of the reactions that occur in solutions are 

of chemical or biological in nature. It was previously believed that 

solvent merely provides an inert medium for chemical reactions. 

The significance of. solute-solvent interactions was realised only recently 

as a result of .extensive studies in aqueous, non-aqueous as well 

as in mixed solvent 1- 10 . 

The most abundant solvent in nature is water. 

ln view of the extreme imiXJrtance to chemistry, biology, agriculture, 

geol_ogy, etc. Water has been· extensively used in kinetic and equi-

librium studies. . Despite of such extensive studies, our knowledge 

of molecular interactions in water is still very limited. Besides, 

the uniqueness . of water as a solvent has .been questioned11 •12 in 

recent years and it has been realized that the studies in other solvents 

media ( non-aqueous and mixed solvents ) would be of great help 

in understanding different molecular interactions and a host of compli

cated Phenomena 1-lO . 

Several classifications of organic solvents based 

on their dielectric constants, organic group types, acid base properties 

or association through hydrogen _bonding 10, donar-acceptor-properties 13, 

hard and soft acid-base principles 14 etc. have been made. As a 

result, the different solvent systems show a wide divergence of pro-
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perties. which WoUld naturally be reflected on tne thermaG1ynamic and 

ttansport properties of electrolytes and non-electrolytes 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 forces" 

in infinitely dilute solution~ where ion-ion interactions are absent. 

By separating these functions into ionic contributions, it is possible 

to determine the contributions due to cations and anions in the solute-

solvent interactions. Thus ion-solvent interactions or broadly speaking 

solute-solvent interactions play very inportant role in understanding 

U1e physico-chemical properties of solutions. 

One of the reasons for the intricacies in .solution 

Chemistry is that the structure of the solvent molecule is not known 

with certainty. . The introduction of an ion or a solute also modifies 

the solvent structure to an uncertain magnitude whereas the solute 

molecule is also modified and the interplay of forces like solute-solute, 

solute-solvent and solvent-solVent interactions become predominant 

though the isolated picture of any of the forces · is still not· known 

completely to the soiution chemist. 

The problems of ion-solvent interactions which are 

closely akin to ionic salvations can be studied ·from different angles 

using almost all the available physico-chemical techniques. 

Ion-solvent interactions can be studied spectroscopi-
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cally; tlle spectral solvent shifts or the chemical shifts determine 

the qualitative and quantitative nature of the ion-solvent interactions. 
D 

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 

froin tlle thermodynamic point of view where changes of free-energy j 

enthalpy and entropy etc, associated with a particular reaction can 

be qualitatively and quantitatively evaluated using various P"lysico-

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 salvational approaches involving the studies of the different 

transport properties such as viscosity,- conductance, compressibility 

etc. of electrolytes and derive the various factors associated with 

the ionic solvation. 

We _shall particularly dwell upon the different aspects 

of these transport properties as the present dissertation is intimately 

related to the studies of the viscosity, conductance and compressibility 

of different tetraalkyl ai1lmonium and alkali-metal salts in the pure 

as well as in the ·mixed organic and also in binary aqueous slovent 

systems. 

Viscosity 

Viscosity is one of the most important transport 

properties used for the determination of ion-solvent interactions and 
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. 15 16 studied extens1vely ' Viscosity is not thermodynamic quantity, 

but viscosity of an electrolytic solution together with thermodynamic 

-property, V2 , partial molal volume, gives much information and in-

sight regarding ion-solvent interactions and the structures of the 

electrolytic solutions. 

The first systematic measurements of viscosity of 

a number of electrolyte solutions over a wide concentration range 

·was attempeted by Gruneisen 17 in 1905. He noted non-linearity and 

negative curvature in the viscosity concentration. curves · ( irrespec-

tive of low or high concentrations ) . In 1929, Jones and Dole18 

suggested an empirical equation ( 1) quantitatively correlating the 

relative viscosities of the electrolytes with molar concentrations,(! . 

V'?o = 1 + Ae~ + B~ ( 1 ) 

This equation can be rearranged as 

"1./~ ,·- 1 ) 1 e~ = A+ Bt!~ ( 2 ) 

Here A and B are constants specific to ion-ion and 

ion-solvent interactions. The equation is applicable equallyto aqueous · 

and non-aqueous solvent systems where there is no ion association 

and has been 1 used extensively. 
1 

The term Affi 1 originally ascribed 

to Gruneisen. effect, arose from the long range coulumbic forces between 

the ions. The significance of the term had since then been realized 

due to the development of Debye-Huckel theory 19 of interionic attractions 

( 1923 ) , · Falkenhagen 1 s20-22 theoretical Calculations of the constant 

··\ 

--1., . 
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1 A 1 using the equilibrium theory and the theory of it reversible proce

ssess in electrolytes developed by Onsager and Fuoss 23 . The A-

coefficent depends on the ion-ion interactions and can be calculated 

from the physical properties of solvent and solution using the Falkenhagen 

Vernon 22 equation 

ATheo 1-0.6863 

where /\0 , A0-t- and Ao- are the limiting conductances of the electro-

lyte and the ions respectively at temperature T; £ and '7_ 0 are 

the dielectric constant and viscosity of the solvent. For most solutions, 

both aqueous and non-aqueous, the equation is valid upto 0.1 ( M P' 24
-:t 

At higher concentrations, the extended Jones-Dole equation ( 4 

involving an additional constant, D, originally used by Kam:insky25 

has been used by several Workers 26 • 27 • 

:1 + A c Y2 + 13 c + 'D c 2. (4) 

The constant D can not be evaluated properly and 

the significance of the constant is also not always meaningful and --.( 

therefore, the equation ( 1 ) is used by most . of the workers. 

Tiie plots of ( l1. /'1. t:'l - 1 ) 1 c!:i against c!:! 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 occur 24 • 28 • 29 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· ( 3 ) . + · 
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The B- co-efficient may be either positive or negative 

and it is actually the ion-solvent interaction parameter. It is condi-

tioned by the ion-size and the solvent and can not be calculated 

a priori. The B- coefficients are obtained as slopes of the straight 

lines using the least square method ahd intercepts equal to the 

30,31 
A values. The factors which influence B- values are . 

( 1) The effect of ionic solvation and the action 

of· the field of the ion in producing long range order in solvent mole-

cules , increase 1-1, or B- values . 

( 2 ) The destruction of the three dimensional structure of solvent 

molecules ( i.e. structures breaking effect or de-polymerisation effect ) 

decrease 11_, 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 can not be specifically solvated. 

Viscosities at higher concertration 

It had been found that the viscosity values at high 

concertrations ( 1 M to saturation ) can be represented by the empi-

rical formula suggested 
32 

by Andrade 

A e1Cp l:v., (?) 
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Several alternative formulations have been proposed 

for representing the results of viscosity measurements . in the high 

concentration range 33 ....: 38 and the equation suggested by Ange1139 ' 40 

based on an extension of the free volume theory of transport phenomena 

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

(6) 

The equation is • 

Where N represents the concentration of the salt 

.:.1 
in eqv. litre , A and K 1 are constants supposed to be independent 

of the salt composition and N 0 is the hypothetical concentration at 

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

al 
41-43 

et introducing the limiting condition, that as N ~ 0, -rz ~ yZ 0 

the viscosity of the pure solvent. Thus, we have. 

I 

J.n"11.. 
KN 

- ~ 'tz tre/ Na( f.J"- N) . 1'/.o 
(1) 

The equation ( 7 ) predicts a straight line passing 

through the origin for. the plot of ~ 'lhe.l VS Nf(No- N) if a suitable -"-. 

choice for N 0 is made. The equation ( 7 ) has been tested by 

Majumder et al using the data from the literature and from their 

own experimental results. The best choice for No and K 1 was selected 

by a trial and error method. The set of K 1 and N 0 which produce 

minimum deviation between l7. heJ.(ei<Pr) a'Hcl 'lh~l ([Fieo) was accepted. 

In dilute solutions, N < < N 0 and we have 

I 

KN 
1 + -Nl" 
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which is nothing but the Jones-Dole equation with 
I<' 

the ion-solvent interaction term represented as B = The 

arrangement between B- values determined in this way and using 

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

N 

Further, the equation 

~ 
No -
I<' 

No 
N 

k' 

Closely resembles Vand' s 

(reciprocal for viscosity 

1 

v 

7 Written in the form 

36 
equation 

(CJ) 

for fluidity 

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; 

Division of B- co-efficient into ionic values 

The viscosity B- co-efficients have been determined 

by a large number of workers in aqueous, mixed and non-aqueous 

l t 
29,44-74 

so ven s : However, the B- co-efficients as determined 

experimentally using Jones-Dole equation, does not give any impression 

_ regarding · iori-solvent interactions unless there is some way to identify 

the separate contributions of cations and anions in the total solute _\-

solvent interactions. The division of B- values into ionic components 
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is quite arbitrary and based on some approximation or 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) 
75 

Cox and Wolfenden carried out the division on 

+ -
the assumption that 16 ion values of. U and IO 3 in Lii0 3 are propor-

tional to the ionic volumes which are proprotional to the third power 

. 76 f . ]r,f5 of the ionic mobilities. The method of Gurney and also o Kamms.,.r 

is based .on 

( in wa f-~17) 

The argument in favour of this assignment is based 

cin the fact that the B- co-efficient for KCl is very small and that 

+ 
the mobilities of. K and Cl are very similar over the temperature 

range 15 - 45°C, The assignment is supported from other thermo-

-X 

15 
dynamic properties Nightingle 77 , however, 

..-{, 
preferred Rbcl 

O'l" Cscl rather than Kcl from mobility considerations. 

(2) The method suggested by Desnoyers and perron 26 

is based on _the assumption that the ion Et 
4 

N+ in water . is probably 

closest to being neither structure breaker nor a structure maker. 

Thus they suggest that it is possible to apply with a high degree 

of accuracy Eiristein' s equation 7 8 

B = 

and by having an accurate value of the partial molar volume of the 
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ibn, Vo it is possible to calculate the value of 0. 359 for \t
4

N+ 

in water at 25°C, 

Recently Sacco et al69 proposed the "referrence 

electrolytic" method for the division of B-values. Thus for tetra-

phenyl phosphonium tetraphenyl borw:tQ.. in water, we have 

B BPh4PPh4 

= = 

c 
( Scar~ly soluble in 

( 13 ) 

water · has been obtained 

by the following method : 

+ (14) 

The values obtained are in good agreement with 

those obtained by other methods. 

The criteria adopted for the separation of B- co-

efficients in non-aqueous solvents differ from those generally used 

in water. However, the methods are based on the equality of equa-

valent conductances of counter ions at infinite dilutions. 

Thus, 

(a) 

in ethanol 

B 25 + 
Me

4
N 

(b) 

the equality 

. 47 
Criss and Mastroianni assumed Bk ;- = BG1-

bB:sed on equal mobilities of ions7l. They cilso adopted 

= 0. 2 5 as the initial value for accetonitrile solutions. 

80 . 
For acetonitrile solutions, Tuan and Fuoss proposed 

= ( 15 ) 

'r 
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as they thought that these ions have similar mobilities. 

81 atcotdihg to sptihget Eit al 

(Ph if)= 58, 3 in acetonitrile, 

However, 

(c) Gopal and Rastogi 45 resolved the B- co-:-efficient 

in N-methyl propionamide solutions assuming that 

= B -I 
( 16) at all temperatures. 

(d) In dimethyl sulphoxide, the division of B- co-efficients 

were carried out by Yao and Bennion
28 

assuming 

8 [(i-pe)
3
BuN+ 

at all temperatures. 

'Wide use of this method has been made by other 

authors for 'dimethylsulphoxide 27 
, sulpholane 

55 
hexamethyl phospho-

59 . 82 
triamide and ethylene carbonate solutions. 

The methods, however, have been strongly criticized 

83 by Krumgalz According to him, any method of ~esolution based 

on the equality of equivalent conductances for certain ions suffers 

from the dTawback that it is impossible to select any two ions for 

which A~ = 1\0~ in an solvents at all temperatures. Thus, 

though 1\~(Kt) =· )\~(el-) at 2 5°C in methanol, but not in ethanol 

or in other solvents. In addition, if the mobilities of some ions 

are even equ.al at infinite dilution, but it is not necessarily true 

at moderate concerntrations for which the B- co-efficient values are 
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~alculated. Further, according to him, equality of di.mensions of 

( i - pe )
3 

BuN+ or ( i -A~) 
3 

BuN+ and Ph
4 

B does not necessarily 

imply the equality of B- co-efficients of these ions and they are likely 

to be solvent and ion-structure dependent. 

83,84 Krumg.alz has recently proposed a method 

for the resolution of B- co-efficients. The method is based on the 

85,86 
fact that the large tetraalkylammonium cations are not solvated 

in organic solvents in the normal sense involving significat electro-

static interaction ) . Thus, the ionic B- values for large tetraalkyl-

+ ammonium ions, R
4 

N where R) Bu ) in organic solvents are 

proportional to their ionic dimensions. 

Thus, we have 

3 = a + br N+ 
R4 

( 18 ) 

Where a = B X- and b is a constant dependent on temperature and 

solvent nature. 

The extrapolation of the plot of BR NX ( R) PJI or Bu ) 
4 

against r3 R N + to zero cation dimension gives directly Bx- in the 
4 

proper solvent from which other B- ion values can be calculated. 

The B- ion values can also be calculated from the 

equations 

BR N+ BR 1 N+ B ~·NX = 
and 4 4 R

4
NX 4 

(19) 

BR N+ J:'!R N 
4 4 = (20) 

B I N+ r3 + 
R 1 N R 4 4 
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The radli of the tetraalkylammonium ions have been 

87 
calculated from the conductometric data 

70 
Gill and Sharma usecl But., NBPh as a reference 

elcetrolyte . The method of resolution is based on the assumption, 

like Krumgalz, that Bulj N -t and Ph 'I B- ions with large R- groups are 

not solvated in non-aqueous solvents and their eli mensions in such 

solvents are constant. The ionic r ad:ii of Bu Lj N -+- ( 5 . 00 A0 ) and 

5. 35 A0 ) have, in fact, found to remain constant in different 

non-aqueous and mixed non-aqueous solvents by Gill and co-workers. 

They proposed the equations 

B - ra -ph
4
B ph4 B 

5.35)3 
B + = 

r3Bu
4

N+ 
= 

Bu4N 
5.00 (21) 

and 

~u4NBph4 = 1\u
4

N+ + B -ph
4
B (22) 

The method requires only the B- values of Bu '-INBPh 

and is equally applic~ble to mixed non-aquous 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 

B~ . + 
1 - Am

3
BuN (23) 

71 72 7 a) · Recently, Lawrence and Sacco ' \ used tetra-

butyl ammonium tetrabutyl borate ( Bu4 NBBu4 ) as reference electrolyte 
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because the cation and anion in each case are symmetrically shaped 

and have almost equal van der Waals volumes. Thus, we have, 

B -+ v - + 
(Bu4N ) w Bu4N 

B - - v (Bu4B ) w(Bu
4
B-) 

(24) 

v (Bu
4
s-) or, w 

) ( 1 + B + = 8
(Bu4NBBu4 J/ (Bu4N ) v w (Bu

4
,N-t) 

(25) 

A similar diVision can be made for the Ph 
4 

PBPh 
4 

system. 

72b 
Recently Lawrence et al made the viscosity mea-

surements of tetraalkyl ( from Pr to Hept ) ammonium bromides in 

DMSO and HMPT. The B- co-efficients B(R NBr) = B(Br-) +a[/x(R4N+) 
4 -

were plotted as functions of the van der Waals volumes. The B 

Br- values thus obtained were compared with the accurately 

determined B ( Br- ) value obtained using Bu 4 NBBu4 and Ph4 PBPh4 

as reference salts. They concluded that the 1 reference salt 1 method 

is the best avaiable method for diVision into ionic contributions. 

Their analysis is in agreement with the conclusions made by Thomson 

et al72c,d 

Jenkins and Pritcheit 
88 

suggested a least square 

analytical technique to examine additiVity relationship for combined 

ion thermodynamics data, to effect apportioning into single-ion campo-

nents for alkali metal halide salts by employing Fajans 1 competition 

principle 89 and 1 volcano plots 1 of Morris 90 The principle was 

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

+ 
and halides in water. They also observed that B ( CS ) = B ( I 
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suggested by Krumgalz 85 to be more reliable than B ( K+ ) = B ( Gl-) 

~ 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 

uruess proper methemati.cal theory is developed to calculate 8- values. 

Temperature dependence of B ion values 

A regularity in the behaviour of B± and dB± has f~ 

15 dT been observed both in aqueous and non-aqueous solvents ana useful 

generalisations have been· made by Kaminsky 25 
, 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 periodic· syst~m, the temperature 

co-efficient of B i 0 r1 values increases as the ionic radius increases. 

The results can be summarized as follows 

(i) A and dA '-- o 
dT I 

( i1) 8 ion · < 0 

( 26 ) 

and ( 27 ) 

~haracteristi.c of the structure breaking ions 

(iii) B. ~0 
10n I 

and dBion < 0 
dT 

( 28 ) 

characteristic of the structure making ions 

11147L1 

2 1 SEP 1S!4 

~ .. I" .... 

~~,·-r:AUA ~··81l~~,'tl~ 
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When an ion is surrounded by a solvent sheath, 

the properties of the solvent in the salvational layer may be, different 

from those present in the bUlk structure. This is well reflected 

91 in the 1 co-sphere 1 model of Gurney , A, B, c zones of Frank 

and Wen 92 and hydrated radius of Nightingle 77
• 

Stokes and Mills 
15 

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 ( ~ 0 ) plus the viscosity changes resulting from the 

competition between various effects occuring in the ionic neighbourhood .. 

Thus, 

( Jones-Dole equation ·) 

Cfo 

~ is the positive increment in viscosity caused 

by coulombic interaction. Thus, 

(30) 

B- co-efficient can thus be interpreted in . terms 

of the competitive viscosity effects. 

Following Stokes and Mills 
15 

and Krumgalz 83 

we can write for B ion as 

B. 
wn 

E:i.rist 
= B. 

wn 
Orient 

+ B. + 
wn 

(31) 

··-

,_ 
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Whereas according to Lawrence and Sacco 
11 

B. 10n = B + B + B w solv shape 
+ B ord + .Bdi d ( 32) sor 

Ifinst 
10n 

is the positiVe increment arising from 

the obstruction to the viscus flow of the solvent caused by the shape 

and size of the ions ( the term corr~sponds to ~ E or B shape ) , 

B~Iient is the positive increment arising from the alignment or struc-
wn 

ture making action of the electric field of the ion on the dipoles 

of the solvent molecules ( the term corresponds to '"7. A or B a..,,£), 

..s.t:r 

.tl. is the negative increment related to the destruction of the solvert 10n 

structure in the region of the ioriic co-sphere arising· from the opposing 

tendencies of the ion to orientate the molecules round itself centrosys-

metrically and solvent to keep its own structure 

D 
to 'VI_ or B _.~ . d.. ) • 

CM.5 o-r 

( tms corresponds 

Bfo~inf is the positive increment conditioned by the effect of 1 reinforce

ment of, the water structure 1 by large tetraalkyammonium ions due 

to hydrophobic hydration. The phenomenon is inherent in the intrinsic 

water structure and absent in organic solvents. 

B and B 1 account for viscosity increases and 
w so v 

attributed to the van der Waals volume and the volume of the solvation 

of ions. 

Thus small and highly charged cations like Li +and 

Mg2 -t form a firmly attached primary solvation sheath around these. 

. ( E.inst or 11 E . ) din . wns K L pos1tive . At or ary temperature, alignment 10n 



18 

of tl1e solvent molecules around the inner layer also cause increases 

in 
orient 

B. 10n 
"YY A ) B.str 

'- ' 1on 
( '1 D ) is small for these ions. 

Thus B. will be large and positive as 
10n 

B.Einst 
10n 

+ _ B.orient ) ) B.str 
10n 10n However B.Einst 

10n 
and B. orient 

10n 

would be small for ions of greatest crystal radii ( within a group ) 

like t cs or I- due to small surface charge densities resulting 

in weak orienting and structure forming effect. B ~tr 
10n would be 

large due to structural disorder in the immediate neighbour-hood 

of the ion due to competition ·between_ the ionic ·field and the bulk 

structure. ~us, 

negative. 

B.Einst 
1on 

+ . B.Orient 
10n 

B.str 
1on and Bion is 

Ions of intermediate size ( e.g. K +and Cl- ) have 

a close balance of viscous forces in their vicinity, i.e. 

+ B. orient.) = 
10n Bstr so that B is close to zero. 

ion ' 

Large molecular ions like tetraalkylammonium ions 

have large B.Einst 
1on because of large size but B .. orient s tr and B. · 10n 1on 

would be small i.e, · Einst orient 8ion + 8ion ) ); a1~~r- · and 13 would 

be positive and large. The value would be further reinforced:!.n water 

arising from B reinf due to hydrophobic hydrations. 
ion 

; The increase in temperature will have no effect 

B Einst 
on . But the orientation of solvent molecules in the secondary 1on •. 

layer will be decreased due to increase in thermal motion-leading 

to decrease in B~tr . Bocient 
10n ion 

•.vill decrease slowly with temperature 

as there will be less competition between the ionic field and the 
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reduced solvent structure. The positive or negative temperature 

co-efficient will thus depend on the change of the relative magn;i tudes 

of 8 ·orient 
ion and 

It is clear that 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 8 . and ~oncomitant decrease in entropy of solvation wn 

· 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 8 ion values and 

.increase 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 largerions. So there is a correlation 

between the· viscosity, entropy of solVation and temperature dep!:mdent 

mobility or ions. Thus the ionic 8- co-efficient and the entropy of 

solvation of ions have rightly been used as probes of ion-solvent ~ 

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

breaking characters of ions. 

The linear plot of ionic 8- co-efficients against the 

ratios of mobility viscosity products at two temperatures (a more 

. 76 91 
sensitive variable than ionic mobility) by Gurney • clearly demons-

trates a close relation between ionic 8- co-efficients and ionic mobilities. 

Gurney also de_monstrated a clear correlation between ::)--

the molar . entropy of solution values with B- co-efficient of salts. 
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The ionic B- values show a linear relationship with the partial molar 
- 0 

ionic ·entropies or partial molar entropies of hydration ( sh ) as 

-·D - 0 so sh = s "'V (/ @3) 

vvhere s D 
- 0 ..:::::\ s 0 so is the calculated of the = S nef + sum 

qey • a 
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 of the 

- 0 -1 -1 93 hydrogen· ion ( S 1-l + ) to - 5. 5 cal mol deg Asmus used 

the entropy of hydration to correlate ionic B values and Nightingale 77 

showed that a. single linear relationship can be obtained with it for 

both mbnoatomic and pblyatomic ions, 

The correlation was utilised by Abraham et a1
94 

to assign single-ion B coefficients so that a plot of A SO e 
95 

I 
96 

1 the 

electrostatic entropy of solvation or ClS0 
II IT 

95 ~ 96 I 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 or line. There are · excellent linear 

correlations between A S0e and 6 S0I and the single ion B- co-efficients. 

Both entropy criteria 6. S0e and LIS0 :r Ir ) and B- ion values 
.J 

indicate that in water _the ions Li +1 Na + 1 Ag + and F- are net structure 

+ + - -makers and the ions Rb 1 Cs 1 Cl 1 Br 
) 

breakers and K+: is a border line case. 

I and ClO 4 are structure 

~ 

')·. ~-
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Thermodynamics of viscus flow 

Assuming viscous flow as a rate process, the Visco

sity ( '1. ) can be represented from Eyring' s· 
97 

approach as 

"1_ = 
E:.vis/RT 

Ae = hN ) aG*/RT ----=v-=--- exp (hN ) 6H~- 6S* 
= V exp (RT - ~) 

Where E vis is the experimental entropy of activation 

which is determined from a plot of -k "'L against Y'f.~ (}~A ).1.... and 

AS...,. are the free energy, enthalpy and entropy of activation respec-

tively. 

The problem was dealt in a different way by Night-

ill. gale and Benck 98 h al ul t d th th d · f · w o c c a ·e e erma ynam1es o VIScous 

flow of salts in aqueous solution with the help of the Jones-Dole 

equation ( . neglecting the Ar!.'7. term ) . Thus, we have 

R 
d .t, 'l 

R 
d.k~() R d(1+Be) 

(35) = +--d ( 1 /T) d(1/T) 1+BC d(1/T) 

.C:.E 1 (soln) = ~E 1 + AE f (36) ~ ( solv) v 

A E + can be interpreted as the increase or decrease 
v 

of the activation energies for viscous flow for the pure solvents 

due to the presence of ions i.e. the effective influence of the ions 
I 

upon the viscous flow of the solvent molecules. 

99 
Feakins et al have suggested an alternative formu-

lation based on the transition state treatment of the relative visco-

(34) 

·-r-:-. 

... 
~ 

-}-. 
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sities of electrolytic solutions. TI1ey suggested the following expression 

B = 
yo _ yo 

1 2 
10 00 

+ 

yo 
1 

1000 
(37) 

Where V:: and ~ are the partial molar· volumes 

of the solvent. and solute respectively and I).JJv
9

?-1- is the contribution 

per mole of solute to the free energy of activation for viscous flow 

f 11
9 *. f f . . f fl o solution. A~, 1s. the ree energy o activation or viscous ow 

per mole of the solvent which is given by 97 

= = (38) 

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 

Effects of shape and size 

e# 
= -AS 

2 

+ 

(39) 

(40) 

Thfs aspect of the problem has been dealt extensively 

by Stokes and 1 Mills 15 The ions in solution can be regarded to 

be rigid spheres suspended in continuum. The hydrodynamic treatment 

presented by Einstein 7 8 leads to the equation. 

(41) 
•-·· ··'f. 
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Where cfJ is the volume fraction occupied by the particles. 

ModificationS of the equation have been proposed 

by ( i) Sinha 100 on the basis of . departures from spherical shape 

and (ii) Vand 36 on the basis of dependence of the flow .patterns 

around the neighbouring particles at higher concentrations. However, 

considering the different aspects of the problem, spherical shapes 

have been assumed for electrolytes having hydrated ions of large 

effective size ( particularly polyvalent monoatomic cations ) • Thus, 

we have from ( 1) 

2.5 4> = AVC + BC (42) 

Since A rc term can be neglected in comparison 

with BC and cp = C V; where Vi is the partial molar volume of 

the ion, we get 

= B 43 ) 

In the ideal case, the B- co-efficient is a linear 

j__ 

- ~ function of the solute partial molar volume C Vi ) with slope equal 

to 2 . 5. Thus B± can be equated to 

B± = 2.5 v.t = 2.5 X_! n Ra± N 
3 1000 (44) 

assuming that the ions behave like rigid spheres with a effective 

radii, R±, movfug in a continuum. R±, calculated using the equation 

( 44 ) should be close to crystallograplic radii or corrected stokes 1 

radii if the ions are scarcely solvated and behave as spherical entities. 

But, in general, R± values of the ions are higher than the crystallo-
}--

graphic radii indicating appreciable solvation. 
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The number V) b of solvent molecules bound to the 

ion in the primary solvation shell can be easily calculated by comparing 

the Jones-Dole equation with Einstein's equation 
101 

-~ 

B± = 45 

where Vi is ,the molar volume of the bare ion and V , the molar volume -- s . 
of the solvent. 

The equation ( 45 ) has been- used by a number 

·of workers to study the nature of solvation and solvation number, 

Conductance 

Conductance measurement .is one of the most accurate 

and widely used physical methods for investigation of electrolyte solu-

. 102. 103 
tions The measurements can be made in a variety of 

solvents over wide ranges of temperature and presure and in dilute 

solutions where interionic theories are not applicable. 

for us accurate theories of electrolytic conductances 

Fortunately 
.L 

are avaiable 

" to explain the results even upto a concentration limit of kd ( k = 

Debye - Buckel - length, d = distance of closest appoach of .free 

ions ) • Recent development of experimental technique provides an 

accuracy to the extent of 0. 01% or even more. Conductance measure

ments together with transference number determinations provide an 

unequivocal me;thod of obtaining single-ion values. The chief limitation 

however, is the colligative-like nature of 't~e information obtained. 

Since the concluctometric method primarily depends 

on the mobility of ions, it can be suitably utilised to determine the 

-\ 

+· 
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dissociation constants of electrolytes in aqueous, mixed and non-aqueous 

solvents. The conductometric method in conjunction with viscosity 

measurements give us much information regarding the ion-ion and 

ion-solvent interactions. However, _the choice and application ~o 

theoretical equations as well as equipment and experimental. techniques 

are of great importance for precise measurements. These aspects 

have been described in details in a number of authoritative books 

and reviews 102- 115 

The study of conductance measurements were persued 

vigorously both ~eoretically and experimentally during the last fifty 

years and a number of important theoretical equations have been 

derived. We shall dwell briefly on some of these aspects and. our 

discussion will be limited to the studies in non-aquous and mixed 

solvents. 

The successful application of the Debye-Hi.ickel theory 

116 of interionic attraction was made by Onsager in deriving the Koh-

lrausch' s equation. 

where s = 

oC= 
( Ze )" 2 k 

and (3 = = 

s vc (46) 

(47) 

(49) 

The equation took no account for the short range. 
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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 117 
In the subsequent 

years, Pitts l 1953 ) 118 and Fuoss and Onsagei;' ( 1957 )
107

' 119 

independently worked out the solution of the problem of electrolytic 

conductance accounting for both long-range and short-range interactions. 

However, the A 0 values obtained for the conductance 

at infinite dilution using Fuoss-Gnsager theory differed considerably 117 

from that obtained using Pitt's theory and the derivation of the Fuoss

Onsager equation was questioned 103 •120 ;121 The origihal F,b. 

equation was modified by Fuoss and Hsia 12~ who recalculated the 

relaxation field, retaining the terms which had previously been neglected. 

The equation usually employed is of 1he form 103 • 

oC /\oC~ Be~ 
+ G(ka) 1\ = 1\0 

(1+ka)(1+ka/J2) l+k~ 
(50) 

where G ( ka ) is a complicated function of the variable. The .simpli-

fied form 

.1\ = 1\ 0 
- s rc (51) 

is generally employed in the analysis of experimental results. 

However, it has been found that these equations 

have certain limitations in some cases fail to fit experimental data. 
I 

Some of these results have been discussed elaborately by Fernandez-

Prini 103 , 123 , 124 Further, correction of the equation ( 51 ) 

was made by Fuoss and Accascina~07 

They took into consideration of the change in the 

-}--
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viscosity of the solutions and assumed the validity of Walden 1 s rule •. 

The new equation becomes 

(52) 

In most, cases, however, J 2 is made zero but 

this leads to a systematic deviation of the experimental data from 

the theoretical equations • 

It has been observed that Pitt 1 s equation gives better 

fit t th · t 1 d t in solutions 125 
o e exper1men a a a aqueous 

Ionic Association 

The equation ( 52 as given above successfully 

represents the behaviour of completely dissociated electrolytes. The 

plot of 1\. against oJC ( limiting Onsager equation ) are used to assign 

the dissociation or association of electrolytes. Thus, if A0 ( e.xperi-

mental is greater than /\0 ( theoretical ) i.e. if positive deviation. 

occurs ascribed to short range hard core repulsive interaction bet-

ween ions ) , the electrolyte may be regarded as completely disso-

ciated but if negative deviation or positive 

deviation from the. 'onsager limiting tangent (~ /\0 + B ) occurs, 

the electrolyte mfly be regarded to be associated. Here the electrostatic 

interactions are large so as to cause association between cations 

and anions. The difference in /\0 ( expt) and /\0 
( thea ) would 

-\· ---
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126 
be considerable with increassing association 

Conductance measurements help us to : determirie 

the values of the ion-pair association constant, KA for the process. 

MA 

Where, 

and, 

(53) 

(54) 

(55) 

For strongly associated electrolytes, the constant.J 
127 

KA and 1\ 0 has been determined using· Fuoss-Kraus equation or 

Shedlovosky' s equation 128 • 

K . 2 
1{ ~) 1 A CY± .A = + 

1\ 1\0 ( /\0)2 T(Z~) 

(56) 

where T z ) = F ( z J Fuoss-Kraus• method ) and 

1 = s ( z 
T(Z) 

) ( Shedlovosky 1 s method ) 

F (~) ·- 1 - 23(1-2' (1-S(1- · • ·)~ )~ 
_L 

) 1.. (57a) 

2 
i and 1 s ( z) 1+E+ 

~ 

_!(:it) = = - + 8 + r • "" • 2 (57b) 

~--

The plot of T ( z )/" against C)'} 1\ I T ( z ) 

should be a straight line having 1/ 1\ 0 

for its slope. i When K A is large, there will be considerable uncer-

tainity in the determined values of 1\ 0 and KA from eqn. ( 56 ) . 

The Fuoss-Hsia 122 conductance equation for associated electrolytes 

is given by : 
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The equation was 
129 modified by Justice The 

be 
conductance of symmetrical electrolytes in dilute solutions can~ repre-

sented by the equations 

( 1 -oG )/oO 2 0 i':t 2 = (60) 

ln y ± = - Kq~ I (1+ ~ r~c ) ( 61) l 

The conductance parameters are obtained from a 
\ 

least square treatment after setting 

R = q = (62) 
2€ KT 

Bjerrum Is aritical distance 

According to Justice, the method of fixing the J-

co-efficient by setting R = q clearly . permits a better defined value 
I 

of KA to be obtained. Since the equation ( 59 ) is a ~eries ·expansion 

3;z 
truncated at the c _ term, it would be preferable that the. resulting 

errors be absorbed as much as· posslble 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 K A 
1 

, one can use two methods in order to determine the 

distance of closest approach, a0 , of two free ions to form an ion-

pair, The following equation has been · proposed by Fuoss 130 

= (&/aEhJ (63) 
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In some cases, the magnitude of K A was too small 

to permit a calculation of a0 • The distance parameter was . finally 
. . 131 

determined from the more general equation due to BJerrum 

l
r=q 

4 n Na/1000) ~ exp 

r=a 

(64) 

The equation neglects specific short-range interactions 

except for solvationn in which the solvated ion can be approximated 

by a hard sphere model. The method has been successfully utilised 

132 by Douheret • 

Ion size parameter and ionic association 

For plotting purposes equation ( 52 ) can be re-

arranged to the 1\' function as . 

I 

~ = " + s rc - EC lnc = f\O +(J-B/\0 )C = A 0 + J'C (65) 

( with Jz term omitted ) 

Thus a plot of A' vs c gives a straight line 

with 1\ 0 as intercept and J ' or J - Bf\0 
) as slope. Assuming 

B /\0 to be negligi~le, a0 values can be calculated from J ' • The 

a0 values obtained by this method in DMSO were much smaller 126 

than would be 
1
expected from sums of crystallographic radii. One 

of the reasons attributed to it is ion-solvent interactiol)S which are 

not included in the continuum theory on which the conductance equations 

are based. The inclusion of dielectric saturation results in an increase 

in a0 values· ( much in conformity with the crystallographic radii ) 

·-\.... 

--4--
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of alkali metal salts ( having ions of high surface charge density 

in sulphola.ne. The viscosity correction ( which should be B A c 

rather than B/fa ) leads to a larger values of a0 133, bur,.the agree- ~

ment is still poor. However little of real physical significa~ce 

may be attached to the distance of closest approach derived frdin J 
134 

• 

Fuoss 135 in 1975 proposed a new conductance equ-

ation. 135 He subsequently put forward another conductance equation 

· ( in 1978 ) which replaces the old equations suggested by Fuoss 

and co-workers. He classified the ions of electrolytic solutions in 

one of the three categories :-

(i) Those which find an ion of_ opposite charge in the 

first shell of nearest neighbours ( contact pairs ) with r;i = a. 

·The nearest neighbours to a contact pair are the solvent molecules 

which form a cage around the pairs. 

(2) . Those with overlapping Gurney's Cospheres ( solvent-· 

separated pairs ) • For them, I'ij~ ( a + ns ) , where n is generally ...-\..... 

one but may be 2, 3 etc. ; 's ' is the diameter of sphere corres- ! 

pending to the average volume ( actual plus free ) per solvent mole-

cule. 

(3) 
I 

ding sphere of radius R, where R is . the diameter of the co-sphere 

( impaired ions ) . 

Thermal motions and interionic forces establish a -}~ 

steady state, represented by the equilibria 

-·· 
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+ 
- . + 

------ B · ) = A B 
I 

(66) 

solvent separated · pair, contact pair, neutral molecule 

Contact pairs of ionogens may rearrange to neutral 
+ /+ 

molecules A E( ~===e AB e, g, Hz,O. and CHt,CCO. , Let r be the 

fraction of solute present as unpaired ( . r) R ) ions. The concentra

tion of unpaired ion becomes C Y . If oC is tl).e fraction of paired 
I='~ 

ions ( r "'. R ) , then the concentration of the solvent-separated/... iS 
0 

· C ( 1 - }'" ) • ( 1 - ..c ) and that of contact pi:nr is..<:. a ( 1 -c:G ) • 

The equilibrium constants for ( 66 ) then are 

~ = ( 1 -ol: )( 1 - y J 1 a y 2 f 2 (67) 

K
8 

=~ 1(1-oC) = exp ( -E
8

1 kT ) ' - f = e (68) 

where K ~ describes the formation and separation of solvent separated 

pairs by diffusion in and ouLof spheres of diameter R 1;1round cations 

and can be calcl.llated by continuum theory. K s· is the constant des

cribing the specific short-range ion-solvent and ion-ion interactions 

by which contact pairs form and dissociate, E s is the difference 

in energy between a pair in the states ( r = R ) and ( r = a ) : 

f is Es -measured in llnits of Rr. 

N~w, 1 -oC = 11( 1+ ~) (69) 

and the conduqtometric pairing constant is given by 

K A = ( 1 - Y ) IC y2 f2 = ~ I (70) 

The equation determines the concentration of • active 

·~ 
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ions 1 which produce long range interionic effects. The contact pairs 

react as dipoles to an external field 1 X 1 and contribute only to changing 

current. Both contact p~s and solvent separated pairs are left 

as virtuai dipoles by unpaired ·ions, ---their interaction with unpai:I'_ed 

ions is' therefore' _neglected in calculatilig long-range effects r activity -, 

, co-efficents, relaxation field & X and electrophoresis ·.D. A e. ) . The 

various patterns can . all be reproduced by . theoretical functions of 

the form. 

/\ = p [ AO( 1+ .AX/X) + 6Ae· l (71,) 

= p [ 1\0( 1+ R:f.··) + E 1.- ] (72) 

When R ~ arid E. L. are relaxation and hydrodynamic terms. and P is 

the fraction of solute which contributes to conductance current. 
. . --· i 

R is . the dia~eter. of the Gurney co-sphere. The parameter K
8 

or Es } is a catch-all for all short-range effects. The parameters. 

and the auxiliary variables are related by the set of equations . 

' 

p. = 1 -,c£. ( 1- y ) 

_ Y' = 1 -- KA):~~ f2 

- .i..tf = .~k/2 ( 1+ .kR ) ' ~ = e'-/ €h 

I< 2._ 
I -

TIS N Ycj, 2s 
-t ~ [ cG/@-c<;)] 

(73) 

(74) 

(75) 

-t--

In case of ionogens or for ionophores in solvents · .)-

of low dielectric constant,_oC is very near· to unity ( -Es/kT)) 1 
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and the conductance equation becomes 

1\ = y [ A 0 ( 1 + 4 X/X ) + .a A (78) 

The eqilibrium constant for the effective reaction 

A+ B + AB, is then 

(1- y) I c y2 f2 (79) 

because 

The details of the calculations are presented in 

135 
the 1978 . paper The short comings of the previous equations 

have been rectified in the present equation which is more general 

than the previous equations and can be used in the higher concentration 

region ( 0.1 (N) in aqueous solutions ) • 

Limiting equivalent conductances 

TI1e Umiting 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' si iaw of independent migration of ions is almost axiomatic. 

Thus 

(80) 

At present limiting equ1 valent conductance is the 

·~ 

-~---.,. 
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only function which can be divided irito ionic components using experi-

mentally determined transport number of ions 

i.e. ,\~=t-tl\ 0 and t -I\ 0 ( 81) 

Thus f:r;om accurate value of A. 0 of ions it is ·possible 

to separate the contributions due to cations and anions in the solute-

solvent interactions 136 Howeve.I;, accurate transference number 

determinations are limited to few solvents only. S 
. 137 p1ro and more 

138 recently Krumgalz have made extensive ,Teviews on the subject. 

In absence of experimentally measured transference 

numbers, it would be useful to develop indirect methods to obtairi 

the limiting equ.tvalent conductances in organic solvents for which 

experimental transference numbers are not yet available. 

138 The methods have been summarized by Krumgalz 

and some important points are mentioned below : 

'2.'5 
10 ) • YJ

0
water /\ ·± {I)~T . L (i) ·. 139 Walden equation . , .•. ( 82 

· ::. ()..o )15' 11 >. o , \..:: :!.. a c e 1-o 11 e · L o a t. e hrn e 
((ii) Pit:."rf.o= 0·'16] 313q,I~O 

,1° based ern /\ 0 
- · 

f t L.j N • ~ = 0. 2.' 6 E ~I., N pi{! - 0. s G 3 
0 .... (S3 3) 

Walden considered the products to be imdependent 

of temperature 
1 
and solvent. However, the !\ EtltNpic values used 

by walden was found to differ considerably from the data ·of sub-

sequent more precise studies and the values of ( ii) are considerably 

different for different solvents. 

(iii) ( 84 ) 
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The equality holds good in nitrobenzene and in mix-

ture with CCI Lt but not realized in methanol, acetonitri-Le and nitro-

methane. 

iv ) . ( 85 ) 

The method appears to be sound as the negative 

charge on boron in the Bu 
4 

B-ion is completely shielded by four inert 

butyl groups as· in the Bu
4

N+ion while this phenomenon was not obser

ved in case of Ph.4 B: 

( v ) Th ti t d by Gill 142 . ; '1.. e equa on sugges e ""'.J 

(86) 

lN hv-z..e.. ~ and r i charge and crystallograptdc radius 

of proper ion; '1. 
0 

and f 
0 

= solvent viscosity and dielectric constant 

of the mediu~; ry = adjustable parameter taken equal to 0. 85 A 
0 

0 
and 1.13 A for dipolar non-associated solvents and for hydrogen 

bonded and other associated solvents respectively. 

However, large discrepancies were observed between 

138(aJ 138(bJ the experimental and calculated values . In a recent paper 

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-of, 
1 

acetonitrile and nitro methane. 

vi - (87) 

It has been found from transferance number measure-

-~ 

.-}-
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from one another by 1% . 

( vii ) \ 0 cf'ih B-) 1 01 \ 0., ~ (.,1-Am
4

B" \1_ 
44 

/\ lS . t' 4 = • 1\ .... ,J l:! I ( BB ) 

The value is found to be true for various organic solvents. 

138 Krumgalz suggested a method for determining 

the limiting ion conductances 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 

--t 
' 

surface charge density and this phenomenon can be utilised as a 

suitable model for apportioning I\ 0 values into ionic components for 

non-aqueous electrolytic solutions. 

Considering the motion of solvated ion in an electro-

static field as a whole it is possible to calculate the radius of the 

moving ·particle by the Stokes equation 

(89) 

Where ·A is a cO-efficient varying from 6 ( in 

the case of , perfect sticking to 4 ( in case of perfect slipping). 

Since the rs values, the real dimension of the non-solvated tetra-

alkyl(aryl)onium ions must be constant, we have 

Constant ( 90 ) 

This relation has been verified using .A~ values 
' -t-· 

determined with precise transferrence numbers. The product b-ecomes 
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constant and independent of the chemical nature of the organic slovents 

for the and Ph4 B- ions and for tetraalkylammo-

nium cations starting with Et N+ 
n- 4 The relationship can be -·•( 

well utlised to determine ~ 0± of ions in other organic solvents from 

the dermined /\0 values. 

Solvation Number 

If the limiting conductance of the ion 1 of charge 

z. is known, the effective radius of the solvated ion can easily be 
1 

determined from the Stokes' law. The volume of the solvation shell 
t~ 

v ' can be written as s 

where rc is 

from 

the 

v$ 
s 

crystal 

n s 

= ___!_!! ( 
3 

radius of 

= 

3 3 
) (91) r rc s 

the ion; ns would then be obtained 

(92) 

Assuming Stokes• relation to hold, the ionic solvated~ 
145 

volume should be obtained, because of packing effects from 

0 

v 
s = 

3 4.35r s (93) 

where Vs
0 is expr'essed in mol/litre and r8 in angstroms, However, 

the method pf determination of solvation number is not applicable 

t . f di . th h b f ''al 22',77,108 o 10ns o me urn s1ze aug a num er o emp1nc equations 

d th ti al ti 146-149 h b t d t ak an eore c correc ons ave een sugges e o m e 

the general method. 
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Stokes 1 law and Walden 1 s rule 

The limiting conductance ~ 1 of a spherical ion 

of radius R·, moving in a· solvent of dielectric continuum can be written 

according to Stokes 1 hydrodynamics, as 

A~ 

where 'Y/.o = 

angstroms. 

= 
_i§el eF 

= i o:a 19 1 ~i 1 (94) 
6 n 'l1 0 Ri 1oRi 

ma(roscopic viscosity of the solvent in poise, R; in 

1f the radius R i is assumed to be the same ifi every 
~

organic solvent, as would be the case in case of bulky· organic ions, 

we get. 

o. 819 J-73iL 
R. 

1 

= Constant (95) 

150 
This is known as Walden 1 s rule . The effective 

radii obtained using the equation can be used to obtain solvation 

number. The failure of Stokes 1 radii to give the effective size of A.. 

the solvated ion for small ions is generally ascribed to the inappli-

cability of Stokes 1 law to molecular motions. 

108 77 15'2)1S3 
Hol;>inson and Stokes , Nightingale and others 

have suggested a method of correcting the raclli. The tetra-
1 1D be. 

alkylammonium ions_ were assumed "not solvated and by plotting the 

Stokes 1 s radii against the . crystal radii of ~ese large ions, a calibra-

tion curve was obtained for each solvent. However, the experimental ..-.J.--

results indicate that the method is incorrect - as the method is based 
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on the wrong assumption of the invariance of Walden's product with 

temperature. The idea of microscopic . 'ty 154 
Vl.SCOSI was invoked 

without much 
155 156 

success ' but it has been found that ~: 

,\ ; 1 P = Constant . 96 ) 

where p is usually 0. 7 for alkali metal or halide ions and p = 1 

f th 1 
. 157,158 

or e arge 1ons 

Attempts to explain the change in the Stokes' radius 

R~ have been made. The apparent :Increase in the real radiUs 1 

r, has been attributed to ion-dipole polarisation and the effect of ..f-=.. 
,~ 

dielectric. saturation on R. The dependence of Walden product 

on the dielectric constant led Fuoss 159 to consider the effect of 

the electrostatic forces on the hydrodynamics of the system. Consi-

dering the excess frictional resistance caused by the dielectric relaxation 

in the solvent .caused by ionic motion, Fuoss proposed the relation 

0 Fe! ~i >..., . = (97) 
~ ~ 1 ,0 6 n RoG (1+A/ E R~) 

or 'R. = Ro<: + Aft, (98) ~-
1 

where R..c: is the . hydrodynamic radius of the ion in a hypothetical 

medium of dielectric constant where all electrostatic forces vanish 

and A is an empiric~ constant. 

147 
Boyd gave the expression 

\~ Fel~il 
2-

[ 1+ 2 1 ....Ei. e2 1:' (99) = 27 --
--J: 1 Bn 'Y[.tJ r. Tr'l. 0 

4 -
1 r i t_o · · 

' --t 

considering the effect of dielectric relaxation on ionic motion; 'Y ·is 
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the De bye relaxation time for the solvent dipoles. 

Zwanzig 148 treated the ion as a rigid· sphere of 

radius r; .moving with a steady state viscosity vi through a viscous 

incompressible dielectric continuum. The conductance equatiol) sugges

ted by z w ~mzig is 

l 
:e; e F 

0 
~·r~ 

A [ o "'- · 1· a ( o ) ·:i··( 100) 
'If TT"1.D"i+ A3 z?e~(f 11 -t-n)~-' En 2fh'+j. "l 
~ . 

t r are the static and limiting high frequency ( optical ) 

dielectric constants I Av = 6 

3 

3 and ArJ = 8 for perfect sticking 

and Av = 4 an~ AD = 4 for perfect slipping. It has been found 
·.if 

that 146 . 148 Born 1 s and z w anz1g 1 s equations are very similar and 

both may be written. in the form 

0 

~ = Ai I ( ~1 + B ) I I 
(101) 

. 160 0 
. The theory predicts that A i passes through 

--<!( 

a maximum of 
~~ I ~ 0 . 3 AAB~ at h; =(}B) A • The phenomenon of maximum ~ 

conductance is well known. The relationship holds good to a reason-

able extent for cations in aprotic solvents but fails in case of anions. 

The conductance 1 however 1 falls off rather more rapidly than predicted 

with increasing radius. 

the equation 

~ 

~; e ~ 

.A 
0
i '1 o 

on 
) 

For comparison with results in different solvents I 

161 I o o ) can be rearranged as 

e '2.( f ~- €~- ) 

·f_; ('1 f~: ... + 1) 

AD 2;.,_ . p~ 
h~ 

(Jo3) 
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In order to test 'Z.wanzig 1 s theory, the equation 

103 ) was applied to methanol, ethanol, acetonitrile, butanol and 

pentanol solutions where accurate conductance and transference data 

160-165 . are available All the plots. were found to be straJ.ght 

line. But the radii calculated from the intercepts and slopes are 

far apart from equal except in some cases when.Q moderate success 

is noted. It is noted that relaxation effect is not the predominant 

factor affecting ionic mobilities and these mobility differences could 

be explained guantltativelyif the microscopic properties of the solvent, 

dipole moment and free electron pairs were considered the predominant 

factors in the deviation from Stokes 1 law 
136 

It is found that the zwanzig theory is successful 

for large organic cations in aprotic media where solvation is likely 

to be minimum and where viscous friction predominates over that 

caused by dielectric relaxation. The theory breaks down whenever 

the dielectric relaxation term becomes large i.e. , for solvents of 

--~-

high P* and for ions of small ri Like any continuum theory ~wanzig . ,l_,_ 

has the inherent weakness of its inability to account for the structural 

features 166 
e.g. ' 

(i) It does not allow for any correlation in the orien-

tatlon of the solvent molecules as the ion passes by and this may 
I 

be the reason why the equation does not apply to the hydrogen bonded 

167 
solvents . 

(ii) The theory does not distinguish between positively 4---
t 

and negatively charged ions and therefore, can not explain why certain 
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anions in dipolar aprotic media J?OSsess considerably higher molar 

concentrations than the fastest cations 166 
. 

The Walden product in case of mixed solvents does 

not show any constancy but it shows a mwmum in case of DMF + 

water and DMA + water 160
-

170 mixtures and other aqueous binary 

miXtures. '.to derive expressions for the variation of the 'Walden 

product with the composition of mixed polar solvents, various 

- 14 7 ,148 ,17 5 
0-Ue:l'\"\o''pts have been made w lth 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 kl.nds 

of ions and solvents molecules Ions moving in a dielectric medium 

experience · a frictional force due to dielectric loss arising from ion-

solvent interactions with the hydrodynamic force. Zw anzig 's expression 

though account for a change in Walden product with solvent composition 

but does not account for the maxima. Hemmes 176 suggested that 

the major deviation in the Walden product is due to the ve.riatim1 

of the electrochemical equilibrium between ions and solvent molecules 

with the CO!llposition of mixed polar solvents. In cases where more 

than one typ~ of slovated complexes are formed, there should be 

a maximum and /or a minimum in the Walden product. This is suppor-
177 . 

ted from experimental observations. Hubbard and Onsager - have 

-t:. , _____ 

4--
developed the kinetic theory of ion-solvent interaction within the frame-

work of continuum mechanics where the concept of kinetic polarisation 
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deficiency has been introduced. 

However, quantitative expression is still awaited. 

178 179 Further improvements ' naturally must be in terms of ( 1) 

sophisticated treatment of dielectric saturation, ( 2) specific structural 

effects involving ··ion-solvent interactions. 

Apparent and partial molal volumes and apparent molal adiabatic com-

pressibility 

One of the well recognised 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 e11thalpy, entropy and Gibbs ener.gy 

represent the macroscopic state of the system as an average of nu-

merous 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 mole-

cular interactions. For _example, the partial molal volume, the pre-

ssure derivative of partial molal Gibbs energy, is a useful parameter 

for interpreting solute-solve~t interactions. Various concepts regarding 

molecular precE1sses in solutions, electrostriction 180 
, hydrophobic 

h d ti 181 . ill ti 182 d ph 1 d . 1 y ra on , m1ce za on an cos ere over ap urrng so ute-

solute interactions 183 , to a large extent have been derived and 

interpreted from the partial molal volume data of many compounds. 

The compressibility property, which is the second derivative of the 
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Gibbs energy, also is a sensitive indicator of molecular interactions 

and can provide useful information about these phenomena, particularly 

in cases where partial molal volume data alone fail to 'provide an 

unequivocal interpretation of the interactions. 

Apparent and partial molal volumes 

The apparent molal volumes, ¢v , of the solutes 

- can be calculated by using the following relation 

= MIA 
0 

1000 ( fJ - P- ) IC/] 
0 0 

(104) 

where M is the molecular weight of the s~lute, Po and Pare the 

densities of solvent and solution respectively and c is the molarity 

of the solution. 

The partial molal volumes, . V 
2 

, can be obtained 

from the equation 

-~ 

vz ¢ + 
1000 - c ¢11 ~ d ¢.., (105)~-= d ¢__. c. v 2000 + c312 

dJC 
dJC 

The extrapolation of the apparent molal volume of 

electrolyte to infinite dilution and the expression of the concentration 

dependence of the apparent molal volume have been made by four 
I 

th M ti 
184 

- e asson equa on major equations over the period of years 

185 
the Redlich-Meyer equation , the Owen-Brinkley 

186 
equation and 

th Pit ti 
187 

e zer equa on 
184 

Masson found that the apparent molal ~-

volumes of. electrolytes, ¢ v , vary with the square root of the molar 

concentration by the linear equation 
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¢v - cj:>~ + S-v~ (! }'2 (J.o6) 

where ¢: is the apparent molal volume at infinite dilution ( equal 

- it to the partial molal volume at infinite dilution I ~ ) and S v is the 

experimental ~lope. The majority of cp v data in water 188 ·anp nearly 

189-193. all cp v data in non-aqueous solvents have been extrapolated 

to infinite dilution through the use of equation ( 106 ) . However I 

Redlich and Meyer 185 have shown that an equation of the form of 

{ 106 ) can not be any more than a limiting law 1 where for a given 

-II! 
solvent and temperature the slope 1 811 1 should depend only upon 

the valence type. They suggest representing¢ v by 

(107) 

where 
. 3/2 (108) sv = KW 

is the theoretical slope, based on molar concentration, including 

the valence factor · 
) 

L" ~· i: w = 0.5 (109) 
. i 1 1 

and 

K N2 e3 an ) 1..;. [ (d~f)-~l (110) = 1000 f 3 ({T 
u 

d p T 3 

where ~ is the compressibility of the solvent. Until recently, the 

variation of dielectric constant with pressure was not known accurately 

enough, even in water, to calculate accurate values of the theoretical 

limiting slope and in organic solvents accurate data of this type are 

~~ 

-~--
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almost totally lacking. 

The Redlich-Meyer 185 extrapolation equation adequately 

represents the concentration dependence of many 1: 1 and 2 : 1 electro

. 194-196 lytes in dilute solutions: however, studies on some· 2:1, 

3 : 1 and 4: 1 electrolytes show deviations from this equation. Thus , 

for polyvalent electrolytes, the more complete Owen-Brinkley equation186 

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

adequately represent the concentration dependency of ¢ v • 

The Owen-Brinkley equation 186 d.e:rived by including 

the ion-size parameter, a ( in em ) , is given by 

cpv 
0 

= m + S f'r"( Ka) .ff!. + 0.5W Q ( Ka )C + 0.5KvC 
/v v v 

(111) 

where the symbols have their usual significance. However, equation 

( 111 ) has not been widely employed for the treatment of results 

for non-aqueous solutions. 

Recently, the Pitzer formalism has been used by 

Pogue and Atkinson 197 to fit the apparent molal volume data. The 

Pitzer equation for the apparent molal volume of a single salt M ,J M~ 
M l( 

is 

( 112) 

where the symbols have their usual significance. 
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Thorough tests of equations 106 ), 107 ), 

111 ) and ( 112 ) , however, will require more accurate data 

on densities and also on the pressure dependence of the dielectric . i-

constant of pure solvent. 

Ionic limiting partial molal volumes 

The calc!J].ation of the ionic limiting partial molal 

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

however, most of the existing ionic limiting partial molal volumes 

in organic solvents were obtained by the application of methods deve-

198 . 
loped · for aqueous solutions to non-aqueous ~lectrolyte solutions. 

' 198 
In the last few years, the method suggested by Conway et at has 

been used more frequently. These authors used the method to deter-

mine the limiting partial molal volumes of the anion for a series 

of ho~ologous tetraalkylammonium chlorides, bromides and iodides 

in aqueous solution. They plotted the limiting partial molal , volume, 
I 

for a series of these salts with a halide ion in common~>:'\.-· 

as a function of the formula weight of the cation, M + , and obtianed 
R

4
N 

straight-line graphs for each series. They suggested, therefore, 

that their results fi:tted the equation 

VOR NX 
4 

= yo -
X 

+ ( 113 ) 

and the extrapolation to zero cationic formula weight gave the limiting .---+~ 
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partial molal volumes of the halide ions, 
199 

Vosaki. et .at 

have used this method for the separation of some literature values 

and of their own VR NX values into ionic contributions in organic -1:· 
4 200 

electrolyte solutions. Krumgalz applied the same method to. a 

large number of partial molal velume data for non-aqueous electrolyte' 

solutions in a wide temperature range. 

· Apparent molal adiabatic compressibility 

Although for a long time attention has been paid 

to the apparent molal adiabatic aompressibility for electrolytes and ~-
, ..=-

. 201-205 other compounds in aqueous solutions measurements in 

non-aqueous202 ' 203 solvents are still scarce. It has been emphasized 

by many authors that the apparent molal adiabatic compressibility 

data can be used as a useful parameter in elucidating the solute-

solvent and· solute-solute interactions • 

TI1e values of the adiabatic compressibility co-efficient 

( t8 ) were calculated by using the Laplace equation 

( 114 ) 

where jJ is the solution density and u is the sound velocity in solution. 

The apparent, molal adiabatic compressibility ( ¢I( ) of liquid solution 

was calculated from the relation 

1000 
m;,o~ 

0 
_(3 p +/.3 M 

Po 
( 115) 
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where m is the molality of the solution; ,g 0 and ;3 are the com pre-

ssibility co-efficients cif the solvent and solution respectively. 

Plotting of apparent molal adiabatic compressibility 

( ¢x. ) against the square root of the molal concentration of the solutes 

and extrapolation to zero molal concentration gives the 'limiti V1.'1 apparent 

. 1 1 di b tl .. 'bility ( n. o ) . din to··. ti 202 '205 rna a a a a c compress1 '-r K. accor g equa on 

( 116) 

where SK is the experimental slope. 

The limiting apparent molal adiabatic compressibility 

( cp~ ) and the experimental slope ( SK ) can be interpreted in terms 

of solute-solvent and solute-solute interactions, respectively. It is 

well established that the solutes causing electrostriction lead to de

crease the compressibility of the solution 
206 

'
207 

• 'This is reflected 

by the negative values of ¢ K of electrolyte solutions. Hydrophobic 

solutes often show negative compressibilities due to the or..dering 

182 206 
that is induced by them in the water structure ' . · The compre-

ssibility of hydrogen bonded structure, however, varies depending 

on the nature of H-bonds inv.olved 
206 

• On the other hand, the poor 

fi 
of 208,209 

tJ.. the solute molecule.s as well as the possibility of flexible 

H-bond formation appear to be responsible for causing a more compre-
i 

ssible environment ( and hence a positive q,o value ) in the aqueous 
~ 

0 
medium. The positive 1>.J'\ values have been reported in aqueous 

210 211 
non electrolyte and nonelectrolyte-non electrolyte solutions. 

From the discussion it is apparent that the problem 
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of ion-solvent interactions is intriguing as well as interesting. It 

is desirable to attack this problem using different r::lxnertJn;-n•tal tech-

niques. We have, therefore, utilized four important methods viz., 

viscometry, conductometry, densimetry and ultrasonic interferometry 

to study the problem of ion-solvent interactions of some tetraalkyl- . 

ammoniUm ahd alkali metal salts in tetrahydrofuran and 1; 2 dimethoxy-

ethane and their aque·aus binary mixtures. 

Tetrahydrofuran ( TIIF ) and 1, 2 dimethoxyethane ( 1, 2 DME ) 

The present thesis embodies the results based on 

density, Visco metric, conductometric and ultrasonic measurements 

on ion-solvent interations of some alkali and tetraalkylammonium halides 

in some non-aqueous and mixed aqueous e. a-solvents. The co-solvents 

chosen for such studies are mainly tetrahydrofuran ( TIIF ) and 1 , 2 · 

dimethoxyethane 1,2 DME ) . 

212,213 
Tetrahydrofuran ( 1HF ) and 1, 2 dimethoxy-

212 
ethane ( 1, 2 , DME ) have already been studied with regard to 

ion-solvent interactions. The study of ion-solvent interactions in 

these solvents are likely to reflect the effect of ethereal groups present 

in them. Both these solvents are ether, 1HF is a cyclic ether and 

1, 2 DME is an of' el'l C.hcU.n ether. 
I 

They have a similarity with each 

other with respect ·to their physical properties like density ( ;; ) , 

dielectric constant ( t: ) viscosity ( 'Z 0) and dipole moment CMJ)). 
at 2.s°C . 

These values as reported 'lh1, the literature/... are : for 11-IF, [?., = 

0.88110 g/c.c. ] 214 [ E = 7.58 ]214 
' [ >z 0 = 0.0046 p ]214 

• 

-t_-

~ 
/ ' 

,.,-
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and [ A.} = 1. 75 D ]214 

[ '1_
0 

= 0.0041 P 1214 , 

and for DME, [ (0 = 0.86120 g/c.c P4 
0 

t = 7. 07 1215 and [ Mj} = 1. 71 t 16 

The viscosity ( "1_ ) of the solvent mixture ( THF + Hz 0) 

in creases rapidly to a maximum at about 0.143 molefraction or 

40 wt% of THF and· thereafter decreases. Such characteristic in 

the viscosity vs. composition curve is a manifestation of strong specific 

interaction 217 between unlike molecules predominated by hydrogen 

bonding interaction. For DME-water system also these values at different 

temperatures are available 218 • 

Noteably enough, relatively few studies have been 

reported with aqueous tetrahydrofuran and 1 , 2 dimethoxyethane as 

solvent media. 
. Zi2 

Renard and Justice·· studied the conductometric 

behaviour of CsCl in DME-water mixtures as compared to diaxone-

water and THF-water mixtures and the differences observed for the 

ionic association were interpreted in terms of difference in aprotic 

nature of the organic molecule and that of H
2 

0. Solvent effect of 

DME. on sodium salt ion-pairs, as compared to 'IHF and other solvents 

were studied 219 from NMR spectra, 

Studies on the rate of formation and stability of 

some organometallic . complexes 220 in DME and 'IHF are also very much 

useful as they i provide sufficient evidence for the existence of specific 

cation solvating effect of the solvent and such studies first led to 

the prediction of tetra-coordinated DME-alkali metal and THF-alkali 

metal ion complexes, a view still considered as valid and are very 

much useful in studies of ionic solvation of THF and DME. 

-~-
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1HF and DME are commercially known as 1 Cellosolves 1 being used 

extensively as a solvating agents for Cellt.Jlose. Tetrahydrofuran 

( 1HF ) , a solvent of low permittivity ( € = 7. 58 ) has also been · ~ 

found its probability of application in high energy batteries and organic 

syntheses as manifested from the physico-chemical studies · in this 

medium
2 21

• 
222 

1, 2 dimethoxyethane ( DME ) is used now-a-days 
' 

as an electrochemical solvent in non-aqueous battery electro-

~yte, and also as solvents for the preparation and reaction of organa

alkaline earth compounds 220• Consequently, the knowledge of the ion-

solvent interactions of different solutes in these solvents are, therefore, 

capable of in,dicating the potential usefulness in various technology, 

e.g. high energy non-aqueous batteries, ion-exchanger etc. Transport 

of electrolytic solutions such as ionic conductance and 
" 

viscosity can proVide information concerning the nature of the ktnetic 

entitles from which the ion-solvent interaction can be inferred. 

So, we have devoted our attention to the study of different physico-

chemical properties in- 1HF, DME and their aqueous mixtures. The 

results are described in the subsequent sections. 

~ / '•. 

-~--
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Electrical Conductances for Tetraalkylammonium Bromides, UBF 4 and 

UAsF5 in Tetrahydrofuran at 25°C, 

Electrical conductance data have been· reported for tetraalkylammonium 

bromides, R 4 NBr ( R = butyl to heptyl ) , Lithium tetrafluoroborate 

UBF 
4 

) and lithium hexafluoroarsenate ( LiAsF 
6 

) in tetrahydrofuran 

( TI1F ) at 25°C. Analysis of the ·data by the Fuoss-Kraus theory 

of conductance reveals the presence of both ion-pairs and triple 

ions. The ion-pair ( K P ) and triple-ion ( ~ ) formation constant 

for these salts in tetrahydrofuran ( THF ) have been compared with ~ 

the values obtained in 1, 2-Dimethoxyethane ( 1, 2-DME ) . The compa-

rison shows that the lower homologues of the studied R 4 NBr salts 

are more associated in THF than in 1, 2-DME whereas the KT values 

in majority cases are much higher in 1, 2-DME than in TiiF with the· 

possible exceptiOn of LiAsF 6 . The results have been explained with 

the help of configurational entropy and molecular model theory. 

Progress in battery technology using the lithium electrolytes in etheral 

solutions 1 has occurred largely in the last decade. 

Recently, there has been a rene wed interest 2 , after 

the classical work of Fuoss and Kraus 3 of the thirties, in the study 

of association and dimerization of electrolytes in media of low permi-

ttivity. This has been particularly so important because knowledge 

of the state of association of the electrolytes and, the type and the ~~ 

structure of the complex speci.es in solution is essential for the optical 
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choice of solvents and electrolytes. Previously, Sellers et al 4 inter-

preted the conductance behaviour of weak acids and bases in non

aqueous solvents in terms of complex equilibria.- Hojo5 ha~ investi- -If-

gated the formation of triple ions for substituted ammonium halides 

in acetonitrile from conductivity and voltametric data. The molecular 

relaxation dynamics and structure of lithium salts have been studied 

by petrucci 2 • 6- 10 from ultrasonic a4rption and electrical conductivity 

measurements in media of low permittivity • The conductivity of tetra-

alkylammonium salts in polyaromatic solvents has also been recently 

studied by Schiffrin et a1 11 and showed the formation of triple ions 

by fitting the Fuoss-Kraus equation to ·the conductance data. 

Recently, we have also reported the formation of 

triple ions of tetraalkylamrnoniurn bromides in 1, 2-dimethoxyethane 

· ( E- = 7. 012 ) from conductivity measurements 12 . Now we extend 

our study to tetrahydrofuran a solvent having similar physical characte-

ristics like 1, 2':'"dimethoxyethane and the result is discussed below. 

Ex~ rim ental 

•, 

Tetrahydrofuran 1HF was kept several days 

over KOH, refluxed ·for 24h and distilled over LiA1H4 . The boiling 

point ( 66°C ) ,, density ( 0. 8807 g ern - 3 ) and viscosity ( 1_ 
0 

= 

0. 0046 p ) _compared well with the literature values 8 . The specific 

conductance of TIIF was ca. 0.81 X 10-6 ohrn-1 cm-1 at 25°C. 

Tetraalkylarnmonium bromides were of F1uka products -~

and purified as described earlier 12 . 
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Tetrabutylammonium bromide ( F1uka, 

Puriss was taken in minimum volume of acetone. Ether was added 

till the commencement of precipitation. The solution was then cooled +-

and the resulting crystals were filtered in a glass funnel. 

After a preliminary drying, the salt was finally grounded in a morter 

and dried at 333°K for 48 hours. 

Tetrapentylanmonium bromide Pent4 NBr ) ( Fluka, 

puriss was recrystallised from ( acetone + ether ) mixtures and 

dried in vacuo at 333°K for 48 hours. 

Tetrahexylammonium bromide ( Hex 4 NBr ) ( Fluka, 

Purum ) was washed with ether and dried in vacuo at room tempera

ture for three days . 

Tetraheptylammonium bromide ( Hept
4 

NBr ) ( Fluka, 

Purum ) was recrystallised and washed with ether and dried in vacuo 

at room temperatl,J.re for 48 hours. 

Lithium tetrafluoro borate ( UBF4 ) ( F1uka, puriss 

was recrystallised and dried in vacuo at room temperature for three 

days. 

Lithium hexafl.uoro arsenate UAsF 6 Fluka, 

Puriss ) was recrystallised and dried in vacuo at room· temperature 

for 48 hours. 

UBF 4 and UAsF 6 

under vacuum at 600C for 36h. 

F1uka, Puriss ) were redried 
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Conductance measurements were made by Pye-Unicam 

PW 9509 conductivity meter at a frequency of 2 kHz using a dip-type 

cell of cell constant 0. 747 em - 1 . The conductivity cell was sealed 

to the side of a 500 cm3 -conical flask closed by a ground glass 

cap fitted with a side arm through which dry and pure nitrogen -

· ( GC - grade IOL AR-2 was passed to prevent the admission of 

air into the cell during the addition of the solvent err- solution. Mea-

0 
surements were made in an oil bath maintained at 2 5 ± 0. 005 C 'b,;; 

means of a mercury in glass thermoregulator and the absolute tempe-

rature was determined by a caliLrated platinum resistance thermometer 

and Muller bridge. 

The details of ~xperimental procedure have been 

described proviously13 . 

Solutions for conductance work wer prepared by 

weight. The stock solution was kept in desiccator, and used within 

6 - 8h from its pNpah::ltioo. The conversion of molality into molarity 

was done using the densHy values . 

Densities and viscosities of solvent and solutions 

were measured in an Ostwald-Sprengel type pycknometer and suspended 

level Ubbelohde-type viscometer at 25 ± 0. 01°C with a precision of 

-5 -3 
± 3 X 10 g: em and 0. 05% respectively. The dielectric constant 

of 'lliF ( r = 7. 58 ) was taken from the literature14 

-+-
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Results and Discussion 

The equivalent conductance ( A ) vs. the concentratio_n 

( C ) of the electrolytes in TI-IF at 25°C have been recorded in -

Table 1. Fig. " 1 reports the plot of A vs. c in a log-log plot for 

tetrabutyl- 1 tetrapentyl- 1 tetrahexyl- 1 tetraheptyl bromides ( lower 

homologues are insoluble in THF ) I UBF 4 al}d L:iAsF6 at 25°C. A 

minimum is clearly visible in very case. 

The conductance data have been analysed by the 

Fuoss-Kraus triple ion15 theory ·in the form as given ·below 

1·· S ~ '-1 t X 10 b 

( f Tj 3/::Z 

s eX. /\e + j3 

c -1) 

(-&) 

(~) 

c~) 
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In the above ;3 is the Debye- IJiickol activity co

efficient, and S i!? the limiting Onsager co-efficient and the other 

terms have their usual significance. Also, 1\ o is the sum of the +-

eqivalent conductances of the simple ions at infinite dilution and 

is the sum of the values for the two kinds of triple-ions :. R4 N(Br 2 f 

and 

and 

+ - + R4N )2 Br for R4 NBr salts, Li(BF 4)2 and Li 2CBF 4 ) for UBF4, 

Li(AsF5 ) - and Li 2 (AsF6 t for LlAsF 6 ; Kp and K.r are the ion-
2 

pair and triple-ion formation constants respectively. The symmetrical 

approximation of the two possible formation constant of triple-ions 

equal to each other has been considered 7 

Neglecting 1\. I 1\. o S/ j'2 ~ 
• 1\.0 C/\. ) and assu-

ming f ± = 1 lead to g c ) = 1 in equation 1 ) · and we get 

T 

/\ ( C') -j/2. 
/\o 

+ 
A.o K T 

(5) 
1< p~/:z. o/~ 

C' 
K 

p 

For the present data, it was found that eqn. ( 5) 

was inadequate, the data showing a downward curvature when plotted~-
1 

as 1\. ( C )-z vs c. On the contrary eqn. ( 1) gives reasonably straight 

line a representative plot for Hept 4 NBr is shown in Fig. 2 ) . 

For evaluation of. K P and KT values from eqn. ( 1) , the average 

• 1\. o'?.c values of R 4 NBr salts at 25°C were taken from the work of 

Krumgalz 16 . • 1\. :/..~>-value for LiEF 4 and L:iAsF 6 in 1, 2-DME at 25°C 

was taken from literature 
2 

' 
7 

Therefore, from Walden • s rule the 

1\. -values of all the salts in 1HF at 25°C have been calculated and. 
0 ·~ 

are presented in Table 2 . Linear . re gres sian analysis of eqn. ( 1 ) 
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gives correlation co-efficient ( p! ) , intercept and slope and the 

values have been reported in Table 2. In solving the eqn. ( 1) , 

/\ T, the triple...:ion conductance, was set equal to 2/3 1\.o 17 . This 't--
o 

h~s been specially done so for relative comparison of l<.r values 

for the same electrolytes in different solvents 18 . The K P and K.r 
values thus evaluated have been recorded. in Table 3 . 

It is clear from Table 2 that major portion of the 

electrolytes exist as ion-pairs with only a minor proportion as triple-

ions. Using the values of Kp from Table 2, the interionic distance 

parameter, 1 qB 1 has been calculated with the help of the Bjerrum 1 s (--

theory of ionic association19 which can be written as 

where 

and b 

4 T1 N A (! .z 1 Z iJ./ e 2.) 3 Q ( b) 
· 1ooo ~ fJ<.-r 

6 

1 -4 Y exp y dy 

, 

The 1 qB 1 values obtained by the above procedure have been recorded 

in Table 4. :The Q( !J) values have been taken from literature 
20 . 

From Table 4 we see that the interionic distance parameter 1 qB 1 

is almost similar for all the tetraalkylammonium salts whereas the 

actual ionic size changes by 0. 94 A0
• This may be accounted by 

assuming that the Br- ion can easily penetrate to some extent into 
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the void spaces between the alkyl chains, as suggerted by Schiffrin 

et al
11 

in other systems. Thus increase in chain length in case 

of tetraalkylammonium ions does not greatly affect the distance of + 
closest approach between. the two ions. However, we see ·that an 

increase in the chain length increases the ion-parr association constant 

to some extent. The 1 q 1 values calculated from eqn. ( 6) are much 
B 

less in comparison to r c values ( sum of the crystallographic radii ) 

as reported in the literature 14 , suggesting that contact ion-pairs 

for tetraalkylammonium bromides probably exist in solution. This 

may cause a decrease in the degree of freedom of the cation in' 

the ion-pair which results in the loss of configrational entropy for 

the contact pair. Generally, Kp values do . not change significantly 

for quarternary ammonium ions with chain lengths greater than ~. 

The small changes in the Kp values as observed in Table 2 may 

thus be related to entropic contributions as discussed above. Table 2 

also shows that Kp values of LiBF4 in much higher than that of I.JAsF 6. 

Also from the 1q 1 values 
B 

reported in Table 4 we see that the minimum 

distance between ions in ion-pairs for these two electrolytes is much _ __._ 

higher than the size of the average ionic diameter as reported in 

the literature 11 ' 18 • This indicates that in case of UBF4 and UAsF6 

perhaps some solve~t molecules have been included in the first co-

ordination shell of the central ion. Further, a decrease in diele 
I 

ctric constant generally causes in the association constant of the 

free ions. In case of LiBF 4 , BF4 ions probably experiences a 

lower dielectric constant resulting in a lower interionic distance value 

than that of LiAsF 6 ( the ratio q B j r c is 1. 29 and 1. 44 for LiEF 4 

-~-
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and LiAsF 6 respectively ) and this is most likely the effect which 

is being observed here. 

The interionic distance, a.y , for a triple ion has 

also been calculated for these electrolytes according to the original 

theory of Fuoss and Kraus 3 as given by the expressions 

where 

'3 
2 TT NA Q -r 

1000 

e'l 

. I(b
3

) is a double integral which has been tabulated in the literature20 

for a wide range of values of b 3 . Since the term I( b3 ) is also 

function of. aT, so aT values were calculated by a iterative procedure . 

with the help of eqn, (7) and given in Table 4. The table shows 

that the ~ values of the electrolytes are greater than the correspon- -~-

ding q values but the values are much less than the expected 
B 

theoretical result aT = 1. 5 q
8 

This may be due to repulsive 

forces between the two anions or two cations in the case of the 

- + triple ions MA 2 or M 2A respectively. 

It is interesting to compare the values of KP and 

KT (Table 5 · with the corresponding data for these electrolytes 

in 1, 2-DME ( E- = 7. 01, ~ 0 = 0. 0041 P ) . The comparison shows 

that the electrolytes B u4 NBr and Pent 4 NBr are more associated in 
-~--
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TI-lF than in 1. 2-DME. In case of LiAsF 
6 

, the value of Kp is very 

close to each other in these two solvents media. The triple ions 

formation constants KT ) of these electrolytes in 1, 2-DME are much 

higher than ~ 1HF with the exception of UAsF6 , where reverse trend 

has been observed. The observed differences in Kp and KT values 

2 
can be explained by molecular scale model • It is likely that chela-

tion of R4N+ and L1 + by 1, 2-DME shifts equilibrium ( 8 ) 

M+ + A __,., M+ ..... A-~MA 8 ) .......-
A-~ MM- M 

+ Li+ MA + = R4N and 
~ 

M+~ MAM+ - and AsF6-MA + A = Br ,BF4 

toward the left, thus decreasing Kp . On the other hand, the steric 

hindrance caused by the -rn2 - group adjacent to the etheral group 

of the 1HF may cause solvation hindrance which favours the anion 

as a competitor for the first co-ordination shell around M+ This 

may shift equilibrium ( 8 ) toward the right, increasing , Kp . 

The ion-pair and triple ion concentrations, Cp 

and CT respectively, of the electrolytes have been reported in Table 5 

at the highest concentrations for individual ions as tabulated in Table 1 

using the following relations 

= C( 1 -rJ...- 3..1.T) (9) 

oG= (10) 

·t-

-k 
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o6T = 
J'z 

K-r I Kp ) c 1.j~ ( 11) 

~-
-+--

I K~ ) C aj;. 
CT = ( KT (12) p 

The results indicate that the ions are mainly present 

as ion-pairs even at such high concentrations with a small fraction 

as triple-ions. 

\ 
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-4 -3 C/10 mol dm 

k ) . 
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TABLE - 1 

Electrical conductivity of eletrolytes in Tetrahydrofuran .at 25°C 

-1 /\/S crrf! mol 4 -3 C/10 mol dm 
-1 4 -3 -1 1\/S crrf! mol c/10 mol dm A;s crrf! mol 

--~------------------------------------------------------------------------------------------------------

Bu4NBr . Pent4NBr Hex4NBr 

2.969 4.23 4.879 3.01 6.032 2.53 

4.690 3.12 6.524 2.62 8.565 2.07 

5.850 2.70 8.059 2.32 9.983 1.89 

7.239 2.35 9.006 2.21 10.690 1. 82 

9.050 2.12 10.958 1.95 12.698' 1.66 

10.550 1.94 22.500 1.44 15.983 1.49 

14.896 1.71 35.765 1.26 21.852 1.31 

21.550 1.53 43.892 1.23 30.918 1.18 

35.242 1.44 55.898 1.21 39.894 1.12 

58.126 1.40 68.498 1.20 46.598 1.08 

74.126 1.40 84.958 1.20 56.894 1.06 

91.215 1.40 93.958 1.20 63.698 1.05 

Contd •.•.• ( 2) 

--~ ~ . ,·t ·~ 
I 

co 
.....;) 
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~ k 
) ·~· \~ 

-4 -3 -1 C/10 mol dm 1\./S cffi! mol -4 -3 
C/10 mol dm A./S cffi! mol-1 -4 -3 

C/10 mol dm A -1 , , /S cffi!mol 

--------------------------------------------------~--------------------------------~---------------------

Bu4NBr Pent4NBr Hex
4

NBr 

103.514 1.40 100.151 1.21 71.455 1.05 
" 

149.173 -1.42 - 109 .. 895 1.22 84.134 1.05 

209.185 1.46 129.454 1.23 109.842 1.08 

298.473 1.50 145.699 1.25 126.492 1.09 

365.298 1.55 167.894 1.26 155.131 1.12 00 
co 

420.589 1. 56 175.623 . 1/.27 169.482 1.14 
'b. 

·' 
623.970 1.65 189.857 1.28 183.586 1.15 

221.589 1.32 208.934 1.19 

289.492 1.39 230.418 1.21 

314.596 1.40 241.253 1.22 

612.558 1.64 292.956 1.27 

. 351.611 1.33 

Contd ..... ( 3) 

+ 
~- r't fr-



-~ ~ 
i ·~ :-+-

------------------------------~--------------------------------------------------------------------------

-4 -3 
C/10 mol dm A /S crrf! mol-1 -4 -3 

C/10 mol dm 
-1 -4 -3 -1 

1\ /S crrf! mol C/10 mol dm 1\/S crrf! mol 

Hept4NBr UBF 4 
LiAsF 6 

8.494 2.26 9.489 1.42 7.698 16.51 

9.010 2.19 1.5.987 1.06 9.279 15.55 

9.895 2.04 29.829 0.79 15.895 12.92 

10.957 1.95 37.985 0. 71 43.897 9.48 

23.985 1. 73 48.580 0.64 74.875 8.27 co 
(0 

15.315 1.65 53.500 0.62 90.768 8.00 

17.987 1.55 74.598 0.55 109.764 7.68 

20.285 1. 46 90.386 0.51 132.983 7.45 

25.316 1.27 118.765 0.47 148.925 7.35 

29.849 1.23 223.943 0.41 169.021 7.39 

36.983 1.17 272.149 0.40 180.943 7.27 

Contd ..... ( 4) 

\ 

+ 
Jr;- ·-r- jr-
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-4 -3 -1 
C/10 moldm 1\ ;s cm2 mol -4 -3 

C/10 moldm 

Hept
4

NBr LiBF 
4 

43.895 1.13 307.826 

66.986 1.08 382.967 

80.689 1.01 439.467 

94.986 1.07 576.928 

120.289 1.08 615.938 

139.468 1.09 871.613 

156.489 1.10 938.538 

189.542 1.14 1098.562 

268.498 1.22 1165.823 

319.286 1.26 1214.960 

356.894 1.30 1289.710 

i 

~ 

-1 /'\ /S cm2 mol 

0.40 

0.40 

0.40 

0.42 

0.43 

0.47 

0.48 

0.52 

0.53 

0.54 

0.57 

...._ 

-4 -~ -1 
C/10 moldm " 1\ /S cm2 mol 

LiAsF 
6 

213.792 7.27 

224.976 7.26 

309.267 7.53 

378.769 7.79 

484.693 8.02 

. ---------------------------------------------------------------------------------------------------------

·+-
-~ 

·t· . ..,.._ 

(0 

0 



Salts 

Bu
4

NBr 

)--
Pent

4
NBr 

Hex4NBr 

Hept4NBr 

LiEF 4 

LiAsF6 _...._ 
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TABLE 2 

Values of Co-efficients from Regression Analysis 

/\0 
-1 (Scrrrmole ) 

123.33 

118.33 

114.63 

112.24 

112.61 

132.80 

2 
r 

0.9835 

0.9952 

o. 9972 

0.9968 

0.9944 

0.9960 

If'tHrceot 

6. 85 X 10-2 

(±0.0003) 

6.21 X 102 

(±0.0002) 

5.12 X 10-2 

(±0.0001) 

5.54 X 10-2 

(±0.0001) 

3.65 X 10-2 

(±0.0019) 

45.65 X 10-2 

(±0,0001) 

Slope 

5.281 

(±0 0 008) 

5.200 

(±0,005) 
~ 

5.166 

(±0.002) 

4.813 

(±0.002) 

1.079 

(±0,002) 

25.961 

(±0.105) 

~ 
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TABLE 3 

Ion-pair _and Triple-ion Formation Constants in 'IHF at 25°C 

Salts 

Bu
4

NBr 

Pent4NBr 

Hept
4
NBr 

LiBF 4 

LiAsF6 

~ X 10-6 

-3 -1 (mol dm ) 

3.24 

'2>.63 

5.02 

4.11 

11.30 

0.08 

-3 -1 
(mol dm ) 

115.68 

125.61 

151.47 

130.42 

44.36 

85.30 

·~. 

J..; 
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TABLE 4 

The q8 , aT and re values for the salts in 1HF at 25°C 

·Salts 

Bu4NBr 

Pent4NBr 

Hex4NBr 

. Hept4NBr 

LiBF 4 

LiAsF
6 

a b 
Ref.14, Ref. 18 

8 
qB X 10 

(em) 

4.06 

4.03 

3.96 

4.01 

3.80 

5.61 

(em) (em). 

4.50 6.74a 

4·.37 7,098 

3.70 7.40a 

4.29 7.68a 

2.95a 

4.80 3.90b 

....... 
. ! 

k 
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TABLE - 5 

Comparison of K P and KT values in 1HF and 1, 2-DME at 25°C 
--------------------------------------------------------------------~------------------------------------

1HF 

* c 

DME 

cP x 104 

1HF DME 1HF 

Kp X 10-6 
KT 

DME 11-IF DME 1HF DME 
--------------------------.-------------------------------------------------------.-----------------------
Bu4NBr 0.062 0.03a 588.85 '271.90 9.92 8.99 

Pent4NBr 0.061 0.03a 578.91 270.11 9.93 9.43 

Hex4NBr 0.035 0.03a 335.88 281.39 4.43 5.95 

Hept4NBr 0.035 a 0.03 . 336.44 282.69 4.21 5.51. 

LiEF 4 0.129 o.1ob 1270.50 4.55 6.11 4.56 

LiAsF 
6 0.048 0.20C 379.96 0.30 0.08 0.03 

* Maximum concentrations at which calculations have been made; 

~ef. 12; 

+ 

b 
Ref. 7; 

c 
Ref. 18 

·if '·t 

3.24 2.39 115.68 267.58 

3.63 1.12 125.61 192.01 

5.02 5.18 . 151.47 260.64 

4.11 4. 74. 130.42 230.74 

11.30 12.00 44.36 50 

0.08 0.~0 85.30 28 

,, 

co 
~ 
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Viscosity and Density of Solutions of Tetraalkylammonium Bromides, 

R4NBr, ( R = Butyl to Heptyl ) in Tetrahydrofuran ( TI-IF ) at different 

Temperatures. 

Viscosities and densities are reported for tetra-

alkylammonium bromides in tetrahydrofuran ( 1HF ) at 25° and 35°C. 

The data have been used to calculate viscosity B-coefficients employing 

Jones-Dole, Breslau-Miller and Vand equations. Results show that 

tetraalkylammonium bromides can be approximated as spherical entities 

in tetrahydrofuran ( 1HF ) and act as structure- promoters. 

Dependence of viscosity ( Y[_, ) on concentration ( C ) 

of solutes and temperature T ) of solutions l1as been employed 

as a function of studying ion-ion and ion-solvent interactions in non-

aqueous solvents. 
1-3 

It has been found by a number of workers 

that the addition of electrolyte could either break or make the structure 

of a liquid, Since viscosity is a property of the liquid which depends 

upon the intermolecular forces, the structural aspects of the liquid 

can be inferred from the viscosity of solutions at different concentra-

tions and temperatures. 

Experimental 

Tetrahydrofuran ( Merck ) was kept several days 

over Krn, then refluxed for 24 hours and distilled over UAIH4. Its 

boiling point, density and viscosity compared well with the literature 

values 4 The specific conductance of TI-lF was ca. 0. 81 X 10-6 

-~-
) 

t-
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Tetraalkylammonium salts ( Fluka purum or puriss -~ 

were purified as described in the literature 5 and also described 

earlier by us 6 The salts were purified by recrys_tallizati.on and 

the higher homologues were recrystallized twice to ensure the highest 

purity. The recrystallized salts were dried under vacuum at elevated 

temperatures for 12 hours. All these salts were stored in a vacuum 

desiccator and dried for 4 hours at 1000C prior to use. 

A stock solution for each salt ( '""V"" 0. 1 M ) in the 

solvent ( 'IHF ) was prepared and the working solutions were obtained 

by weight dilution. The molar concentration of the solutions was 

calculated from molality and density values. 

The densities were measured with an Ostwald- Sprengal 

type pycnometer having a bulb vplume of 25 em 3 and an internal 

diameter of the capillary of about 1 m. m. The pycnometer was cali-

brated at 25 and 35°C with doubly distilled water. 

of the density measurements was ± 3 X 10-5 g cm-3 

The precision ""t-

The measure-

ments were made in an oil bath maintained with an accuracy of 

±0. 005°C of the desired temperature by means of a mercury-in-glass 

thermoregulator and the absolute temperature was determined by a 

platinum resistance thermometer and Muller bridge 7 • 

The kinematic viscosities were measured by means 

8 of suspended-level Ubbelohde viscometer with a flow time of about t-

539 sec for distilled water at 25°C. The time of the efflux was 
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measured with a stop watch capable of recording ± 0.1 sec. The 

viscometer was always kept in a vertical position in a water thermostat. 

The viscometer · needed no correction for kinetic energy. The Kinematic A( 

viscosity ( .V ) and the absolute viscosity ( "1 ) are given by the 

following equation 

,J = ct - K/t 

J ( 1 ) 

'(. = ~fJ 

Where t is the efflux time, pis the density and 

c and k are the characteristic constants of the viscometer. The 

values of the constants c and k, determined by. using water and 

benzene as the calibrating liquids at 25 and 35°C were found to be 

1. 648 X 10- 5cm2s-2 d 0 02331647 2 1i l 'T'h • • an - • · · em res pee ve y. 1.ue prec1s1on 

of ttu~ Viscosity measurem1:mts was ;t 0,05%. In all cas(;)s, the experi

ments were . performed at least in five replicates and the results 

were averaged. 

Relative viscosities ( 'lf.r ) were obtained by using 

equation ( 2 ) 

and t, t 0 are the absolute 

viscosities, densities and flow times for the solution and solvent 

respectively. 

The measuremetns were carried out in a thermostatic 

~-
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bath maintained with an accuracy of ± 0. 01°C of the desired temperature? 

A 60W heating element and a toluenP. -mercury thermoregulator were 

used to maintain the temperature of the experimental thermostat which ~. 

was placed in a hot-cum-cold thermostat. The temperature of the 

hot-cum-cold thermostat was preset at the desired temperature using 

a contact thermometer and relay system. The absolute temperature 

was determined by a calibrated platinum resistance thermometer and 

Muller bridge. 

Results and Discussion 

Density ( P ) , viscosity ( Y[_ ) , and relative viscosity 

( 't r ) data of tetraalkylammonium bromides ( But
4 

to Hept
4 

)in 

tetrahydrofuran ( 1HF ) at 25 and 35°C have been recorded in Table-1. 

It can be seen from the data that the values of viscosities of solutions 

increase with increasing concentration of the salt and decrease· with 

increasing temperature. 

tration ( c 

The variation of relative viscosity ( 'i..r ) with concen

is usually expressed by· the Jones-Dole equation 10 

, r = 1 + Ac~ + Be ( 3 ) 

Since, in general, A/B ( < 1, the second term may 

be neglected at concentrations above 0. 002 M and the equation ( 3 

may be written as 11 

~r = 1 + Be, 0.002 <M <.,....0.1 ( 4 ) 
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In the present study, · equation ( 4 ) is valid in 

solutions of concentration ranging between 0. 01 and . 08 M . The 

linearity obtained by plotting of "1r vs c is shown in Figs. 1 a 

2 • This type of characteristic is an indication of the applicabilit1 

of equation ( 4 ) . 'Ihe values of B obtained from the slopes of 

the plots are given in Table - 2. 

The relative viscosity data of solutions have been 

fitted into the folio wing equations : 

Moulik equation 12 

= M + k I c-2 ( 5 ) 

Where M and k 1 are constants. The applicability 

2" 
of Moulik equation is shown by the linear plots of 1Lr vs cJ ( Figs. 

3 a 4 J. 

ii) Breslau-Miller equation 11 , 

Ve = -2.5c + [ (2.5c)2 - 4 (10.05c2)( 1- 'Yf.r )].i ( 6 ) 

2( 10.05 ) c2 

Where Ve is the average effective rigid molar volume. 

The values of Ve thus obtained were used for calculating B-coefficients, 

employing the following relation 

~-

B = 2.90 Ve - 0.018 ( 7 ) -t--
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13 
Vand' s equation 

2..·5 ¢ 
1- K¢ 

( 8 ) 

Where cp is valume fraction and K the generalised 

particle interaction coefficient. Substituting cp = CV and rearranging 

equation ( 8 ), we have, 

c 
log 'tr 

= 2.303 

2.5 v 
2.303 KC 

2.5 

Where V is the effective flowing volume. 

( 9 ) 

V has 

been obtained from the intercept of the linear plot of C/log '1r vs C, 

shown in Fig 5. B-coefficients were calculated from the relation, 

B = 2.5 V ( 10 ) 

B values thus calculated from equations 4 ) • 

( 7 ) and ( 10 ) are listed in Table - 2 for comparison. B · values 

obtained from Jones-Dole and Breslau-Miller equations are more or 

less near to each other, however they differ considerably from those 

obtained from Vand-equ!ition ( 9 ) . This descrepancy as regards 

to the magnitude of . B may be attributed to concentration dependence 

validity of viscosity equations and variable ion-solvent interaction 

with varying concentration of electrolyte. The familiar viscosity B-

coefficients and the related ionic molar contribution to the free energy, 

enthalpy and entropy of activation are re-examined on the compensation -~ 

principle by Feakins et al 14 Particular attention is paid to the 
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nature of the solvent in the transition state. If compensation between 

ehthalpic and entropic · contributions from solute-induced structural 

changes occurs in both ground and transition state solvents, then ,<,_ 

free energy of activation, and hence B can not be influenced by changes 

in the structure of the solvent of the type· proposed, say, by Frank 

and Wen 15 . 

From Table - 2 it is seen that the B-values always 

increase from Bu4NBr to Hept4NBr in 1HF. This fact indicates that 

the larger tetraalkylarrimonium cations are scarcely solvated in this 

solvent medium. 

Table - 2 also shows that B-values are positive 

and decrease with rise in temperature ( negative dB/dT ) suggesting 16 

.Structure-promoting tendency of tetraalkylammonium bromides. The 

positive B-values and negative dB/dT show the absence of a firm layer 

of solvent molecules around the ion-in their co-sphere. 

The investigation thus indicates that all the salts 

studied here exhibit strong ionic interactions, apparently due to the 

low dielectric constant of the solvent. 
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TABLE - 1 

Concentration. ( M ) , Molality ( m ) , Density ( fJ ) , Flow-time ( t ) , Viscosity ( "1, ) and relative 

visco~ity ( l'[ r ) of Tetraalkylarrimonium Bromides in Tetrahydrofuran ( 1HF ) at different Temperatures 

Relative Viscosity 
( ~r ) 

1.11771 

1.08952 

'1.07592 

1.0477916 

1.0305875 

1.0972803 

-.~ 

Salt - Bu 
4

NBr, Solvent - 1HF, Mol. Wt. = 322. 38 

Density of TIIF at 25°C = 0.88072 g· ./c.c •. and viscosity at 25°C = 0.463 cP 

Temperature = 25°C 

Concentration 
( M ) 

Molality 
( rn ) 

Density Viscosity Flow-time in Sec. 
. ( p )g· ./CC ( lJ.. )in cp 

·o.0740808 0.0857363 0.887936 0.5174982 349.60 

0.0550314 0.0633746 0.8860916 0.5044466 341.30 

0.0402152 0.0461349 0.8846517 0.4981549 337.50 

0.0253991 0.0290268 0.8832077 0.4851275 329.00 

0.0105829 0.0120486 0.881758 0.47716119 324.00 

Density of 'IHF at 35°C = 0.87033 gm/cc and viscosity·at 35°C = 0.4277 cP 
Temperature = 35°C 

0.0731675 II 0.8769894 0.4693068 320.30 

Contd .•••• 2 

~ )~ 1-:A-

....... 
0 
O'l 



.y _·A_ 
)r ,.J.( . 

1. 06722 0.0543603 II 0.8752872 0.4564507 311.90 

1.05336 o. 039729 II 0.8739585 0.4505072 308.20 

1.0305268 0.0250946 II 0.8726254 0.4407563 301.80 

1.0160601 0.0104571 II 0.871288 0.4345689 297.90 

Salt - Pent4NBr , Solvent-- THF, Mol. Wt. = 378.49 

Density of 1HF at 25°C = 0.88072 g jcc and viscosity at 25°C = 0.463 cfl 

Temperature - 25°C 

1.13868 0.0750024 0.0873286 0.8872396 0.5272113 356.60 
f-> 
0 

1.1045784 0.0568984 0.0658440 0.8856746 0.5114198 346.30 -J 

1.0851734 0.0413806 0.0476369 0.8843288 0.5024353 340.60 

1.0624117 0.0258629 0.0296188 0.8829790 0.4918966 333.80 

1. 0;44985 0.0103451 0.117864 0.8816249 0.4838279 328.10 

Density of 1HF at 35°C = 0.87033 g. jcc and viscosity at 35°C ·= 0.4277 cP 

Temperature - 35°C 

.:•. 

1.27 0.0741108 II 0.8767008 0.481404 ' ~ 328.90 ., 

1.0886923 0.0562238 II 0.8751753 0.4656337 318.40 

Contd ..••. 3 

~~~ ~ ~ ~-



·~ 

1.0611672 

1.0367141 

1.0255565 

1.173654 

1.1229948 

1.0890423 

1.0640546 

1.0461546 

1.1653028 

1. 096575 

1.068228 

>,k, 

'.~ ·~~ 

0.0408906 II 0.8738592 0.4538612 310.60 

0.025557 II 0.8725391 0.4434026 303.70 

0.0102228 II 0.871215 0.4386305 300.80 

Salt - Hex 4NBr, S~lvent - THF, Mol. Wt. 434. 60 

Density of 1HF at 25°C = 0.88072 g· /cc and viscosity at 25°C = 0.463 cP 
. Temperature - 25°C 

0.0748219 0.0875893 0.8867523 0.5434018 367.00 

0.0555819 0.064551 0.8852089 0.5199466 352.00 

0.0406176 0.0468834 0.8840048 0.50422661 342.00 

0.0256532 0.0294306 0.8827974 0.4926573 334.40 

0.0106888 0.0121887 0.8815868 0.4843696 329.00 

Density of 1HF at 35°C = 0.87033 g. /cc and viscosity at 35°C = 0.4277 cf 

Temperature - 35°C 

0.0739544 II 0.8764726 0.4983999 340.90 

0.0549794 II 0.8750279 0.4690051 320.60 

0.0401673 II 0.8737069 0.4568812 312.60 

~ ~ 

~ 

Contd ••••• 4 

./~ 

p 
0 
CP 



~ ~t: ·r -~ 

1.04164 0.0253621 II 0. 8724819 0.4455089 305.10 

1.0281316 0.0105646 II 0.8711539 0.4397319 301.00 

Salt - Hept4NBr, Solvent - TifF, Mol. Wt. = 490.71 

Density of 1HF at 25°C = 0.88072 g· /cc and viscosity at 25°C = 0.463 c P 

Temperature - 25°C 

1.1947177 0.0743343 0.0875131 0.8858836 0.5531543 367.90 

1.1262201 0.0552197 0.0643988 0.8845615 0.5314399 353.70 

1.0941359 0.0403529 0.0467194 0.8835305 0.5065849 343.80 
...... 
0 

1.064933 0.0254860 0.0292945 0.8824971 0.493064 334.80 (0 

1.0475546 0.0106191 0.0121187 0.8814613 0.4850178 330.50 

Density of TilF at 35°C = 0.87033 g /cc and viscosity at 35°C = 0.4277 cP 

Temperature - 35°C 

1.1853914 0.0735101 II 0.8760623 0.5069919 347.30 

1.1125675 0.0545975 II 0.8145946 0.4758451 325.80 

1.079246 0.0398925 II 0.8734501 0.4615935 316.20 

1.0513299 0.0251915 I 0.8723028 0.4496538 308.20 

1.0287877 0.0104948 II 0.8711529 0.4400125 301.80 
---------------------------------------------------------------------------------------------------------

r,1-:' 
~· 

~ ;t~ 
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TABLE - 2 

J. 

Values of B ... from various equations at different temperatures 

Temperatures 

-----------------------------~----------------------------------------------------------
25°C 35°C 

Salts 
Ba Bb Be Ba Bb Be 

Bu4NBr 1.346 1. 798 2.280 1.228 1.345 1.616 1-" 
1-" 
0 

Pent
4

NBr 1.498 2.070 2.558 1.372 1.603 2.056 

Hex4NBr 1. 715 2.305 2.677 1.553 1. 773 2.326 

Hep~4NBr 1.951 2.535 2.878 1.832 1.933 2.587 

---------------------------------------------------------------------------------------------------------
* Obtained from : aJones-Dole equation; bBreslau-Miller•s eqn. evand equation; 

',)t:-
~ 

~ 1Jt.._ 
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Apparent and Partial Molal Volumes of Some Symmetrical· Tetra

alkylammonium Bromides in Tetrahydrofuran and 1, 2-Dimethoxyethane 

at different Temperatures. 

IN1RODUCTION 

The volumetric behaviour of solutes has been proved 

to be very useful in elucidating the various interactions occuring 

in aqueous and non-aqueous solutions 1 Studies on the apparent 

and partial molal volumes of electrolytes have been used to exa.mine 

solute-solute 1 solute-solvent and solvent-solvent interaction 2 . The 

apparent and partial .molal volumes of tetraalkylammoniuin salts have 

been investigated rather extensively in aqueous 3-5 and non-aqueous 

solutions 6 
I 
7 Such measurements have also been reported for 

water-organic solvent binary systems 8 • However 1 no work has 

{· 

been reported on the apparent and partial molal volumes of tetraalkyl

ammonium bromides 1 R NBr ( R = C H- to C H- ) in tetrahydrofuran -t 
4 . 4 9 7 15 

( lliF ) and 112 dimethoxyethane ( DME ) at 25 130 135 140 and 45°C. 

In recent years much attention has been given to these solvents of 

low dielectric constants(? = 7. 58 . 
. 1HF and. 

~ince I these have been reported to give good performance 9 110 

Experimental Section 

Tetrahydrofuran lliF was kept several days 

over KCH-I 1 · · refluxed for 24 hours and distilled over LiAlH 
4 

The 
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b,9iling point ( 66°C ) 1 density ( 0.8807 g cm-3 and viscosity 

( "1. 0 = 0. 0046 P ) compared · well with the literature values 11 . 

The specific conductance of TIIF was ca. 0. 81 X 10 - 6 Ohm - 1 cm-1 ~: 

at 25°C. 

The purification of 1 1 2-dimethoxyethane Flukal 

Purum. ) has been described earlier 12 The solvent was shaken 

well with FeSO 4 1 ( A. R. 1 Blli ) for 1-2 hours I decanted and distilled. 

The distillate was refl.uxed for 12 hours and distilled over metallic 

sodium ( b.p. = 83.5°C 1 density = 0.8626 g/CC 1 viscosity = 0.0042 p) 

Tetraalkylammonium bromides were of Fluka purum 

or puriss grades; rifi. d d 'bed . th li 13 
these were pu e as escn rn e terature 

and also described earlier by us 
14 

The salts were purified by 

recrystallization and the higher homologues were recrystallized twice 

- to ensure highest purity. . The recrystallized salts. were dried under 

vaccum at elevated temperatures for 12 hours. The salts were stored 

in a vacuum desiccator and dried for 3-4 hours at 1000C prior to 

use. 

A stock solution for each salt was prepareo by 

weight and working solutions 1i1 the concentr~ti.on range 0. 01 < M < 0,10 

were obta.:lrted by · weight dilution. The conversion of the molality 

into molarity was done by using the density values. The densities 

were measured with an Ostwald Sprengal type pycnometer having 
a. 
1'bulb volume of about 25 em ·and an internal diameter of the capillary 

of about 1 mm. The pycnometer was calibrated· at 25°C with doubly ~-

distilled \Vater. Measurements were made in and oil bath maintained 
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at 25 :1; 0, 05°C by means of a mercury-in-glass therxnoregulator and 

the absolute temperature was determined by a calibrated platinum 

resistance thermometer and Muller bridge. The precision of the ~-

density measurement was greater than ± 3 X 10 5 g -3 em . 

Results and Discussion 

The apparent molal volumes, cp v , of the solutes 

were calculated from the densities of the solutions by us:lng the equation 

M 
( 1 ) -

~ 

Where M is the molecular weight of the solute, 

~ and ;0 are the densities of the solvent and the solution, res

pectively and c is the molar concentration in molarity, 

, were computed The partial molal volumes, 

. _ from cfv with the equation 

Vz 
-:t 

2 ) 

The molar concentrations, densities, and apparent 

and partial molal volumes of the solutions of various · tetraalkylammonium 

bromide4s in THF and DME at 25,30,35,40 and 45°C are reported 

in Table 1. The limiting apparent volumes, ~ v 
If-

molal ( equal to 

the partial molal volumes at infinite dilution, vz ), were obtained 
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, by least square fitting of cp 11 values to the equation 

3 ) 

* Where S is the experimental slope. 
v 

The plots of cp11 against [C 

were linear in all cases, and from the intercept and the slope one 

can obtain the values .ofcpv 
* and S v 

* ( = VZ ) a 11d S v , respectively. The 

are given values of cps· 
in Table 2. A representative plot is shown in Figures 1 and 2. 

* The experimental slope S depends upon ion-ion interactions while 
v 

cp 0 values can be used to examine the solute-solvent interactions k v 

since at infinite dilution the apparent molal volumes are, by definition, 

independent on ion-ion interactions. 

* The S values shown in Table 2 are large and 
v 

positive for all the tetraalkylammonium bromides · in both THF and 

DME at all the temperatures investigated. This is an indication of 

strong ion-ion interactions in both solvent media. This type of beha

viour of tetr.aalkylammonium halides has . been also observed in solvents -"t
of medium of low dielectric constants, e.g., 2-methoxyethanol, dimethyl

sulfoxide, methanol, N, N dimethyl formamide, etc. 15 •6 •16 The 

possible explanation. for the positive slopes in 11-IF and PME may be 

that the ionic association would become quite appreciable in this medium 

as the concentration of the electrolyte is increased, thereby weakening 

the ion-solvent interaction. As a consequence, contraction of the 

solvent would be gradually lowered with increasing concentration 

of the electrolyte, resulting in a net positive volume change per mole 
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* of the added· solute. The S values ( and hence ion-ion interactions ) v 

increase as the size of the cation increases in DME at all the tempe-

ratures studied whereas these values increase with increasing size 

of the cation with the exception of PentL;NBr in 'IHF over the eritire 

range of temperatures studied. ( Table 2 ) • Exactly the same conclu-

sian regarding the ion-association behaviour of these electrolytes 

in DME and -'IHF has been drawn from conductometric studies 17 

The limiting apparent molal volumes , cP ~- shown 

in Table - 2 are large and positive, and the values increase regularly 

as the size of the tetraalkylammonium ion increases. This is 

agreement with earlier findings in several non-aqueous solvents as 

well as in water and heavy water 18 • The large cps values reveal 

that the solute-solvent interactions are .strong in these solvents. 

The calculations of the ionic limiting partial molal 

volumes have been done following the method suggested by conway· 

et al 3 Vosaki et al 19 have used this method for the separation -'1--
of some literature values and of their own VOR NX values into 

4 
ionic contributions in organic electrolyte solutions.. Krumgalz 18 applied 

the same method to a large number of partial molal volume data 

for non aqueous electrolyte solutions in a wide temperatures range. 

The vz values for the tetraalkylammonium bromides 

in 11-IF and DME at- 25,30,35,40 and 45°C were plotted against the 

formula weight of the corresponding tetraalkylammonium ions. 

excellent linear relationship was observed for all the salts examined. 

The VO,~ Y1 values for tetraalkylammonium and bromide ions in DME 

and 'IHF at 25 I 30,35 I 40 and 45°C are presented in Table 3. The 
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values for all the tetraalkylammonium ions are positive and 

found to increase· continuously ~rom Bu 
4 

N+ to Hept
4 

N+ in both solvent 

media. This fact indicates that the large tetraalkylammonium cations 

are scarcely solvated in these solvents media. The positive VR N+ 
4 

values indicate that the solvent molecules form a less compact structure 

around the incorporated ion, thus giving rise to positive charge in 

volume. This fact provides additional support in favour of the unsol-

vation of these cations. 
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TABLE - 1 

Concentration ( C ) , Molality ( m J , I:.ensities ( jJ ) , Apparent Molal Volumes ( .Pv ) , and Partial Molal 

_Volumes ( v2 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

}<;.. 
r 

for Various Tetraalkylammonium Bromides in Various Solvents at Different Temperatures. 

. c 
. . -3 
mol dm 

0.064018 

0.0512144 

0.0384108 

0.0368949 

0.0256072 

0.0221369 

0.0184474 

0.0128036 

vc 
-3 (mol dm )~ 

Solvent = 

m 
-1 mol kg 

~ 
g cm-3 

Tetrahydrofuran ( 1HF ) 

At 25°C 

Salt = Bu 4NBr, Mol. Wt. of the salt = 322.38 

0.25300 0.0739885 0.88588 

0.22630 0.0589552 0.88521 

0.19598 0.0440472 0.88442 

0.19208 0.0422891 0.88434 

0.16002 0.0292612 0.88338 

0.14878 0.0252675 0.88309 

0.13582 0.0210364 0.88275 

0.11315 0.0145797 0.88220 

~- ~-

cf v 3 . -1 
em mol 

v 
~ -1 

em mol 

274.52 309.92 

266.49 298.32 

256.66 284.35 

25"4. 69 281.65 

248.09 270.79 

244.50. 265.63 

241.22 260.53 

234.55 250.66 

Contd .•••• ( 2 

,A. 

._.. 
N .,. 



..... 
I 

_.,- ..!+- -t-

Salt = Pent4NBr, Mol. Wt. of the salt = 378.49 

1. 0.0402388 0.20059 0.0462579 0.885109 305.90 330.48 

2. 0.0357678 0.18912 0.0410576 0.884699 303.44 326.66 

3. 0.0312968 0.17690 0.0358755 0.884216 302.91 324.66 

4. 0.0268258 0.16378 0.0307043 0.883833 297.96 318.13 

5. 0.0223549 0.14951 0.0255508 0.883380 294.60 313.05 

6. 0.0178839 0.13373 0.0204127 0.882882 292.43 309.09 

7. 0.0134129 0.115814 0.0152884 0.882422 285.62 305.89 
I'-" 
N 
Cl1 

Salt = Hex llBr, Mol. Wt. of the Salt = 434.60 

1. 0.1880575 0.43365 0.23265 0.89002 437.28 494.33 

2. 0.1692517 0.41140 0.20743 0.88947 434.76 482.37 
. 

3. 0.1504460 0.38787 0.18262 0.88919 429.50 472.20 

4. 0.1316402 .0.36282 0.15827 0.88894 422.54 460.07 

5. 0.1128345 0.33590 0.13439 0.88862 413.99 452.88 

6. 0.0940287 0.30664 0.11097 0.88816 403.59 444.09 

7. 0.075223 0.27426 0.08797 0.88732 393.85 . 434.38 

Contd •.••• ( 3 

--'}.. 'T' '* ' 
)<.. 

I 
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Salt = Hept4 NBr, Mol. Wt. of the Salt = 490.71 

1. 0.0393032 0.1982 0.454411 0.88410 459.28 501.69 

2. 0.0353729 0.1880 0.0408182 0.88395 453.39 493.71 

3. 0.0314426 0.1773 0.0362131 0.88369 449.78 487.89 

4. 0.0275123 0.1658 0.0316232 0.88350 442.30 478.01 
·-· 

5. 0.0235819 0.1535 0.0270425 0.88328 433.99 467.13 

6. 0.0196516 0.1401 0.0225018 0.88297 426.89 457.19 

7. 0.0157212 0,1253 0.0179658 0.88265 417.25 444.41 
...... 
N 
0) 

At 300C 

Salt = Bu
4 

NBr, Mol. Wt. of Salt = 322.38 

1. 0.0636913 0.25237 Same as 25°C 0.88136 278.28 312.54 

2. 0.0509551 0.22573 II 0.88073 270.00 300.77 

3. 0.0382062 0.19546 II 0.87985 263.50 290.27 

4. 0.0367018 0.191577 II 0.87979 261.32 286.51 

5. 0.0254773 0.15961 II o. 87894 252.35 274.31 
-

6. 0.0220218 0.148397 II 0.87864 249.31 269.74 

Contd ••••• ( 4 ) 

~ ,, 
,_A, 

~ "f 
I 
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~ -+-

7. 0.0183539 0.13547 Same as 25°C 0. 87832" 246.72 265.39 

8. .0.0127389 0.112866 II 0.87779 239.55 255.14 

Salt = Pent 4 NBr, Mol. Wt. of the Salt = 378.49 

1. 0.040024 0.20005 II. 0.88059 311.12 333.89 

2. 0~0355837 0.18863 II 0.88021 308.44 329.95 

3. 0.031143 0.17647 II 0.87987 303.11 323.27 

4. 0.0266912 0.16337 II 0.87940 301.84 321.07 

5. 0.0222423 0.14913 II 0.87893 299.94 319.87 f-lo 
N 
-...J 

6. 0.0177946 0.13339 II 0.87848 295.84 315.94 

7. 0.0133463 0.11552 II 0.87803 289.46 310.03 

Salt = Hex 4NBr, Mol. Wt. of the Salt = 434.68 

1. 0.187056 0.43250 II 0.88529 441.45 495.99 

2. 0.168412 0.41038 II 0.88506 436.96 485.38 

3. 0.149636 0.38682 II 0.88441 434.53 475.28 

4. 0.131012 0.36195 II 0.88439 423.25 465.46 

Contd •.••• ( 5 ) 

~~ 
~- , .• i" 
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5. 0.112241 0.33502 Same as 25°C 0.88395 418.76 455.52 

6. 0.093553 0.30586 II 0.88367 406.72 445.72 

7. 0.074838 0.27356 II 0.88273 398.79 435.57 

Salt = Hept 4 NBr, Mol. Wt. of the Salt = 490.71 

1. 0.0391081 0.1977 II 0.88308 469.12 511.94 

2. 0.0351842 0 •. 1857 II 0.87924 466.57 506.87 

3. 0.0312765 0.1768 II 0.87900 457.61 496.07 

4. 0.273713 0.1654 II 0.87897 450.76 486.83 1-" 
N 
CP 

5. . 0.0234510 0.1531 II 0.87870 445.99 479.44 

6. 0.0195505 0.1398 II 0.87843 438.89 469.50 

7. 0.0156374 0.1250 II 0.87812 430.88 458.30 

At 35°C 

Salt = Bu 4NBr, Mol. Wt. of the Salt = 322."38 

1. ' 0.0632441 0.2514838 II 0.87517 282.44 315.97 

2. 0.0505966 0.2249368 II 0.87453 274.94 305.07 

Contd ••••• ( 6 ) 

·I~ 
~- ,, 

~ 
I 
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3. 0.0379479 0.1948022 Same as 25°C 0.87376 266.48 295.98 

4. 0.0364497 0.190918 II 0.87367 265.15 287.03 

5. 0.0252993 0.1590575 II 0.87276 260.11 280.93 

6. 0.0218691 0.147882 II 0.87256 253.32 273.07 

7. ' 0.0182252 0.1350007 II· 0.87224 249.92 264.39 

Salt = Pent 4NBr, Mol. Wt. of the Salt = 378.49 

1. 0.0397536 0.1993830 II 0.87443 316.15 338.27 

2. 0.0353383 0.1879848 II 0.87407 313.08 334.04 ...... 
N 
<0 

3. 0.0309243 0.175853 II 0.87369 309.87 329.50 

4. 0.0265045 0.162802 II 0.87325 308.30 325.08 

5. 0.022088 0.1486203 'II 0. 87284 304.50 321.01. 

6. 0.0176711 0.1329326 II 0.87238 301.42 316.88 

7. 0.0132535 0;:1151238 " 0.87192 297.07 313.02 

Salt = Hex4 NBr, Mol. Wt. of the Salt = 434.60 

1. 0.1857833 0.4310258 II 0.87929 443.90 496.09 

Contd ••.•• ( 7 ) 

~ 
~· :..: 

~ 
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2. 0.1672041 0.4089059 Same as 25°C 0.87874 441.54 486.08 

3. 0.1486275 0.3855223 II 0.87845 436.55 477.02 

4. 0.1300888 0.3606782 II 0.87848 427.37 467.83 

5. 0.1114504 0.3338418 II 0.87774 422.93 457.92 

6. 0.0928685 0.3047433 n· 0. 87724 413.85 448.03 

7. 0.0742646 0.2725153 II 0.87648 404.21 438.63 

Salt = Hept 
4 

NBr, Mol. Wt. of the Salt = 490.71 

1. 0.0388208 0.1970299 II 0.87336 474.12 513.24 I-' 
(;.) 

0 

2. 0.0349438 0.1869326 II 0.87323 468.41 505.61 

3. 0.031065 0.1762526 II 0.87308 461.91 497.05 

4. 0.0271795 0.164862 II 0.87282 458.58 490.78 

5. 0.0232885 0.1526057 II 0.87261 451.36 483.25 

6. 0.0194148 0.139337 II 0.87234 444.78 475.66 

7. 0.0155301 0.1246198 II 0.87205 436.52 467.89 

Contd ••••• ( 8 

~ -{. ·~ 
_..,. 
" 
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At 400C 

Salt = Bu 
4 

NBr, Mol. Wt. of the Salt = 322.38 

1. 0.0628935 0.25078 Same as 25°C 0.87083 283.05 316.80 

' 2. ' 0.050311 0.22430 II 0.87016 276.09 305.26 

3. 0.037758 0.19431 II 0.86935 268.74 293.55 

4. 0.036247 0.19038 II 0.86927 267.08 291.41 

5. 0.0251657 0.158637 II 0.86843 259.36 279.70 

6. 0.0217529 0.147488 II 0.86815 256.30 275.24 
1--' 
w 

7. 0.0181324 0.134656 II 0.86783 253.49 270.79 f--" 

8. 0.0110557 0.105146 II 0.86737 245.47 259.91 

Salt = Pent
4 

NBr, Mol. Wt. of the Salt = 378.49 

1. 0.0395422 0.1988522 II 0.87464 320.67 352.90 

2. 0.0351594 0.1875084 II 0.86965 316.19 341.14 

3. 0.0307659 0.175400 II 0.86922 315.13 343.66 

4. 0.0263706 0.162390' II 0.86884 312.02 338.47 

5. 0.0219729 0.1482325 II 0.86840 309.23 333.42 

Contd •••.. ( 9 ) 
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6. 0.0175818 0.1325960 Same as 25°C 0.86797 305.50 327.17 

7. 0.0131868 0.1148337 II 0.86750 ' 302.47 321.26 

Salt = Hex4NBr, Mol. Wt. of the Salt = 434.60 

1.· 0.18484 0.42993 II. 0.87483 446.51 496.44 

2. o:16635 0.40786 II 0.87428 444.15 489.15 

3. 0.14787 0.38454 II 0.87401 439.10 479.07 

4. 0.12942 0.35975 II 0.87398 430.40 469.88 

5. 0.11088 0.33299 II 0.87332 425.35 439.09 f-l. 
w 
N 

6. 0.09240 0.30397 II o. 87281 416.33 449.38 

7. 0.07395 0.27193 II 0.87187 409.64 441.24 

Salt = Hept 4NBr, Mol. Wt. of the Salt = 490.71 

1. 0.038633 0.19655 II 0.86876 483.05 529.52 

2. 0.0347699 0.186466 II 0.86862 478.40 522.59 

3. 0.030908 0.17580 II 0.86846 473.55 513.07 

4. 0.027040 0.16444 II 0.86829 467.32 . '504.92 

Contd •• ~ •• ( 10 ) 

~ --f :~, 
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5. 0.0231670 0.15221 Same as 25°C 0.86808 461.43 495.03 

6. 0.0193134 0.13897 II 0.86783 455.33 486.32 

7. 0.0154514 0.12430 II 0.86755 448.22 478.00 

At 45°C 

Salt = Bu4NBr. Mol. Wt. of the Salt = 322.38 

1. 0.062530 0.250059 II 0.86626 284.03 318.89 

2. 0.050023 0.223658 II 0.86552 278.50 306.23 

3. 0.0375269 0.193718 II 0.86472 271.65 295.76 j-J. 

w 
w 

4. 0.0360459 0.189857 II 0.86465 269.33 292.97 

5. 0.0250274 0.158200 II 0.86381 262.40 281.17 

6. 0.0216359 0.147091 II 0.86354 259.22 277.62 

7. 0.0180346 0.134293 II 0.86323 256.50 273.32. 

8. 0.0125224 0.111903 II 0.86273 251.11 265.15 

Salt = Pent 
4 

NBr, Mol. Wt. of the Salt = 378.49 

1. 0.0393245 0.198304 II 0.86527 325.14 257.62 

Contd ••••• ( 11 ) 
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2. 0.03342169 0.18281 Same as 25°C 0. 86477 3z"2.35 352.35' 

3. 0.0305965 0.174918 II- 0.86454 320.29 349 •. 03 

4. 0.0262253 0.161942 II 0.86417 317.02 343 •. 67 

5. 0.0218518 0.147823 II 0.86375 314.58 338.95 

6. _. 0.0174849 0.13223 II, 0.86331 312.68 334.52 

7. 0.0131145 0.114518 II 0.86288 308.63 327.56 

Salt = Hex 4 NBr, Mol. Wt. of the Salt = 434.60 

1. 0.18373 0.42864 II 0.8696 452.68 497 •. 19 t-" 
w 

""" 
2. 0.16536 0.40664 II 0.86906 450.76 493.44 

3. 0.14699 0.38340 II 0.86878 446.23 484.07 

4. 0.128648 0.35867 II 0.86875 438.17 475.22 

5. 0.110225 0.33200 II 0.86809 434.02 466.07 

6. 0.091846 0.30306 II 0.86758 426.31 457.08 

7. 0.073502 0.27111 II 0.86686 418.34 448.30 

Contd ••••• ( 12 ) 
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Salt = Hept4 NBr, Mol. Wt. of the Salt :: 490.71 

1. 0.0384032 0.19596 Same as 25°C 0.86387 495.07 540.98 

2. 0.0345658 0.18591 II 0.86378 489.49 533.16 

3. 0.030727 0.17530 II 0.86359 486.85 525.07 

4. 0.026882 0.16390 II 0.86338 483. 81' 517.02 

5. 0.023037 0.15180 II 0.86328 474.53 509.07 

6. 0.019206 0.13860 II 0.86307 468.28 500.10 

7. 0.015365 0.12395 II 0.86281 463.15 492.58 
1-" 
w 
C.Tl 

Solvent = 1, 2-Dimethoxyethane { DME ) 

At 25°C 

Salt = Bu4NBr, Mol. Wt. of the Salt = 322.38 

('1, .. :. 
1. 0.0419794 0.2048887 0.049311 Q.86485 276.66 300.26 

2. 0.0377814 0.1943743 0.044323 0.86459 273.59 296.22 

3. 0.0335835 0.183258 0.0393492 0.86430 271.08 292.22 

4. 0.0293855 0.1714219 0.0343888 0.86398 268.92 288.73 

5. 0.0251876 0.158706 0.0294395 0.86369 265.04 283.40 

Contd ••••• { 13 ) 
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6. 0.0209897 0.1448782 0.0245039 0.86335 262.22 279.00 . 
7. 0.0167917 0.1295827 0.0195808 0.86297 260.26 275.30 

Salt = Pent
4 

NBr, Mol. Wt. of the Salt = 378.49 

1. 0.0463441 0.2152768 0~0546936 0.86488 350.22 383.47 

2. 0.0440268 0.2098256 0.0519118 0.864-77 348.48 380.92 

3. 0.040551 0.2013727 0.0477541 0.86451 347.98 379.16 

4. 0.0370752 0.1925492 0.0436051 0.86428 346.62 377.69 

5. 0.0335994 0.1833013 0.0394672 0.86404 345.44 375.83 f-lo 
CJ..l 
0) 

6. 0.0301236 0.1735615 0.0353385 0.86383 342.69 373.97 

7. 0.0266478 0.1632415 0.0312223 0.86357 341.32 372.06 

·salt = Hex 
4 

NBr, Mol. Wt. of the Salt = 434.60 

1. 0.1033670 0.3215073 0.1259579 0.86557 456~87 513.93 

2. 0.0590668 0.2430366 0.0703947 0.86475 437.32 481.38 

3. 0.0472534 0.2173784 0.0560011 0.86433 430.55 470.39 

4. 0.0354401 0.1882554 0.0417719 0.86382 422.66 457.38 

Contd ••••• ( 14 ) 
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5. 0.0236267 0.153709.7 0.0277018 0.86316 413.95 444.80 
' 

6. 0.0118133 0.108689 0.0137808 0.86236 402.32 432.03 

Salt = Hept4 NBr, Mol. Wt. of the Salt = 490.71 

1.- 0.0856958 . 0.2927384 o-.1040618 0.86556 512.32 574.33 
' 

2. 0~048969 0.2212894 0.0582631 0.86451 494.05 533.60 

3. 0.0391752 0.19792.72 0.0463701 0.86406 488.38 530.68 

4. 0.029814 0.1726673 0.0351186 , 0.86358 481.56 518.67 

5. 0.0195876 0.1399557 0.022954 0.86295 473.16 503.41 ..... 
UJ 
--.1 

6. 0.0097938 0.0989636 0.0114223 0.86223 462.14 483.50 

At 300C 

Salt = Bu 
4
NBr, Mol. Wt. of the Salt = 322.38 

1. 0.0417363 0.2042947 Same as 25°C 0.85984 277.70 301.74 

2. 0.0375611 0.1938069 II 0.85955 275.74 298.58 

3. 0.033273 0.1824089 II 0.85925 273.29 294.81 

4. 0.0291245 0.1706592 II 0.85893 271.42 . 291.60 

Contd ..... ( 15 ) 
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5. 0.0250394 0.1582384 Same as 25°C 0.85861 269.20 2'88.23 
, __ - -- __ , - ·- " -- --

. 6. 0.0208661 0.1444511 II 0.85827 266.78 285.04 

7. 0.0166934 0.1292029 II 0.85792 263.84 282.07 

Salt · = Pent 4 NBr, Mol. Wt. of the Salt = 378.49 

1. o:o460761 0.2146534 II 0.85988 351.52 385.21 

2. 0 •. 0437701 0.2092131 II 0.85973 350.75 383.67 

. 3 ~ 0.0403168 0.2007906 II 0.85952 349.02 381.93 

4. 0.0368606 0.1919922 II 0.8592/;J 347.90 380.07 .... 
Cl.l 
Cl:l 

5. 0.0334045 0.182769 II 0.85903 346.91 378;66 

6. 0.0297084 0.1723615 II 0.85879 345.29 376.93' 

7. 0.0264925 0.1627652 II 0.85854 343.70 375.01 

Salt = Hex4NBr, Mol. Wt. of the Salt = 434.60 

1. 0.1027901 0.320609 II 0.86074 457.19 514.94 

2. . 0.0587245 0.2423315 II 0.85974 439.32 484 .• 09 

3. 0.046976 .0.2167399 II 0.85926 434.19 . 470.22 

Contd ••••• ( 16 ) 
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4. 0.0352324 0.187703 Same as 25°C 0.85876 426.32 452.02 

5. 0.0234884 0.1532592 II 0./85811 418.03 442.07 

6. 0.0117442 0.1083707 II 0.85732 407.09 437.03 

Hept 
4 

NBr. Mol. Wt. of the Salt = 490.71 

1. 0~0852046 0.2918984 II 0.86060 514.25 575.60 

2. 0.0486837 0.2206439 II 0.85947 497.25 544.47 

3. 0.038947 0.1973501 II 0.85913 491.49 534.19 

4. 0.0296402 0.1721635 II 0.85855 484.79 522.25 
.....,. 
w 
(0 

5. 0.0914731 0.1395461 II 0.85791 477.09 510.87 

6. 0.00973639 0.0986731 II . 0. 85718 468.70 499.37 

. At 35°C 

Salt = Bu 4NBr, Mol. Wt. of the Salt = 322.38 

1. 0.041492 0.2036959 II 0.85481 279.04 303.44 

2. 0.0373408 0.1932"379 II 0.85451 277.40 300.58 

3. 0.033191 0.1821841 II 0.85420 • 275.70 297.11 

Contd ••••. ( 17 ) 
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5. 

6. 

7. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

1. 

2. 

"f 

-.\. 
1Y. 

--

0.0290422 

0.0248924 

0.02074_35 

0.0165953 

0.0458039 

0.0435109 

0.0400766 

0.0366422 

0.0332069 

0.0297699 

0.0263357 

0.1022049 

0.0583823 

.. ~ /~ 
I 

,,... 

0.1704179 Same as 25°C 0.85389 273.53 294.05 

- - - -

0.1577733 II 0.85357 '271.10 291.00 

0.1440263 II 0.85323 268.83 288.34 

0.1288228 II 0.85288 266.15 285.87 

Salt ' Pent4NBr. Mol. Wt. of the Salt = 378.49 = 
... 

0.2140184 II 0.85480 354.59 388.67 

0.2085928 II 0.85464 354.16 387.40 

0.2001915 II 0.85440 353.45 386.03 ' I-'> 
,p. 
0 

0.1914217 II 0.85419 351.64 384.87 

0.1822278 II 0.85395 350.51 383.11 

0.1725396 II 0.85369 349.90 382.00 

0.1622829 II 0.85346 347.81 381.16 

Salt = Hex 4 NBr. Mol. Wt. of the Salt = 434.60 

0.3196951 II 0.855.84 458.22 517.07 

0.2416244. II 0.85473 441.30 486.57 

Contd ••••• ( 18 ) 
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3. 0.0467033 

4. 0.035026 

5. 0.0233501 

6. 0.011675 

1. 0.0847126 

2. 0.0483997 

3. 0.0387185 

4. 0.0294655 

5. 0.0193582 

6. 0.00967914 

1. 0.0412357 

2. 0.0371101 

1' 

-_l ' ~-

0.2161096 

0.1871525 

0.1528076 

0.108051 

Same as 25PC 
·- ~ 

II 

II 

II 

/~ 
' 

0.85427 435.57 
- -

0.85373 428.68 

0.85306 421.47 

0.85227 411.91 

Salt = Hept4 NBr, Mol. Wt. of the Salt = 490.71 

0.2910543 II 0.85563 516.25 

0.2199993 II 0.85446 499.49 

0.1967704 II 0.85399 494.52 

0.1716554 II 0.85349 488.72 

0.139134 II 0.85285 481.77 

0.983826 II 0.85214 473.27 

At 400C 

Salt = Bu 4 NBr, Mol. Wt. of the Salt = 322.38 

0.2030658 II 0.84953 280.72 

0.1926399 II 0.84923 279.12 

·~ ,. 

,.,.. 

472.80 

464.19 

450.62 

442.64 

578.13 . 
547.37 

537.59 ~ 
~ 
~ 

538.22 

. 528.93 

519.03 

305.44 

•. 302.61 

Contd ••••• ( 19 ) 
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3. 0.0329862 0.1816212 Same as 25°C 0.84893 277.13 299.89 
-- --

4. 0.0288627 0.1698902 II 0.84861 275.39 296.99 

5. 0.0245778 0.1567733 II 0.84828 273.54 294.03 

6. 0.0206152 0.14358 II 0.84795 270.96 291.77 

7. 0.0164923 0.1284226 II' 0.84759 269.25 288.79 

--

Salt = Pent4NBr, Mol. Wt. of the Salt = 378.49 

1. 0.0455172 0.2133476 II 0.84945 358.56 393.01 

2. 0.0430117. 0.2073928 II 0.84932 357.44 390.96 ~ 
,j:::. 
N 

3. 0.0398276 0.1995687 II 0.84909 356.55 388.06 

4. 0.0364136 0.1908236 II 0.84886 355.50 387.02 

5. 0.0329997 0.1816582 II 0.84862 . 354.60 386.46 

6. 0.02958851 0.1720032 II 0.84839 353.08 384.86 

7. 0.0261719 0.1617773 II 0.84815 351.63 382.99 

Salt · = Hex4 NBr, Mol. Wt. of the Salt = 434.60 

1. 0.1015935 0.3187374 " . 0.85072 459.18 518.22' 

Contd ••••• ( 20 ) 
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2. 0.0580237 0.2408811 Same as 25°C 0.84948 443 •. 41 489.17 
---

- -· -- --
3. 0.0464158 0.2154433 II 0.84901 437.80 478.99 

4. 0.0348094 0.1865728 II 0.84845 431.52 467.41 

5. 0.0232053 0.1523331 II 0.84777 425.06 454.53 

6. .0.0116024 0.1077146 II' 0.84697 417.93 448.88 . 

Salt = Hept 4 NBr, Mol. · Wt. of the Salt = 490.71 

1. 0.0841987 0.2901702 II 0.85044 518.10 580.52 

2. 0.0481012 0.2193198 II 0.84919 502.36 550.65 ...... 
~ 
w 

3. 0.0384792 0.1961611 II 0.84871 497.69 541.13 

4. 0.0292833 0.1711236 II 0.84821 492.02 530.36 

5. 0.0192386 0.1387034 II 0.84758 484.78 512.03 

6. 0.0096194 0.0980785 II 0.84688 475.57 495.09 

At 45°C 

Salt = Bu4 NBr, Mol. Wt. of the Salt = 322.38 

1. 0.0409804 0.2024362 II 0.84427 281.56 306.54 

Contd ..... ( 21 ) 
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2. 0.0368803 0.1920424 Same as 25°C 0.84397 279.92 303.65 

3. 0.0327811 0.1810555 II 0.84365 278.58 300.79 

4. 0.0286831 0.1693609 II 0.84333 276.87 297.98 

5. 0.0245756 0.1567662 II 0.84298 275.88 295.02 

6. .0.0204866 0.1431314 II 0.84266 273.13 292.56 

7. 0.0163894 0.1280212 II 0.84230 271.67 289.96 

Salt . = Pent 4 NBr, Mol. Wt. of the Salt = 378.49 

1. 0.045230 0.2126734 II 0.84409 362.60 397.29 ~ 
II» 
II» 

2. 0.0429667 0.2072842 II 0.84395 361.87 395.72 

3. 0.0395767 0.1989389 II 0.84374 . 360.62 294.05 

4. 0.0358276 0.189282 II 0.84352 358.55 292.70 

5. 0.0327924 0.1810868 II 0.84329 358.40 290.97 

6. 0.0293989 0.171461 II 0.84305 357.53 288.99 

7. ·o.o260071 0.1612672 II 0.84281 356.42 287.03 

Contd ••• .-. ( 22 ) 
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Salt = Hex 4 NBr, Mol. Wt. of the Salt = 434.60 

1. 0.1009773 0.3177693 Same as 25°C 0.84556 460.37 520.04 

2. 0.0576651 0 •. 2401356 II 0.84423 445.34 491.58 

3. 0.0461266 0.214771 II 0.84372 440.59 482.21 

4. 0.034592 0.1859892 II 0.84315 434.74 465.04 

5. 0.0230605 0.1518571 II 0.84248 428.20 457.98 

6. 0.0115302 0.1073789 II 0.84170 419.95 451.21 

Salt Hept 4NBr, Mol. Wt. of the Salt = 490.71 ...... = ~ 
CJ1 

1. 0.0836849 0.2892834 II 0.84525 519.83 596.52 

2. 0.0478015 0.2186357 II 0.84390 505.52 554.30 

3. 0.0382398 0.19555 II 0.84343 500.60 544.38 

4. 0.0291013 ' 0..1705912 II 0.84294 494.55 525.87 

5·. 0.0191188 0.1382707 II 0.84230 487.84 513.33 

6. 0.0095694 0.097772 II 0.84160 479.13 497.24 

---------------------------------------------------------------------------------------------------------
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Electrolyte 

Bu
4

NBr 

Pent NBr 
4 

Hex
4
NBr · 

Hept
4

NBr 

Bu4NBr 

·--r 

=4- :~ (~ 

TABLE - 2 

Limiting Apparent Molal Volumes (cj:.~ ) and Experimental Slopes ( S ~- ) for various 

Tetraalkylammonium Bromides in various Solvents at Different Temperatures. 

c:po 
~ -1 em ,mol 

Solvent = 
Temperature 

203.50 

257.05 

310.50 

346.70 

Temperature 

214.67 

* s ~ moc312 

Tetrahydrofuran ( 1BF ) 

= 25°C 

285.71 

248.48 

305.55 

573.33 

= 35°C 

272.09 

+~ 3 -1 
em mol 

Temperature 

209.52 

264.40 

322.00 

360.50 

Temperature 

219.00 

·~ 

s* ~ mol-3/2 

= 300C 

277.07 

230.76 

278.00 

540.90 

= 400C 

.258. 33 

Contd .•••. ( 2 ) 

" ·1· ,.. 

~ 
~ 
Cl 



Pent
4

NBr 

Hex
4

NBr· 

Hept4NBr 

Bu4NBr 

Pent
4

NBr 

Hex
4

NBr 

Hept4NBr 

Bu
4

NBr 

Pent4NBr 

' Hex4NBr 

Hept4NBr 

~ 
I 

·.:L 
-~ .'J.- ()r. 

271.50 225.00 

333.60 261.11 

374.50 507.25 

Temperature = 45°C 

222.60 251.79 

281.40 215.82 

356.80 228.57 . 
402.60 478.57 

Solvent = 1, 2-Dimethoxyethane ( DME ) 

Temperature = 25°C 

233.07 212~76 

314.50 160.00 

374.92 253.80 

436.60 258.24 

" -~-

_,. 

277.00 219.10 

345.22 240.23 

388.80 482.75 

...... 

""" -..J 

Temperature = 30°C 

238.33 189.18 

319.60 142.80 

380.30 237.03 

441.98 247.36 

Contd ••••• ( 3 ) 
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Bu
4

NBr 

Pen~4NBr 

Hex4NBr 

Hept
4

NBr 

Bu4NBr 

Pent4NBr 

Hex4NBr 

Hept
4

NBr 

-.. .l 
·~ ' .~ 

Temperature = 

242.70 

324.22 

385.70 

447.10 

Temperature = 

249.90 

332.20 

396.40 

457.34 

i~ ,..,._ 

35°C Temperature = 400C 

- - . " 

174.42 246.60 168.75 

140.35 328.79 135.73 

225.00 391.10 222.20 

236.84 452.37 225.80 

45°C 

160.71 

135.13 

200.00 

211.76 

---------------------------------------------------------------------------------------------------------
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TABLE - 3 

.. ..-:.· -
Ionic limiting partial molal volume ( 'V!on ) at 2 5 , 30, . 35, 40 

and 45°C in 1, 2-bimethbxyl:3than~ and Tl:3trahydrofurali 

---------~------·--~----------------------------------------·--------
"'ion 

3 . 1 
I em mol"" ( 1,2 - DME. 

Ions 
25 30 35 40 

Bu4N + 283.95 284.30 285.56 287.55 290.62 

+ 

-~ 
Pent4N 365.38 365.57 367.08 369.74 372.92 

+ Hex4N 425.80 426.27 428.56 432.05 437.12 -t' 

Hept4N + 
487.48 487.95 489.96 493.32 .498 .. 06 

-Br -50.88 -45.97 -42.86 -40.95 -40.72. 

- 3 -1 V'! I em mol 1HF ) wn 

Bu4N + 205.29 215.98 231.41 247.77 274.00 

+ . 258.84 272.86 -A Pent4N 288.24 305.77 332.80 
+ Hex

4
N · 312.29 328.46 350.34 373.99 408.20 y 

Hept4N + 
348.49 366.96 391.24 417.57 460.00 . 

-Br -1.79 -6.46 -16.74 -28.77 -51.40 

j --------------------------------------------------------------------
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Excess properties of the binary liquid systems 1, 2-dimethoxyethane + 

water and tetrahydrofuran + water at different temperatures 

Excess molar volumes 
£ 

V ) 1 excess viscosities 

( ~f ) and excess molar free energies of activation of flow ( G111 E' ) 

have been reported for 1 1 2-dimethoxyethane + water and tetrahydro-

furan + water mixtures at 25 1 35 and 45°C. The deviations from 

ideality of thermodynamic and transport functions are explained on 

the basis of molecular interactions between the components of the 

mixtures. 

During the past decade I significant advances have 

taken place in the com mercia! development of batteries using non 

aqueous electrolyte solutions 1 . Such remarkable progress could 

not have be·en achieved without fundamental understanding of the thermo

dynamic and electrochemical behaviour of the active components in 

a battery. Since organic mixed solvents offer a wide range of varia- "i 

tions in electrolytic properties I their use in the development of high 

energy-density batteries is relevant and attractive. 

Here we report some of the excess propertie~;> of 

1 1 2-dimethoxyethane ( DME + water and tetrahydrofuran ( 1HF ) 

+ water, mixtures at several temperatures. Although both DME and 

1HF have been reported to give good cell performance 2 1 3 
1 it appears 

that their binary mixtures with water have not been studied. We 

thus carried out measurements on the viscosities and densities over 
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the entire mole fraction range of these systems at 25, 35 and 45°Co 

From the experimental results, the relevant excess functions have 

been eValuated since their st\Jdy may lead to conclusions concerning 

the deviation of the systems from an ideal mixture behavior o 

Experimental 

The purification of 1 , 2-dimethoxyethane F1Uka, 

purum ) has been described earlier 4 The solvent was shaken 

well with Feso4 ( A.R., BDH ) for 1-2 hours, decanted and distilled. 'f" 

The distillate was refluxed for 12 hours and distilled over metallic 

sodium ( bopo = 83o5°C, density= Oo8626 gm/coco, viscosity= Oo0042P) 

days 
Tetrahydrofuran ( Merck, India ) was kept several 

-tover l<rnj refluxed for 24 hours and distilled over L:1Ali-I4 The 

-3 boiling point 66°C ) , density ( Oo 8807 gem and viscosity 

= 0. 0046 P ) compared well with the literature values 5 All 
1"' 

solutions were prepared by weight with deionized distilled water o 

The densities were measured with an Ostwald-Sprengal 

type pycnometer having a bulb volume of 25 crr.3 and an internal 

diameter of the capillary of about 1 mm ~ The pycnometer was calibrated 

at 25, 35 a.nd 45°C with doubly distilled water o The temperature 

control had an accuracy of ± 0 o 01 °C; the reproductibility of density 

measurement was ± 3 X 10 -s gem - 3 
0 
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The kinematic viscosities · were measured by means 

of a suspended Ubbelohde-type viscometer with a flow time of water 

of about 539 s at 25°C. Temperature control during viscosity measure-

ments was ± 0. 01°C. The precision of the viscosity measurements 

was ± 0.05%. The kinematic viscosities were converted into the 

absolute viscosities were converted into the absolute viscosities by 

multiplying the former with density. 

Results and treatment of results 

The experimental results of densities and viscosities 

at various mole fractions of organic solvents and the three different 

temperatures are reported in table 1. 

The excess functions have been calculated by the 

following equations : 

1 ) '"( 

( z ) 

where x1 and_x2 are the mole fractions of DME or THF and 

water respectively 
' 

v, v1 and Vz are the molar volumes and 

11. ~I- and 1.:2. are the measured co-efficients of viscosity of the 

mixture, DME ( ·or THF ) and water respectively. The molar volume 
·+-
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V is defined by 

v = 4 ) 

where M
1 

and M
2 

are the molecular weights of pure substances and to 

is the density of the mixture. 

The excess functions at 25, 35 and 45°C are presented 

in table 2. 

Graphical representations of V E and '1 E as a function T-" 

of X1 are given in fugures 1-4. TI1e excess funtions Y E were fitted 

to the Redlich-Kister 6 equation 

where Eis 0 1 E *E . 1 
1 ( cffi3 mol- ) or '>1 lcp or G I ( J mol- ) 

and A0 , A
1

, ~, ..... etc. are adjustable parameters. These para-~ 

meters wer~ evaluated by fitting Y E 1 x
1 

1-x
1 

to equation 5 

by the method of least-squares. The values of these parameters 

along with the standard deviation ·a ( Y E : ) of y E as defined by 

(6) 

are recorded in table 3. In equation 6, N is the number of parameters. 
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Discussion 

It is well-known 7 that the sign and magnitude of 

vE give a good estimate of the strength of the unlike interactions 

in the binary mixtures. Large positive v8 values are taken as indica-

tive of weak intermolecular interactions whereas large negative values 

of V E are usually found when these interactions are strong and inter-

molecular association 11 c_omplexes II are believed ·to be present. 

The systems DME + HZ 0 and TIIF + HZ 0 show that 

E the V values are negative over the entire mole fraction range and 

over the entire range of temperatures studied. This implies that 

geometrical factors allowing the molecular species to form a more 

dense structure within the mixture may be important in both cases. 

The dense packing may be due to (i) different molecualr sizes ( molar 

volumes of DME, TIIF and HzO at Z5°C are 104. 65, 81. 75 and 18. 05 cm3 

respectively leading to interstitial accommodation in the mexture, 

and (ii) formation of the possible hydrogen-bond· interactions between 

.unlike molecules. 

'The values of the quantity 'I[_ E , which refer to the 

deviations from a rectilinear dependence 8 of viscosity of the mixture 

on mole fraction, can be discussed from the viewpoint of intermolecular 

interactions 8 ' 9 . For systems where dispersion and dipolar forces 

are operating, the values of 1-[ E are found to be negative, whereas 

the existence of charge-transfer and hydrogen-bond interactions leading 
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to the formation of complex species between the two components of 

the binary system tends to · make the values of E positive. For 

systems where all types of intermolecular forces are operating, the 

values of YJ. E will be due to the contributions from all types of interac-

tions. The systems DME + HzO and 1HF + H2o show positive deviation 

of 1-J. E from ideality over the entire mole fraction range and" over 

the whole range of studied temperatures. In order to explain this 

· positive deviation it may be assumed that the hydrogen-bonding interac-

tions between the unlike molecules are taking place leading to the 

formation of new species. 

Another thermodynamic function, which has been 

investigated is the excess molar free energy of activation of flow 

*E 
( G ) . *E 

The values of G were calculated from equation 3, 

which results from the Eyring equation for viscosity flow modified 
*E . 

for a binary mixture. The values of G are always found to 

positive ( table 2 ) • According to Reed and Taylor 10 and Meyers ·"'(' 
11 ):<E 

et al , the G parameters may be considered as a reliable 

measure to detect the nature of interactions between unlike molecules. 
*E 

Positive values of G can be seen in binary systems where specific 

interaction between molecules take place. In the present systems 

the 
*E 

G values are. found to be positive at all com positions over 
I 

the entire range of temperatures ( table 2 ) . This is obviously 

an indication of the presence of specific interaction between DME 

( or 1HF ) and water molecules. In fact, mixtures where a strong 

specific inter:action between tllllL"'<e molecules is predominant are charac-

~ 
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terised by distinct maxima in the viscosity vs. composition vurves, 

G*E 8,12-15 by positive excess viscosities and ,by positive values of 
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TABLE - 1 

Experimental density ( P ) , Kinematic Viscosity ( V ) and absolute 

Viscosity ( l1 ) data for the tetrahydtofuran + water and 1, 2-dimethoxy- ;-

ethane + wate.r miXtures at 25 1 35 and 45°C, 

0.0000 

0,0271 

0.0587 

0.0967 

0.1427 

0.1998 

0.2726 

0.3682 

0.4500 

0.4998 

0.6000 

0.6921 

0.7500 

0.8000 

0.9000 

1.0000 

p 
-3 gem St 

11-IF + Hz 0 mixtures 
at 25°C 

0.99707 0.8929 

0.99281 1.2101 

0.98668 1.5101 

0.97833 1. 7169 

0.96997 1. 7857 

0.95898 1. 7494 

0.94628 1. 5750 

0.93219 1. 3228 

0.92169 1.1114 

0.91592 1.0085 

0.90552 0.8369 

0.89112 0.7366 

0.88399 0.6879 

0.88069 0,6576 

0.87535 0,5895 

0.88072 0.5257 

cP 

0.8903 

1.2014 

1.4900 

1. 6797 

1.732:1, 

1. 6776 

1.4904 

1. 2·237 

1.0244 ;;:,( 

0.9237 

0.7578 

0.6564 

0.6081 

0.5791 

0,5161 

0.4630 

Contd .•• 
. •\--' 
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--------------------------------------------------------------------
~ x1 .() .e) 't. ,_ 

·-3 St cP gem 

--------------------------------------------------------------------
At 35°C. 

OoOOOO Oo99406 Oo 7268 Oo 7225 

Oo0587 Oo98309 1.1526 1.1331 

Oo0967 Oo97434 1. 3001 1.2667 

Oo1427 Oo96334 1. 3736 1. 3231 

~ 
·oo1998 0.95124 1. 3596 1.2933 '( 

0.2726 0.93810 1.2677 1.1893 

Oo3682 Oo92315 1.0717 Oo9893 

Oo4500 Oo91308 Oo9329 0.8518 

Oo4998 Oo90768 0.8637 Oo7840 

Oo6000 Oo89674 o. 7283 Oo6531 

Oo6921 Oo88849 Oo6439 Oo 5722 
_.. 

Oo7500 Oo88380 Oo6098 0.5389 
¥ 

Oo8000 0.88069 Oo5810 0.5117 

0,9000 Oo87535 0,5394 Oo4722 

1o0000 Oo87033 0.4914 0.4277 

At 45°C 

OoOOOO Oo99017 Oo6044 Oo5985 

'~ Oo0271 Oo98579 Oo7632 Oo7523 
:-\--

Oo0587 Oo97730 Oo9175 Oo8967 

Oo0967 Oo96878 1. 0287 Oo9966 

Contdo o o 
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--------------------~------~----------~-----------------------------

{(. x1 r·:Y oJ t 
gem 

-3 St cP 
. . 1; 

--------------------------------------------------------------------

. 0.1427 .0.95852 1.0904 1.0452 

0.1998 0.94496 1.0959 1.0357 

0.2726 0.92913 1.0323 0,9591 

0.3682 0.91520 0.9074 0.8304 

0.4500 0.90406 0.7902 0. 7144 

-~ 0.4998. o. 89732 0.7371 0.6614 
y 

0.6000 0.88630 0.~365 0,5641 
.. 

0.6921 0.87759 0.5766 0.5060 

0.7500 0.87384 0.5410 0.4728 

0.8000 0.87051 0.5197 _./' 0.4524 

0.9000 0.86547 0.4877 0.4221 

1.0000 0.86140 0,4529 o. 3902' 

~-. 

DME + H2o mixtures ~ 

At 25°C 

0.0000 0.99707 0.8929 0,8903 

0.0399 0.99672 1 .. 5073 1. 5024 

0,1251 0.97498 2.1233 2.0702 

0,1800 0.96322 2:0973 2.0202 

-~ 0.2525 o. 94775. 1.7922 1.6986 

0.3124 0.93511 1. 5106 1. 412.6 ·"""-
0.3552 0,92650 1. 3379 1.2396 

Contd ••• 
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--------------------------------------------------------------------

~ x1 
,o ~ l'L I 

-3 
gem St cP ':-' 

--------------------------------------------------------------------

0.4198 0.91565 1.1098 1.0162 

0.4648 0.90909 0.9842 0.8948 

0.5088 0.90310 0.8859 0.8001 

0.5499 0.89817 0.8122 0. 7295 

0.5955 0.89289 0.7506 0.6703 

0.6622 0.88583 0.6775 0.6002 

o. 7199 0.88031 0.6339 0,5580 
r 

0.7550 o. 87725 0,6158 0.5402 

0.8051 o. 87250 0.5756 0;5022 

0.8584 0.86936 0.5450 0.4738 

0.8999 0.86680 0.5307 0.4600 

0.9511 0.86397 0.5104 0.4410 

;.., 1.0000 0.86132 0.4918 0.4236 

At 35°C 

0.0000 0.99406 o. 7268 o. 7225 

0.0399 0.98681 1.. 2161 1.2001 

0.1251 0.96948 1.5309 1. 4842 

0.1800 0.95734 :1,.5539 1.4876 

·~ 
. 0.2525 0.94100 1. 4371 1. 3523 

0.3124 0. 92726 1. 2780 1.1850 <\---

0.3552 0.91832 1.1720 1.0763 

Contd ••• 



~--

0.4198 

0.5088 

0.5499 

0.5955 

0.6622 
~-

0.7199 

0.7550 

0.8051 

0.8584 

0.8999 

1.0000 

~-

0.0000 

0.0399 

0.1251 

0.1800 

0.2525 

0.3124 

~ 
0.3552 

_,. 

0.4198 

0.4648 

-3 gem 

0.90163 

0.89315 

0.88812 

0.88290 

0.87666 

0.87084 

0.86787 

0.86398 

0.86025 

0.85776 

0.85129 

o.g9017 
·.~ . . ... 

;. ~. 

o/;98254 

0.96576 

0.-94861 

0.92902 

0.91525 

0.90810 

0.89556 

0.88852 

165 

St cP 

1.0352 0.9334 

0.8824 0.7881 

0.8241 0.7319 

0.7675 0.6776 

0.6855 0.6010 

0.6248 0.5441 '( 

0.5907 0.5127 

0.5440 0.4700 

0.5050 0.4344 

0.4817 0.4132 

0.4519 0.3847 

At 45°C 

}(I 

0.6044 0.5985 

o. 9772 0.9601 

1.1825 1.1420 

1.2148 1.1524 

1.1841 1.1001 

1.1099 1. 0159 

1.0353 0.9402 

0.9313 0.8341 "r-
0.8663 0.7697 

Contd •.• 



0.5088 

0,5499 

0.5955 

0.6622 

o. 7199 

0.7550 

0.8051 

0.8584 

0.8999 

0.9511 

1.0000 

-3 
gem 

0.88284 

0.87776 

0,87243 

0.86598 

0.86049 

0.85766 

0,'85373 

0.85005 

0.84632 

0.84401 

0.84076 

166 

....... 

co/ 
St 

0.7972 0.7038 

0.7455 0.6544 

0.6879 0.6002 

0.6119 0.5299 

0.5369 0.4620 

0.5319 0.4562 

0.4945 . 0.4222 

0.4703 0.3998 

0.4629 0.3918 

0.4473 0.3776 

0.4158 0.3496 

--------------------------------------------------------------------

'('-
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TABLE - 2 

E n t, Excess .molar volume V , excess viscosities l._ and excess molar 
c 

free energies of activation of flow G 't for the tetrahydrofuran + 

water and 1,2-dimethoxyethane + water mixtures at 25, 35 and 45°C. 

0.0000 

0.0271 

0.0587 

0.0967 

0.1427 

Oo1998 

0.2726 

Oo3682 

Oo4500 

0.4998 

0.6000 

0.6921 

0.7500 

0.8000 

Oo9000 

1o0000 

0.0000 

Oo0587 

0.0967 

~E 
-1 

cffi3 mol cP 

0.0000 

-0.1752 

-0.3370 

-0.4773 

-0.6425 

-0.7607 

-0.8410 

-Oo8712 

-0.8258 

-0.7719 

-0.6150 

-0.4382 

-0.3373 

-0.2499 

-O.i008 

OoOOOO 

OoOOOO 

-Oo3676 

-Oo5239 

THF + H
2
o mixtures 

At 25°C 

At 35°C 

0.0000 

0.3222 

0,6248 

0.8307 

0.9028 

0. 8727 

0.7365 

0.4908 

0.3265 

0.2469 

0.1235 

0.0618 

0.0378 

Oo0310 

0.0105 

0.0000 

0.0000 

Oo4279 

Oo5727 

-1 
Jmol 

0.0000 

899.54 

1579,42 

'2046.13 

2297.33 

2407.20 

2336.06 

2020.35 

1708.55 

1515.09 

1122.50 

845.00 

689.22 

583.50 

311.09 

0.00 

OoOOOO 

1446o78 

1895o37 
Contdo 0 0 
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, 

--------------------------------------------------------------------
·~ yE ~E 

*E 
x1 G ,, 

.,:..... --3 -1 -1 
em mol cP Jmol 

--------------------------------------------------------------------

0.1427 -0.6420 0.6427 2184.74 

0.1998 -0.7552 0.6297 2297.82 

0.2726 -0.8433 o. 5472 2261.05 

0.3682 -0.8912 0.3753 1962.29 

0.4500 -0.8800 0.2620 1682.49 
~ 

0.4998 . -0.8413 0.2088 1514.89 '(:._ 

0.6000 -0.6850 0.1075 1115.02 

0.6921 -0.5090 0.0537· 804.68 

0.7500 -0.3820 0.0375 657.99 

0.8000 -0.2844 0.2050 557.04 

0.9000 -0.1008 0.0150 295.08 

1.0000 0.0000 0.0000 0.00 

.~ 

At 45°C 

0.0000 0.0000 o.oooo 0.0000 

0.0271 -0.2112 0.1594 744.33 

0.0587 -0.3572 0.3104 1362.22 

0.9067 .:..0.5342 0.4182 1798.85 

0.1427 -0.6366 0.4804 2088.25 
~· 

0.1998 -0.7282 0.4788 2235.67 
-r--

0.2726 -0.7944 0.4175 2204.55 

0.3682 -0.8268 0.3088 1973.55 

Contd ••• 
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------------------------~-------------------------------------------

VE 
--3 -1 

em mol cP 

*E 
'G 

Jmol :r-
------------------------------------------------------~-------------

0.4500 -0.7867 0.2098 1662.37 

0.4998 -0.7331 . 0.1672 1496.39 

0.6000 -0.5599 0.0908 1118.28 

o. 6921' -0.3610 0.0492 838.58· 

0.7500 -0.2722 0.0307 647.35 

0.8000 -0.2009 0.0208 515.29 

0.9000 -0.0857 0.0113 280.48 

1.0000 0.0000 o.oooo o.oo 

DME + H2o Mixtures 

At 25°C 

0.0000 0..0000 0.0000 0.0000 

0.0399 -0.5161. 0.6307 1564.18 

0.1251 -1.1678 1.2383 2837.81 

0.1800 -1.4718 1.2139 3007.99 

0.2525 -1.7065 0.9261 2822.62 

0.3124 -1.7562 0.6681 2527.78 

0.4198 -:-1.6741 0.3218 1927.28 

0.4648 -1.6197 0.2214 1678.02 

0.5088 -1.5395 0.1473 1454.79 

0.5499 -1.4652 0.0958 1266.99 

0.5955 -1.3503 0.0579 1094.79 

Contd .•• 

'( 

'(-

.Y ·,· 
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--------------------------------------------------------------------
~E 

... E 
~ "' 

... 
x1 G 

~ 3 -1· -1 em mol cP Jmol 

--------------------------------------------------------------------

0.6622 -1.1507 0.0189 861.45 

o. 7199 -0.9537 0.0037 703.41 

0.7550 -0.8299 0.0023 631.66 

0.8051 -0.5767 -0.0124 459.14 

0.8584 -0.4548 -0.0159 312.12 
~ 

0.8999 -0.3235 -0.0103 233.07 '-( 

0.9511 -0.1691 -0.0054 -116.04 

1.0000 0.0000 0.0000 0.00 

At 35°C 

o.oooo 0.0000 0.0000 0.0000 

0.0399 -0.4523 0.4911 1581.62 
~ 

0.1251 -1.2121 0.8040 2583.61.· 'f 
0.1800 -1.5409 0.8259 2812.12 

0.2525' -1.7846 0.7151 2800.48 

0.3552 -1.7810 0.4738 2456.32 

0.4198 -1.4034 0.3527 2210.57 

0.5088 -1.5188 0.2375 1862.41 

0.5499 -1.4412 0.1952 1703.10 

• 0.5955 -1.3342 0.1563 1523.71 

0.6622 -1.2090 0.1022 1241.93 . ..... 

0.7199 -0.9927 0.0648 993.71 

Contd ... 
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--------------------------------------------------------------------
yE . E *E 

~ xl ~ G 
3 --=r- . -1 

em mol cP Jmol ~ 
~ 

--------------------------------------------------------------------

0.7550 -0. 8_814 0.0452 839.31 

0.8051 -0.7201 0.0195 607.15 

I 0.8584 -0.5474 0.0019 386.38 

0.8999 -0.4303 -0.0053 240.72 

1.0000 0.0000 0.0000 o.oo 
f> 

At 45°C ~-

0.0000 0.0000 0.0000 0.0000 

0.0399 -0.4815 0.3714 1513.31 

0.1251 -1.3333 0.5746 2438.71 

0.1800 -1.5400 0.5987 2691.93 

0.2525 -1.6762 0.5644 2799.50 

~-
.:'! 0.3124 -1.7014 0.4952 2730. 5'7 

0.3552 -1.7632 0.4301 2600.70 
'{-

: 0.4198 -l. 6384 0.3401 2378.01 

0.4648 -1~5641 0.2869 2211.35 

0.5088 -1.5131 0.2319 2005.86 

' o. 5499 -1.4360 0.1928 1833.90 

' o. 5955 -1.3240 0.1499 1619.04 

+ ' 0.6622 -1.1858 0.0962 1292.15 

; 0.7199 -1.0014 0.0427 920.08 '·~/ 

0.7550 -0.9060 0.0456 874.70 

Contd ••• 
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0.8051 

0.8584 

0.9511 

172 

"' --...... 3 -1 
em mol 

-0.7444 

-0.5809 

-0.2385 

*E 

cP 

____ G 

-r-Jmol ~ 

0.0241 647.01 

0.0150 470.46 

0.0158 247.74 

--------------------------------------------------------------------
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TABLE - 3 

Co-efficients of equation ( 5) for VE, "1. E and G *E and the standard deviations at 25, 35 and 45°C 

Prorerty Temp A 
0 

A1 A2 A3 A4 b(YE) 

---------------------------------------------------------------------------------------------------------

yE 

,_E 

*E 
G 

'( 

25°C 

35°C 

45°C 

25°C 

35°C 

45°C 

25°C 

35°C 

45°C 

-3.0987 -2.4670 

-3.3537 -1.9084 

-2.9849 -2.4096 

0.8998 3.0181 

0.7980 2.2080 

0.6278 1.8412 

6271.375 6338.125 

6082.981 6718.774 

6109.094 6641.321 

~ 

THF + H
2
o mDctures 

0.4568 -0.5104 

1.1675 -1.6748 

1.8817 -1.0677 

5~.3546 4.1088 

a· •. o296 2.6549 

2.6750 1.5727 

3213·.125 9407.625 

4262.000 7297.203 

3470.250 6620.500 

'" 

-1.3891 

-2.2468 

-4.1027 

0.6734 

1.3706 

0.1063 

12797.500 

9053.375 

8741.875 

0.007 

0.007 

0.015 

0.018 

0.005 

0.007 

64.607 

39.~90 

37.602 

Contd ••••• 

''t 

....... 
-..J 
w 
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\'"" -~-

---------------~--~--~----~----~--------------------~-~-~------~--~~~~---------~----~-------------------

Property Temp A A1 A2 A3 A4 6(yE) 
0 

---------------------------------------------------------------------------------------------------------
DME + H2o mbctures 

,; 25°C -6.3777 -3.7491 0.5055 -2.4391 -4.3239 0..004 

35°C -6:2389 -4.7654 -4.0398 o. 8724 2.1055 0.003 

45°C -6.0239 -4.2878 -4.6114 -0.0255 1.3714 0.004 

1E 25°C 0.5510 3.4974 7.9450 6.7510 1.3038 0.003 
f-.> 
.....:] 

35°C 1.1471 2.4952 2.2485 ' 4.8606 4.7835 0.007 ~ 

45°C 1.0716 1. 6478 0.0322 3.9231 5.2636' 0.004 

*E 25°C 6146.399 8037.004 8752.344 14595.240 11231.940 61.393 
G 

35°C 7914.293 5779.680 -20.957 16395.450 20122.500 12.655 

45°C. 8630.488 6350.203 -3753.469 13470.870 23839.500 14.264 

----------------------------------------------------------------------~----------------------------------

~ ·~ ··r !t 



- 0·9 

- 0·8 

- 0·7 

-:0·6 

-o·s 
tLI 

175 

o-zsc 
o-3s•c 
• -4s·c 

::> 
-0·4 

-o·z 

I 
- O·l 

0·0 O·l 0;2 O· 3 0·4 O·S" 0·6 0·1 0·8 0·9 1"0 x, 
Fig.,. P\ots or mole.f-,.a~HOYIS VS e)(cess "l1'1o1al9 volvrnes ofTH'Ft-H20 

mi.xtiJ-res. at d.-t~fe,..e11~ -\:e"tl'lpe"ll"&t\IY-ecs,. 



-,-r 

w 
F"""' 

o·s 

OA 
t 

0·3 

0·1. 

176 

o- 2s"c 
o-- Js·c 
•. .,.. 4s·c 

,. 

o-o o-1 o·z o·3 0·4 o-s o·6 0-'7 o·a o·9 1·0 
xl . 

Fig. z · Plots of -rno1e·t~ad:\.ons vs excess viseosi:ti.es ot THF+ H2.0 
"tnutx-\:.u,.. es at d:iHe.,..e"l'l-\: ·-te-mpe,..atu,..es. 



~ - _, 

177 

-1·9 ------------------------------------------------~ 

0 

0- 25C 
c 

() - 35 c 
e- 45°C 

- ,. 6 

-ts 

-. 4 

- 1 3 

- 1" 2. 

- ,. 1 . 

- 1"0 1 . I 
-0·9 r w -

>' 
- 0·8 

- 0·7 

- 0·6 

- o·s 

- 0·4 

- o·' 

Q·0~0~~--~Q~.,-----QL·2------0~.-3---~0-·4 ______ QL·5------QL·-6---~0~-7~--~Q~-8~~0~·~9---~1~·Q. 
XI 

Fig. 3 .Plots ot 11"\ole-t"Ytae\:io'\'ls vs exeess -mol a,.. volumes ot 
-~ 

DME+H20 t11ixtu1-es 0\t ili:He-ren\: te1'l1peY"atU-res. 



178 

1"3 r---------------------------, 

' 
o'·9 

0·'6 

0·5 
w~ 

0·4 

' 
0<3 

0·2 

O·( 

o·o: 

0 

0- 25 c 
0 

() - 35 c 
. 0 

• - 45 c 

-0·1 :.L---~----J-----L----J----~----L----J~--~----~----
0 0·1 · 0·2 o··3 o·-4 o-s o·s o·rr o·a o·9 1·0 

x, . 
Fig. 4. Plot-a ot mo1ef~a.eti.o'\'1 s vs ex~ ess -vt~~osi.H.es of 

DME+l-120 m.·i.:~dul"es at. ol:tt'fe-r-e-nt t.empe~sd:u~es. 



t--· 

C H A P T E R - VI 



Conductance Studies of Alkali Metal Chlorides and Bromides in Aqueous 

Binary Mixtures of Tetrahydrofuran at 25°C 

Precise conductance measurements are reported for alkali metal chlo

rides and bro!I}ides, MX ( M + = Li, Na, K, Rb and Cs; X- = Cl and 

Br) in tetrahydrofuran ( 1HF + water mixtures at 2 5°C. The limiting 

molar conductivity, A 0 , the association constant, K A, and association 

distance, R, in the solvent mixtures have been evaluated using the 

1978 fuoss Conductance equation. The analysis of data indicates 

that the electrolytes are almost unassociated at 0. 05 9 mole fraction 

of 11-IF, whereas at 0.143, 0.273 and 0.500 mole fraction of 11-IF, 

the association was very strong. The values for alkali metal cations 

anion being the same ) are found to be in the order : Li + ( Na+ 

The results have been explained in terms of ion-

solvent interactions and structural changes in the mixed solvents. 

********** 

Studies on ionic solvation of alkali metal ions of 

low permittivity are very few. Such studies have been assumed 

very importance because some of the solvents have their applications 

in modern technology 1, Tetrahydrofuran ( THF ) , a solvent of low 

permittivity ( f = 7. 58 ) , has also been found its probability of appli-

cations in high energy batteries and. organic syntheses as manifested 

from the Physico-Chemical studies in this medium 2 • 3 . Renard and 

Justice 4 studied the conductances of CsCl in THF + water mixtures 

.~ 
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to reveal the nature of ionic association and mobility of ions in this 

mixed solvent system. In this paper, an attempt has been made 

to ascertain the complete nature of solute-solvent interactions of alkali 

metal salts ( chlorides as well as bromides ) in TI-IF + Hz 0 mixtures 

through the measurements of their conductances and the results are 

described below. 

Results and Discussion 

The solvent properties of THF+H 2 0 mixtures are 

given in Table 1, where t is the dielectric constant, do the density 

in g em - 3, "'1. 0 the viscosity in centipoise ahd Lo, the specific conduc

tance in rf l ern; The quantity W%, is the weight percent of THF in 

the aqueous mixtures and x2 is the corresponding mole fraction. 

Dielectric constants of solvent mixtures were obtained by extrapolation 

of €. versus Wt% plots, the original values were taken from the work 

of justice et at 4 • The measured equivalent conductances and the 

corresponding molarities at different percentages of 'IHF+H 2o mixtures 

at 25°C are shown in Table 2. The equivalent conductances at infinite 

dilution A 0 
) and the association constant ( KA ) . were calculated 

using the Fuoss conductance equation 5 . 

I 

p [ 1\
0 

( 1 + R x) + E t-J 

[1-~ (.1-Y)] 
'2. 

1 - I<A r: y "). j 

;3 kj '- ( 1 + k R) 

eYDkT 

(t) 

~). ~ 

{_4) 

(_~) 
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where the terms have their usual significance. The parameters I 

KA and R were obtained from the above equations by finding the values 

of A 0 and ij which minimize 

1"""\ 

for a sequence of R values. Initial A 0 value for the i .teration proce-
.,J 

dure was taken from Shedlovsky extrapolations of the data. 

A scan using unit increment of R values from 4 .._ 

to 20 I however 1 gave no significant minima in the 0 % - R curve 

for CsC1 1 NaBr I RbBr and CsBr at 0. 273 mole fraction of TI-IF 1 and 

also for the , electrolytes ( except LiCl ) at 0. 500 mole fraction of 

11-lF. The computations in these cases were carried out from arbitra

rily presetting 5 of R values at R = a + d. Here 1 a 1 is the sum 

of the crystallographic radii of the ions and 1 d 1 is the average distance 

corresponding to the side of a cell occupied by a solvent molecule. '1--

The distance 1 d 1 is given by 

where 1 M 1 is ,the molecular weight of solvent and p is its density. 

For mixed solvents 1 
1 M 1 is replaced by the mole fraction average 

molecular weight I M av 1 which is given by 

Mav = M 1M2 I ( W 1 M2 + Wz M1 ) 
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where W 1 is the weight fraction of the first component of molecular 

weight M1 Through, this is an over simplification which ignores 

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 fit the date, The values of A 0 • K A and R obtained 

by this procedure are recorded in Table 3 . 

solvent mixture 

From Table 1, we see that viscosity ( '7. 0 ) of the 

1HF + H zO ) increases rapidly to a maximum at 

about 0.143 mole fraction or 40 Wt% of THF and thereafter decreases. 

Such characteristic in the viscosity vs. composition curve is a mani- ~ 

festation of strong specific interactj.on6 between unlike molecules pre-

dominated by hydrogen bonding interaction. 

Table 3 shows that A 0 values for alkali metal halides 

increase as the size of the cation increases in any mole fraction 

of mixed solvent. However, for any particualr electrolyte, A 0 conti-

nuously decreases with the addition of TiiF and Walden products are 

¥
found to be different; viscosity of solvent-mixture does not coincide 

with the observed trend in A 0 value. 

From Table 3, we also see that A 0 value of alkali 

metal salts of common anion follow the sequence : U + ( Na+ ( K+ <Rb+ 

( Cs + Further, the A 0 for the alkali metal bromides are greater 

than those for the correspom;ling alkali metal chlorides .. For CsCl, 

the A 0 -value at 0. 500 mole fraction of 1HF is in close proximity 

with the value reported by Justice et al 4 The trend of variation 

of A 0 values also indicates the relative actual sizes of these ions 
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as they exist in solution. Thus , the sizes of these cations as they 

exist in solution follow ttie order 

anions, cr) Br- . This shows that Li + is the most solvated and 

cs+ is the least one in any mole fraction of 1HF. 

It may be observed from Table 3 that the association 

constant, K A , is very low for all the electrolytes at 0. 059 mole 

fraction of TIIF. This indicates that these salts almost remain unasso

ciated in this composition of the solvent mixtures having high dielectric 

constant. However, at higher mole fraction of TI-IF ( E (57. 2S ) 
association occurs in the solvent mixtures ( for NaCl, KCl and CsCl .; 

ion association takes place above 0.143 mole fraction of 1HF ) and 

that the K A values increase with the increase of cationic as well 

as anionic sizes in all cases ( ·except NaBr at 0. 500 mole fraction 

of THF ) . Thus we see that CsBr inspite of its greater size is 

maximum associated than the other bromides at higher percentages 

of mixed solvents. Fuoss and Coworkers 7 have found similar trends 

for many of the alkali metal halides in dioxane-water mixtures. 

The values of Walden products A 0 lz 0 ) for the 

studied electrolytes pass through a maximum at· about 0.059 mole 

fraction of 1HF and then decrease continuously. A representative 

plot for the alkali metal bromides has been given in F1g. 1. Though 

the variation of the Walden product with solvent composition is diffiCult 

to interpret quantitatively, still its variation with solvent composition 

can be explained by preferential ·solvation 8 • 9 of alkali metal ions 

by water and THF molecules respectively. At low mole-fraction of 
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TIIF, these ions are preferentially solvated by water than TIIF and 

the viscosity of the solvent in the vicinity of these ions is lower 

than that of the bulk solvent ( Table 1 ) . Since the bulk viscosity 

value is used in the calculation of Walden product, the calculated 

values of A 0 '1_ 
0 

are high upto the point corresponding to viscosity 

maximum of the solvent mixtures and then the values decrease gradually 

causing a maximum in the Walden product. The decrease in the 

Walden products after 0.143 mole-fraction of TI-IF indicates the preferen-

tial solvation of alkali metal ions ( having the same anion ) by 1HF 

in TI-IF + water mixtures. However, .this decrease in large part 

may be due to the Zwanzig 10 solvent relaxation effect also. 

Experimental 

Tetrahydrofuran ( Merc;k 1 India was kept several 

days over KOHl refluxed for 24h and distilled over UAIH 4 The 

boiling point ( 66°~ ) 1 density 0. 8807 g em - 3 ) and viscosity 

( 7J. 
0 

= 0. 0046 P ) compared well with the literature .values 11 . .~ 

The specific conductance of TI-1F was ca. 0. 81 X 10 - 6 f11 em - 1 at 

25°C. 

Alkali metal Salts ( F1uka ) were of purum or. puriss 

grade and purified as described earlier12 A stock solution for 

each salt ("""""' 0.1 M ) in the appropriate solvent mixture was prepared 

by weight and the working solutions were obtained by weight dilution. . . 

The molar concentration of the solution was calculated from molality 

and density. values. The mixed solvents of TI-IF were prepared accu-
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rately by mixing the requisite amounts of 1HF and water by weights. 

Densities and viscosities of solvent mixtures were ~ 

measured in an Ostwald-Sprengel type pycnometer and suspended-level 

Ubbelohde viscometer at 25 ± 0. 01 °C with a precision of ± 3 ·X 10 5 

g em - 3 and 0. 05% respectively. 

A Pye-Unicam conductivity meter ( PW 9509 ) was 

used for measuring the conductances of the · solutions at the frequency 

of 2000 Hz with a dip-type cell of cell constant0.861 cm-1 and having 

an accuracy of ± 0.1%. The cell was calibrated with aqueous KCl fi_ 

solutions in the usual way. The measurements were carried out 

in a thermostatic oil bath maintained at 25 ± 0. 005°C. The details 

of experimental procedure have been described earlier 13 Several 

independent solutions were prepared and runs were performed to 

ensure the reproducibilities of the results. All data were corrected 

at 25°C with the. specific conductance of the solvent. The corrected 

values were analysed by means of the Fuoss consductance equation 5. 
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TABLE 1 

Physical Properties of TI-IF-Water Mixtures at 25°C. 

--------------------------------------------------------------------
W% x2 f da .102"1_ ~ 106 L c 

0 0 

--------------------------------------------------------------------

0 0 78.54 0.99707 0.8903 1.01 

20 0.059 57.25 0.98668 1.4900 3.20 

40 
~-

0.143 44.50 0.96640 1.7321 2.60 
-, 

60 0.273 32.00 0.94600 1.4904 1.35 li_ 

80 0.500 19.50 0.91592 0.9237 1.18 

100 1.000 7.58 0.88072 0.4630 0.81 

~nits g cm·-3 , bunits . cP, cunits n-1 -1 
Jl. em 
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TABLE - 2 

'l"'''e.+o..l 
Equivalent Conductances of AlkaliJ..halides in 1HF + H2o mixtures at 25°C 

-1 . -1 
[ C in mol lit and 1\ in S cffi! mole ] 

---------------------------------------------------------------------------------------------------------
104 c A 104 c A 104 c 1\. 

---------------~-------------------------------~---------------------------------------------------------

UCl 

394.900 52.70 

345.500 53.16 

296.100 53.60 

246.700 54.10 

197.400 • 54.70 

148.000 55.45 

93.600 56.20 

493.300 57.20 

'"\' 

20% W /W ( 1HF + Hz 0 ) mixtures 

-I, 

400 •. 000 

300.000 

200.000 

100·.000 

80.000 

60.000 

40.000 

NaCl 

69.08 

70.44 

72.16 

72.92 

74.33 

75.50 

76.32 

:~· 

KCl 

511.142 81.91 

432.505 82.85 

353.867 83.84 

275.230 84.95 

196.593 86.31 

58.977 90.45 

39.318 91.20 

Contd •• • 'r.r. ( 2 ) 

I-" 
CXl 
CXl 



'-li-- . ,-.l 
\-~ . _,..._ 

---------------~~----------------------------------------------------------------------------------------

104c /\ 104c 1\ 104c 1\ 

RbCl CsCl LiBr 

427.883 81.50 579.900 80.99 480.046 58.49 

356.569 83.1 483.200 82.62 364.834 59.02 

285.255 84.72 418.800 84.01 307.229 59.80 

213.941 86.43 322.100 85.93 249.623 . 60.92 

142.627 88.62 225.500 88.31 192.018 62.07 
t-" 
co 

71.313 91.43 161.000 90.18 134.412 63.22 co 

35.656 93.50 . 96.600 92.43 76.807 64.83 

16.000 94.93 64.400 93.87 43.640 65.99 

NaBr KBr RbBr 

448.103 64.44 420 •. 534 89.96 405.012 82.63 

377.350 66.60 319.606 91.75 324.010 85.20 

306.597 68.82 269.141 92.46 275.408 87.03 . 
235.844 71.41 218.677 93.55 226.807 88.82 

'* 
\ }'" Contd •••• -~ 3 } 
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.1!---

~~ 

---------------------------------------------------------------------------------------------------------
104c A 10

4c ·A 10
4c 'I\ 

---------------------------------------------------------------------------------------------------------
NaBr KBr RbBr 

165.090 74.62 1684213 94.60 178 •. 205 90.98 

94.337 78.25 117.749 95.92 129.604 93.39 

23.584 84.22 67.285 97.61 81.006 96.19 

33.642 99.02 32.401 100.25 

CsBr 

465.377 86.95 

353.686 89.82 

297.841 91.48 

241.996 93.42 

18'6.151 95.40 

130.305 97.78 

74.460 100.82 

18.615 105.32 

'71-
\~' 

l• '"'T' 

Contd ••••• ( 4 

1-'
c.c 
0 



~ ·~ 
j~ 

~ 

---------------------------------------------------------------------------------------------------------
10

4c 1\ 10
4c A 10

4c 1\ 

---------------------------------------------------------------------------------------------------------
40% W/W ( . 1HF + HzO ) mixtures 

·LiCl NaCl KCI 

289.000 36.30 387.100 47.84 205.424 60.31 

256.000 37.00 290.300 49.47 179.746 61.17 

200.000 38.42 193.500 51.12 154.068 61.92 

150.000 39.70 145.100 52.29 128.390 62.83 
..... 

121.000 40.50 96.700 53.40 102.712 63.83 to ..... 

100.000 41.24 72.500 54.24 77.034 64.92 

64.000 42.65 48.300 55.15 51.356 66.27 

50.000 43.48 24.100 56.32 25.678 67.97 

RbCl. CsCl LiBr 

225.269 60.12 422.843 60.46 235.210 42.62 

197.11 61.16 . 321.360 62.35 178.759 44.44 

168.952 62.10 270.619 63.40 150.534 45.46 

140.793 63.21 'r( 219.878 64.53 122.309· 46.39 
'Ar 

.,. 
.oiJf 

Contd ••••• ( 5 



~ 
~· 

;~ ,._ 

I 

-----------------------------------------------------------------~---------------------------------------

10
4c 1\ 10

4c /\ 10
4c A 

RbCl CsCl Lffir 

112.634 64.42 169.137 65.82 94.084 47.49 

84.476 66.02 118.396 67.31 65.859 48.98 

56.317 67.51 67.655 69.15 47.042 50.00 

28.158 69.69 16.913 71.95 18.817 52.02 

NaBr KBr RbBr. 

248.012 44.22 250.550 57.62 166.048 60.52 1-" 
c.o 
N 

188.489 46.80 . 190.418 60.20 139.830 '61. 99 

158.727 48.53 160.352 61.51 113.612 63.68 

128.966 50.24. 130.286 62.96 87.394 65.72 

99.205 52 •. 01 100.220 64.59 61.176 67.82 

69.443 54.27 70.154 66.77 34.957 70.43 

39.682 57.02 40.088 69.02 8. 739 74.81 

9.920 61.45 10.022 72.82 

Contd ••••• { 6 ) 

.. ~ i( 
:¥ 

if' 
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.A.-

-~ /..__ 

10
4c 1\ 10

4c 10
4c 

CsBr 

216.841 -- 59.02 

164.799 -62.04 

138.778 63.65 

112.757 65.23 

86.736 67.22 
..... 

60.715 69.60 co 
w 

34 •. 695 72.44 

8.673 76.65 

~ : .... l'f" 
·"II 

Contd ••••• ( 7 ) 
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---------------------------------------------------------------------------------------------------------
104c 1\ 10

4c 1\ 10
4c 1\ 

---------------------------------------------------------------------------------------------------------
60% W /W (" 1HF + Hz 0 ) Mixtures 

LiCl NaCl KCl 

158o800 31.53 78o900 37o76 174o704 39o70 

100o000 33o50 69o100 38.20 97o834 43.09 

64o000 34o95 59.200 38.68 83o858 43o79 

30o000 36o95 49o300 39.37 69o881 44o59 
1-" 
co 

19o500 37o60 39.400 40o04 55o905 45o40 ~ 

16o000 37o92 29o600 40.70 41.929 46o45 

9o000 38o66 19o700 41.73 34o941 47o09 

5o500 39o27 9o870 42o86 27o952 47o63 

6o988 50o20 

RbCl CsCl Lffir 

96o981 43o47 131o794 41.85 102o233 39.87 

62.068 45o92 79.076 44.82 77.697 41.01 

1'":. . Contd o o o ~ o ( 8 ) I ~. 

~ 



'4- ·~ 
·')._ 

<. _,._ 

104c 1\ 10
4c 1\ 10

4c 1\ 

RbCl CsCl LiBr 

54.309 46.60 68.532 45.62 65.429 41.69 

38.792 47.92 47.445 47.45 53.161 42.25 

31.034 48.81 36.902 48.43 40.893 43.01 

23.275 49.73 26.358 49.50 28.625 43.83 

15.517 50.94 15.815 . 51.22 16.357 45.04 
........ 

7.758 52.45 5.271 53.12 4.089 45.72 (0 

CJ1 

NaBr KBr RbBr 

111.719 30.55 119.746 44.57 118.043 41.25 

81.927 33.68 86.217 47.22 84.991 44.83 

59.583 36.48 67.058 48.92 70.826 46.82 

44.688 38.70 52.688 50.42 56.660 48.99 

29.791 41.25 43.108 51.64 42.495 51.45 

-·----. 14.896 44.74 28.739 53.25 28.330 54.02 

Contd ..... ( 9 ) 

'r 
~ .~ ... 
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~ 

.. .._ 

----------------------------------------------------------------------~----------------------------------

10
4c 1\ 10

4c A 104c .I\. 

------------------------------------------------------------------------w--------------------------------
NaBr KBr RbBr 

7o448 46o95 14o369 55o80 14o165 57o85 

4o'789 58o56 4o 721 61.43 

CsBr 

101.442 44o41 

77o096 47o55 f-'o 
<0 
0) 

64o923 49o02 

52o750 51.05 

40o577 53o02 

31o212 55o05 

16o230 58o63 

4o057 63o25 

!'\ 
, .... Contd o o o o o ( :1)fJ ) 

-~ 
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~ 
·~ .,.,... 

-------------------~--------------------------------------------------------~----------------------------

10
4c 1\ 10

4c 1\ 104c 1\ 

80% W/W ( THF + H20 ) mixtures 

LiCl NaCl KCl 

300.000 11.10 46.900 23.75 21.781 31.50 

169.000 15.30 39.600 24.37 13.939 34.12 

100.000 18.25 32.400 25.56 12.197 34.87 

90.000 18.80 25.200 27.06 10.454 35.50 
I-" 

80.000 19.25 18.000 28.62 8. 712 . 36.35 c.o 
-..J 

60.000 20.40 10.800 30.62 6.969 37.12 

25.000 23.00 3.600 33.62 5.227 38.25 

10.000 24.80 3.484 39.50 

RbCl CsCl UBr 

33.352 24.60 17.928 30.25 79.896 23.51 

20.011 29.40 14.668 32.12 22.370 32.01 

Contd ••••• ( 11 ) 

n-
~ 

-. .;;. .t 



~ ;-lih ·;.._ 
·~ 

---------------------------------------------------------------------------------------------------------
10

4c 1\ 10
4c A 10

4c 1\ 
-~------------------------------------------------------------------~------------------------------------

RbCl CsCl LiBr . 
17.343 30.70 11.409 34.06 19.175 32.78 

14.675 32.00 8.149 36.50 15.979 33.45 

12.007 33.40 4.889 39.50 .12. 783 3.59 

9.338 35.00 1.629 44.62 9.587 35.79 

6.670 37.00 6.391 36.52 
,_. 

1.334 42.60 co 
OJ 

NaBr KBr RbBr 

45.066 30 •. 83 J 21.620 32.01 21.931 31.02 

34.250 33.25 16.431 34.88 16.667 34.47 

25.237 35.64 13.836 36.02 14.036 35.56 

18.026 37.82 11.242 38.17 11.404 37.82 

12.618 40.19 8.648 39.44 8. 772 40.26 

9.013 41.23 6.053 41.83 6.140 42.69 
~') 

rr ;._ Contd ••••• ( ~2 ) ,,. 



;(_ 
·,~ 

'A--
-~ 

---------------------------------------------------------------------------------------------------------
10

4c 1\ 104c 1\ 10
4c /\ 

---------------------------------------------------------------------------------------------------------
NaBr KBr RbBr 

3.605 44.25 3.459 44.20 3.509 45.37 

1.802 46.23 0.864 48.22 0.877 49.95 

CsBr 

20.974 29.03 

18.457 31.01 
1-" 

15.101 33.40 co 
co 

11.745 35.86 

8.387 39.44 

5.033 43.02 

1.677 49.05 

---------------------------------------------------------------------------------------------------------
I'.,' 

·~ 
:~. k 
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TABLE - 3 

Derived Conductance Parameters 

. ' ---------------------------------------------------------------------------------------------------------
0 

X2 /f KA R 1\ "7. 0 {) 

---------------------------------------------------------------------------------------------------------
Lithium Chloride 

oa 115.12 ±0.01 0.79 5.19 1.025 0.03 

0.059 60.88 ±0.06 1.90 ±0.06 11.41 0.907 0.06 

0.143 48.57 ±0.08 13.92 ±0.03 12.83 0.841 0.06 
N 

0.~73 41.38 ±Q.04 20.60 ±0.40 16.00 0.617 0.07 0 
0 

0.500 30.40 ±0.17 102. 74 ±0. 50 13.20 0.281 0.19 

Sodium Chloride 

oa 126.53 ±0.01 0.81 5.56 1.126 0.02 

0.059 80.44 ±0.023 2.96 ±0.03 10.66 1.198 0.03 

0.143 59.76 ±0.04 6.32 ±0.09 11.26 1.035 0.05 
' .. 

0.273 46.01 ±0.05 25.40 ±0.51 15.27 0.686 0.05 ., 

0.500 39.04 ±0.49 206.53 ±0.01 7.14 0.361 0.36 

!\'• 
Contd .•.•• ( 1 .,. . ~ ,, 



.:1. ~ 

x2 1\0 KA 

Potassium Chloride 

0 
8· 

149.90 ±0.01 0.56 

0.059 96.10 ±0.04 . 2.09 ±0.05 

0.143 72.18 ±0.03 9.51 ±0.06 

·0.273 53.04 ±0.05 24.11 ±0. 30 

0.500 44.92 ±0.30 228.55 ±74.80 

Rubidium Chloride 

oa 153.64 ±0.01 0.26 

0.059 98.19 ±0.05 4.67 ±0.04 

0.143 74.61 ±0.07 12.35 ±0.16 

0.273 55.86 ±0.04 35.64 ±0. 34 

o .• 5oo 46.84 ±0.18 458.73 ±75. 29 

,1• 

-~ 

R 

4.65 

5 .• 99 

13.00 

16.50 

7.43 

3.35 

11.00 

13.00 

15.44 

7.28 

r. 

~ 

1\0~0 

1.334 

1.432 

1.250 

0.790 

0.415 

1.367 

1.463 

1.292 

0.833 

0.432 

;.... 

(['-

0.02 

0.83 

0.03 

. 0.05 

0.90 
N 
0 
f-1 

0.02 

0.07 

0.07 

0.04 

0.94 

Contd ••••• ( 2 ) 

~ 



·~ 
Ji.' 

·~ 

~ 

x2 Ao KA R 1\0~0 0 
---~-----------------------------------------------------------------------------------------------------

Cesium Chloride 

oa 153.04 ±0.02 0.62 3.62 1.362 0.02 

0.059 100.42 ±0.04 4.52 ±0.03 10.00 1.496 0.05 

0.143 75~33 ±0.05 6.41 ±0.07 11.40 1.305 0.06 

0.273 56.51 ±0.21 31.19 ±1. 70 7.32 0.842 0.25 

0.500 50.89 ±0.46 649.80 ±36.29 7.84 0.470 0.29 

Lithium Bromide 

ob 116.88 1.040 

0.059 70.53 ±0.22 2. 89 ±0. 25 6.02 1.051 0.25 

0.143 55.35 ±0.06 14.86 ±0.19 . 16.60 0.958 0.06 

0.273 48.70 ±0.04 20.35 ±0. 30 17.70 o. 726 0.05 

0.500 45.93 ±1.20 265.79 ±52. 73 7.06 0.424 0.75 

)t 
~-

Contd •.•••• ( 3 ) 

Jl.. 
~ 

N 
0 
N 



-~ ;w..-
~ 

~ 

x2 1\0 
A KA R 1\o'lo 0 

---------------------------------------------------------------------------------------------------------

ob 128.42 

0.059 88.82 ±0.10 

0.143 64.57 ±0.11 

0.273 53.33 ±0.81 

0.500 50.94 ±0.69 

ob 157.77 

0.059 103.35 ±0.06 

0.143 75.92 0.08 

0.273 61.39 ±0.11 

0.500 52.26 ±0.66 

~--., 

Sodium Bromide 

11.70 ±0.11 13.50 

28.32 ±0.41 19.00 

120.08 ±12.00 6.82 

224.28 ±27 .60 7.30 

Potsssium Bromide 

2. 72 ±0.04 10.80 

17.10 ±0.20 14.20 

45.87 ±0. 84 19.00 

440.92 ±42 .10 7.62 

.,.__ 

1.143 

1.323 

1.118 

0.795 

0.470 

1.405 

1.540 

1.315 

0.915 

0.483 

0.10 

0.12 

0.65 

o. 73 

0.07 

0.09 

0.13 

0.62 

Contd ••••• ( 4 ) 
. ~ 

N 
0 
w 



!~ ~ ·~ 
·~ 

---------------------------------------------------------------------------------------------------------
xz 1\0 KA R 1\ot[o 0 
---------------------------------------------------------------------------------------------------------

ob 

0.059 

0.143 

0.273 

0.500 

'b 
0 

0.059 

0.143 

0.273 

0.500 

156.37 

105.98 ±0.06 

78.03 ±0.11 

66.56 ±0.65 

54.95 ±1.03 

155.51 

109.41 ±0.04 

79.83 ±0.08 

67.75 ±0.05 

58.54 ±1.71 

Rubidium Bromide 

- -

'8.79±0.05 11.60 

22.59 ±0.32 13.00 

90.09 ±0.36 7.29 

593.02 ±71.48 7. 77 

Cesium Bromide 

- -

6.67 ±0. 03 9.90 

23.13 ±0. 23 17.30 

82.58 ±4. 80 7.48 

1001. 53 ±140. 56 7.96 

a b 
Ref. 9 R.L. KAY and D.F.EVANS, J.Phys. Chern., 1966, 70,2325. 

1.392 

1.579 0.06 

1.352 0.11 

0.992 0.64 

0.507 0.90 

1.384 

1.630 0.04 

1.383 0.90 

1.010 0.50 

0.541 -.98 

-------------------------------------~-------------------~---------------------------------------~-------~ . ' ~ ' ' . ~ 

N 
0 
~ 
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F"1g. 1. Variation of Walden products {Ao l)o) with compositions of solvent mixtures: 
(1)LiBr,(2l NoBr, (3lKBr,l4lRb6r, and (SICsBr. 
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Studies on Adiabatic Compressibllities of some Alkali Metal Chlorides 

and Bromides in 1HF + H2o mixtures at 25°C. 

Apparent molal adiabatic compressibilities of solutions 

of some alklill. ... metal chlorides and bromides in TI-IF + H2 0 mixtures 

10, 20, 30, and 40% w/w ) have been reported. Analysis of 

compressibility data reveals the existance of solute-solvent and ion

ion interactions in these solvent mixtures. 

Studies on the thermodynamic properties of the electro

lytes in different solvents and solvent mixtures are of great importance 

to obtain information on the behaviour of ions in solutions. Recent 

years have, therefore, witnessed increased interests on this topic 

as are evident from numerous publications in this field 1- 10 In 

the present work, an attempt has been made to provide an unequivocal 

interpretation of solute- solvent and ion-ion interactions for some 

alkali metal chlorides and bromides in TI-IF + H2 0 mixtures through 

the measurements of their adiabatic compressibllities. Tetrahydro

furan ( TI-IF ) is a solvent of low relative permittivity ( t zsoc= 7. 58 ) • 

The importance of this solvent lies in the fact that it has been found 

its applications in high energy batteries and . organic systheses as 

manifested from the physico-chemical studies in this medium 11 ' 12 

The solvent has also found its' applications ill various. electrochemical 

investigations 13- 15 
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Experimental : -

~ Tetrahydrofuran ( TI-IF ) [ Merck, India ] was kept 

several days over i<rn, refl.l.L-xed for 24 hours and distilled over 

The boiling point ( 66°C ) , density ( 0. 8807 g em - 3 

and viscosity ( 1_ 
0 

= 0. 0046 P ) compared Well with the literature 

values 16 The specific conductance was ca. 0.81 X 10-6 Ohm - 1 

-1 em 

Alkali metal salts ( Fluka ) were of purum or puriss 

grade and purified as described earlier 17 A Stock solution· for -.t:__ 

each salt in the appropriate solvent mixture was prepared by weight 

and the working solutions were obtained by weight dilution. The 

molar concentration of the solution· was calculated from molality and 

density values. The mixed solvents of 1HF were ·prepared accurately 

by IIIix:ing . the requisite amounts of THF and water by weights. The 

physical properties of THF-water mixtures are recorded in Table-

1. 

Density of the various solvent-mixtures and working 

solutions were measured in an .Ostwald-Sperngel type pycnometer 

5 -3 at 25 ± 0. 01°C with a precision of ± 3 X 10 g em 

Sound velocities were determined using a single 

crystal variable path ultrasonic interferometer ( Mittal Enterprise, 

New Delhi ) working at 5 MH~ which was calibrated with water, 

methanol and benzene at 2 5°C. The maximum uncertainty of the sound · 

velocity measurements in all cases was ± 0. 03% . 
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Results and Discussion 

··~ 

Adiabatic compressibility coefficient /.3 , was derived 

from the relation 

1 

Where jJ is the solution density and u is the sound 

velocity in the solution. The apparent molal adiabatic compressibility -;t. 

( rp k) of liquid solutions was calculated from the relation 

(2) 

Where m is the molality of the solution and the 

other symbols have their usual significance. The molar concentration .t

( c) density ( /-) ) , adiabatic compressibility ( ;3 ) and the ·apparent 

molal adiabatic compressibility ( cp 1< of the various solutions of 

different electrolytes at 25°C are given in Table - 2. 

The limiting apparent molal compressibility ( cp ~ 
WClS obtained 18 ' 19 by extrapolating the plots of cpk versus the 

square root of molal concentration of the solute to zero concentration. 

( 3 ) 
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Here Sk is the experimental slope. A representative 
\ 

plot for LiCl, NaCl and KCl in 20% solvent-mixture TI-fF + H20.) 

is shown in fig - 1. The values of cpok and s~ of alkali-metal 

halides in different pecentages of solvent-mixtures are reported in 

Table - 3. 

The velocity of sound in air free distilled water 

at 25°C comes out to be 1485. 00 m;sec-. which compares well with 

2.0 
the value 1485 ± 2. 3 m/sec. at 25°C The velocities of sound 

in different percentages of solvent-mixtures ( 10, 20, 30 and 40% w/w ) 

have been recorded in Table - 4. 

Table - 4 shows that the velocity of sound ( u ) 

decreases as the percentage of organic solvent ( TIIF ) increases. 

Similarly, the adiabatic compressibility decreases with the increase 

of the organic solvent ( TI-IF ) • This may be due to the fact that 

with the addition of TIIF to water, the density of the solvent-mixtures 

¥ 

j.: 

decreases indicating that the adiabatic compressibility is inversely 

proportional to the density i, e the higher the density of the solvent- ·v 

mixture, the lower is the adiabatic compressibility. 

It is evident from Table-3 that all the salts studied 

here ( alkali metal chlorides and bromides ) have negative limiting 

·apparent molal adiabatic compressibility ( ~ 0 k ) and the negativity 

increases from LiCl to CsGl and from · I..J.Br to CsBr in any particular 

solvent-mixture. Moreover, the negative value of any alkali metal 

bromide is greater than that of the corresponding alkali metal chloride. 

Negative cp( values of these salts are interpreted in terms of the 

loss of compressibility of TIIF due to the electrostritive forces in 
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the vicinity of ·the ions. The extHnt of electrostriction is maximum 

in case of Na + ion of alkali metal chlorides and bromides, but it 

will gradually decrease with increasing size of the ion. This may 

be due to the penetration of metal ions into the space between 1HF 

and the water molecules. The greater the size of the cation, the 

lower is the .. limiting apparent molal adiabatic compressibility, The 

increased size of the cations increases the extent of penetration resul-

ting in a decrease in the compressibility of the solution. 

From Table-3, it is noticed that 4 °k values of 

alkali-metal salts of common anion follow the order Li +) Na + ')' K -t-)i, 

Rb -t) Cs + Further, the cp 0 k values for the alkali-metal chlorides 

are greater than those for the corresponding alkali-metal bromides. 

The trend of variation of cp 0 k values also indicates the relative actual 

sizes of these ions as they exist in solution and follow the order· : 

Li + > Na +) K -t) Rb 1-)cs + and for anion : Cl-) Br- • This shows 

that Li + is the most solvated and Cs + is the least one in any mole 

fraction of 'rnF. Besides, it can be concluded that CsBr inspite of 

its greater . size is maximum associated than the other bromides at 

higher percentages of mixed solvents. Fuoss and co-workers :Z 1 

have found similar trends for many of the alkali metal halides in 

dioxane-water mixtures. 

It is observed from Table-3 that the cf> 0 k value 

decreases gradually as the percentage of TI-IF increases indicati·ng 

the existence of strong solute solvent interaction in pure water than 

that in pure 'IHF. 

The positive high values of the limiting slopes 
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( S k ) which are reported in Table - 3 indicates the existence of 

strong ion- ion interactions in TI-IF. The possible explanation for 
·)~._ 

the positive slopes in TI-IF may be that the ionic association would 

become appreciable in this medium as the concentration of the electrolyte 

is increased and thereby weakening the ion-solvent interaction. As 

a consequence, concentration of the solution would be gradually lowered 

with increaning concentration of the electrolyte resulting in a net 

positive volume change per mole of the added solute. 

Further, Table-3 shows that the values of limiting 

slope ( sk increase with the increasing percentage of TI-IF in the 

mixed solvents which indicates that the ionic association is maximum 

at the maximum percentage of TI-IF in the solvent-mixture ( TI-IF + H2o ) . 

Exactly the same conclusion regarding ion-association behaviour of 

the studied electrolytes in TI-IF + H2o mixtures have been drawn from 

d t t · studi"'S 
13 

con uc orne nc "' 

-~-



212 

R E F E R E N C E S 

1. 11 Water and Aqueous Soluti.ons 11 ed by R.A.Horne, 

Wiley Interscience, New York ( 1972) Chap. 4. pp 13-15 

. 2. R. Fernandez - prinl 11 Physical Chemistry of Organic 

Solvent Systems" ed by A,K.Covington and T .Dickinson, 

: ... Plenum press London- New York ( 1973 ) • 

3. O.Popovych and ,R.P. T. Tomkins, Non Aqueous Solution 

Chemistry 11 Wiley Inter science, New York ( 1981) • 

4. B.S.Krumgalz, J.Chem. Soc. Faraday Trans 1,76 1887 

( 1980 ) • 

5. D.Dasgupta, S.Das and D.K.Hazra J.Chem. Soc. 

· Faraday, Trans 1, 84 ( 1988) • 

6. s. Taniewska Osinska and M.Jozwiak, J .Chern. 

Soc. Faraday Trans 1,85,2141 1989 ) . 

'7 0 D. Nandi and D •. K.Hazra, J .Chern. Soc. Faraday Trans 

1,85 4227 ( 1989 ). 

' 8. M.IqbalandR.E.Verral, Can. J.Chem. 67,727 (1989). 

9. K.IbukiandM.Nakahara, J.Phy. Chern. 94,8370 (1990). 

10. B.Das· and D.K.Hazra, J.Chem. Eng. Data, 36, 403, 



11. 

12. 

13. 

14. 

15. 

16. 

. 17. 

18. 

19. 

·+ "-

20. 

213 

( 1991 ) • 

P.Jagodzinski and S.Petrucci, J. Phys. Chern. 1974, 

78' 4628. 

N.Inove, M.Xu and S.Petruci, J .Phys. Chern. 1987, 

91 4628. 

Mahendra Nath Roy, Debasis Nandi and D.K.Hazra, 

J .Ind. Chern. Soc. ( in press ) • 

R.E.Renard and J .C. Justice, J .Soln. Chern. 1974, -

3,633. 

Debasis Nandi, Mahendra Nath Roy and D.K.Hazra, 

·J .'lnd·. Chern. Soc ( in press ) • 

Physical Chemistry of Organic Solvent Systems • 

ends A. K. Covington and T. Dickinson, Plenum, . New 

York, 1973, p. 5. 

D. Nandi, S.Das and .D.K.Hazra, J. Chern. Soc. Faraday 

Trans - 1, 1989, 85, 1531. 

M;Iqbal and R.E.Verral, Can. J.Chem. 67, 727 (1989). 

S.Bhowmik, A.K.Das and R.K.Mohanty, Indian J.Chem. · 

See... A 24 1018 ( 1985 ) • 
~-I 

A.B. Wood, A Text Book of Sound, 3rd. Edn. J .Bell, .~..-. 

London, 1960 p.51 and 577. 



21. 

214 

A.C'Aprano and R.M.Fuoss, J.Soln. Chern. 1975, 

4, 1975. 



'i+ ''#-
:~ 

~~ 

TABLE - 1 

Physical Properties of THF + Water Mixtures at 25°C 

---------------------------------------------------------------------------------------------------------
W% {: -3 do/g em 102 ~ /CP 106L;aun -1cm-l 

-·-----------------------------------------------~----~--------------------------------------------

0 78.54 0.99707 0.8903 1.01 

20 57.25 0.98668 1.4900 3.20 

40 44.50 0.96640 1.7921 2.60 

60 32.00 ' 0.94600 1.4904 1.35 

80 19.50 0.91592 0.9237 .1.18 
,, 

~ 

100 7.58 ' 0.88072 0.4630 0.81 

---------------------------------------------------------------------------------------------------------

~-- ,,. .., . ;}' . )-

N 
f-lo 
en 
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TABLE - 2 

Concentration ( C ) , Density ( P ) , Adiabatic Compressibility ( (J ) 
and Apparent Molal Adiabatic Compressibility ( cp K ) of alkali metal 

chlorides and bromides in different percentages of solvent-mixtures 

( 11-IF + H
2
o ) . 

Salt 

LiCl 

NaCl 

KCl 

RbCl 

10% TI-IF - Water mixture 

c 
mol dm-3 -3 g .em pa 

1. 56775 

1.25420 

0.94065 

0.62710 

1.40588 

1..12471 

0.84353 

0.56235 

1.64527 

1. 31621 

0.98716 

0.65810 

1. 60588 

1. 28470 

10% 1HF - Water mixture 

1.17289 

1.14091 

1.10726 

1.07165 

1.18000 

1.14688 

1.11199 

1. 07500 

1.19527 

1.15974 

1.12219 

1.08225 

1.18587 

1.15182 

3.32628 

3.44530 

3.57461 

3.71674 

3.19749 

3.32035 

3.46074 

3.60886 

3.11061 

3.22949 

3.36014 

3.51213 

3.08988 

3.20836 

A.. to 
'-t'KX 10 

3 -1 -1 m mol pa 

-7.812 . 

-8.204 

-8.317 

-9.279 

-6.376 

-7.017 

-7.592 

-8.352 

-3.909 

-5.640 

-7.454 

-8.209 

-6.159 

-6.930 

Contd .•••• ( 2 ) 
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- --

0.96353 1.11590 3.34000 -7.998 

~-- 0.64235 1. 07777 3.48791 -9.742 
~ 

CsCl 1. 50083- 1.19026 3.02333 -5.551 

1.20067 1.15552 3.14434 -6.472 

0.90050 1.11884 3.27698 -7.790 

0.60033 1.07986 3.43050 -9.920 

LiBr 1.40086 1.18568 3.27811 -7.842 

1.12069 1.15166 3.39201 -8.430 
.;1. 

0.84052 1.11578 3.51628 -9.196 ,,. 
0.56034 1. 07768 3.67042 -9.818 

NaBr 1.40859 1.19026 3.24321 -7.500 

1.12687 1.15552 3.35948 -8.134 

0.84515 1.11884 3.48915 -8.936 

0.56343 1.07986 3.64236 -9.956 

~-

KBr 1.35685 1.19056 3.Z1637 -7.492 
~ 

1.08548 1. 5577 3.32964 -8.226 

0.81411 1.11904 3.45606 -9.193 
' -.. 0.54274 1.08000 3.60337 -10.563 

RbBr ).32568 1.19208 3.19248 -6.103 

1. 06055· 1.15705 .3.31362 -6.828 -

0.79540 1.12006 3.44648 -7.789 

~-- 0.53027 1.08073 3.61897 -8.782 

CsBr 1.30888 1.20055 3.14466 -4.949 
,;;. 

1.04720 1.16422 3.06150 -5.741 

Contd .•••• ( 3 ) 
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0.78533 !.12575 3.19658 -6.680 

..J -.- 0.52355 1.08478 3.42535 ·-7.908 

~; 

20% THF - Water mixture 

LiCl 1. 29788 1. 02019 4.17206 -14.604 

0.99505 1.01257 4.19919' -16.433 

o. 77873 1.00705 4.20246 -20.593 

0. 56242' 1. 00147 4.23285 -23.242 

0.34610 0.99584 4.26817 -27.736 
~ 

NaCl 0.96117 1.02353 4.06142 -32.349 .,t 

o. 72087 1.01420 .4.12167 -35.369 

0,48058 1.00518 4.16448· -44.391 

0.24029 0.99602 4.25764 -50,788 

KCL 1.26634 1. 04274 3.70433 -33.518 

0.97085 1. 03186 3.80940 -37.896 

0.75980 1. 02103 3.88381 -41.442 

0.54874 1.01172 3.94686 -50.987 
-k .• 

: 
0.33769 1. 00223 4.00951 -72.362 

RbCl 0.96466 1.04004 3.73250 -29.817 

0.72349 1. 02719 3.81473 -38.216 

0.48233 1.01404 3.90567 -52.922 

0.24117 1.00055 3.99094 -98.795 

CsCl 0.95243 1. 05089 3.65060 -23.789 
"t· 

0.71432 1.03555 3.74399 -33.730 
~ 

0.47621 1.01977 3.84252 -52.123 

Contd ••••• ( 4 ) 
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0.23811 1.00349 3.95170 -101.938 

~-· 
LiBr 1. 09117 1.04928 3.72511 -37.462 

'~< 

o. 87293 i. 03734 3.8517 -41.364 

0.65470 1. 02512 3.93743 -44.480 

0.43647 1.01263 4.05269 -47.764 

Naar 1.18056 1 t-06450 3.93906 -40.828 

0.94445 1.04980 3.98717 -46.443 

0.70833 1. 03472 4.06580 -51.538 

~- 0.47222 1.01919 4.15832 -58.523 

"' 
KBr 1.11022 1. 07603 3.65303 -41.118 

0.88818 1.05929 4.01033 -47.538 

0.66613 1. 04204 4.08372 -52.828 

0.44409 1. 02423 4.16677 -60.853 

RbBr . 1. 08056 1.09562 3.59899 -36.382 

)': 0.85445 1. 07546 3.68959 -46.834 

0.64833 1. 05458 3.78885 -56._783 ~-

0.43222 1.03290 3.89294 -67.756 

CsBr 1. 06525 1.10005 3.57327 -17.922 

0.85220 1.07913 3.66548 -30.009 

0.63915 1. 05744 3.76193 -44.072 

0.42610 1. 034.88 4.48098 -60.082 

.... < 
-'· 

fti-. 

Contd ..... ( 5 
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30% TiiF - Water mixture 

-l 
LiCl 0.80255 1. 00188 4.03650 -56.027 

it-

0.64204 0.99725 4.12047 -58.390 

o:4B153 0.99259 4.20153 -63.084 

0.32102 0.98788 4.29614 -68.177 

NaCl 0.72527 1.00464 4.28945 -46.325 . 

0.58022 0.99949 4.33235 -50.826 

0.43516 0.99428 4.38424 -56.266 

~ 
0.29010 0.98902 4.45081 -62.082 

\;~ 

KCl 0.84300 1. 01586 4.02174 -46.822 

0.67440 1.00857 4.09519 -51.265 

0.50580 1.00118 4.16548 -59.203 

o. 33720 0.99368 4.24338 -72.673 

RbCl 0.80750 1. 02533 4.05374 -34.814 

>-· 0.64600 1. 01627 4~09833 -38.549 

0.48450 1.00704 4.55042 -54. oaf=. 

0.32300 0.99765 4.60285 -66.238 

CsCl o. 79777 1. 03254 4.02855 -16.780 

0.63822 1. 02214 4.11186 -29.898 

0.47866 1.01153 4.20117 -41.610 

0.31911 1.00070 4.29128 -56.082 

s~ 
UBr 0.76709 1. 02284 4.24285 -57.528 

+--
0.61367 1.01424 4.26224 -63.225 

Contd ••••• ( 6 ) 



40% 1HF- Water mixture 

LiCl 0.61312 0.98355 4.20474 -85.022 
i-

0.49049 0.98086 4.27933 -89.596 
,.._ 

0.36787 0.97816 4.41614 -90.256 

0.24525 0.97544 4.48130 -114.853 

Contd .•••. ( 7 ) 
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0.12262 0. 97272 4.65246 -142.398 

--1.· 

NaCl 0.41742 0.98372 4.51923 -91.608 ~: 

0.33397 0.98100 4.58053 -97.015 

0.25045 0.97826 4.63598 -108.359 

0.16697 o. ,97552 4.71073 -118,637 

KCl 0.41949 0.98897 4.33649 -93,007 

0.33559 0.98523 4.40183 -100.484 

~-
0.25169 0.98146 4.47159 -111.134 

0.16779 0.97656 4.53996 -133.175 ·,s,_ 

RbCl 0.49922 0.99524 4.66395 -97.191 

o·. 32738 0.99028 4.72225 -105.308 

0.24553 o. 98528. 4.78701 -116.103 

0.16369 0.98023 4.86483 -129.860 

CsCl 0,40500 0.99926 4.81014 -107.476 
~ 

0.32400 0.99353 4.87582 -117.214 -~-

0.24300 0.98775 4.95218 -128.990 

0.16200 0.98189 5.04872 -140.882 

LiBr 0.44300 0.99640 4.19358 -120.589 

0.35440 0.99122 4.27888 -130.335 

0.26580 0.98599 4. 37247 -142.193 

0.17720 0.97647 4.48551 -145.521 
+ 

NaBr 0.70504 1. 01159 4.33318 -89.253 ~ 

0.56403 1. 00353 4.40626 -99.909 

Contd ••••• ( 8 ) 
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0.423b2 o. 9953"5 4.49926 -112.832 

-t 0.28202 0.98703 4.62440 -127.820 

~--

KBr 0.71369 1. 02970 4.30120 -87.706 

o. 570.95 1.01829 4.37000 -98.178 

0.42821 1.00663 4.44513 -113.934 

0.28547 0.99470 4.56877 -128.717 

RbBr 0.70035 1. 03057 4.41442 -98.526 

0.56028 1.01900 4.50522 -109.722 

-~ 0.42021 1. 00717 4.59812 -127.321 
-~~ 

0.28014 0.99507 4.75544 -140.824 

csar 0.69582 1. 03105 4.57402 -105.028 

o. 55665. 1.01939 4.66166 -120.407 

0.41750 1. 00747 4.78400 -138.337 

0.27833 0.99528 4.95915 -156.434 

).. 

~ 
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TABLE 3 

Untiti.ng apparent molal adiabatic compressibilitl.es C <f ~ ) and 

experimental slopes ( S I< ) of alkali metal chlorides and bromides · 

in different percentages of solvent - mixtures ( TIIF + Hz 0 ) 

Salt <j;Jok X 1010 

3 -1 -1 . 
m mol pa 

S X 1010 
k 

3 -3/2 -1 , 
m mol pa kg~ 

--------------------------------.------------------------------------
10% TIIF - Water 

~ 

LiCl -11.80 3.37 

NaCl -12.00 4.93 

KCl -12.80 5.79 

RbCl -13.95 6.25 

CsCl -16.60 8.75 

LiBr -13.05 4.55 

NaBr -13.90 5.60 ~~ 

KBr -15.10 6.75 

RbBr -15.75 7.94 

CsBr -17.35 9.09 

20% 1HF - Water 

LiCl -40.95 22.70 

NaCl -67.50 35.30 

KCl -78.50 40.00 

RbCl -103.00 72.85 

Contd ..••• ( 2) 
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Salt cf 0 k X 1010 S X 1010 
k 

~ 
3 -1 -1 

m mol pa 
3 - 3/2 -1 

m mol pa kg!:; 
------------------- -· -----·-------------------------------------- ~ 

CsCl -112.50 87.50 

UBr -64.50 24.44 

NaBr -85.50 40.95 

KBr -90.20 45.00 

RbBr -118.20 76.00 

CsBr -122.08 90.58 

l! 
30% 11-IF - Water mixture ~: 

LiCl -88.50 35o86 

NaCl -90o95 . 50.71 

I(Cl -103o50 59o00 

RbCl -120.20 92o30 

CsCl -129.90 100.83 

)., LiBr -92.50 38o98 

NaBr -95.05 52o77 ~ 

·KBr -109o20 65o 72 

RbBr -124o50 95o00 

CsBr -134.80 104o73 

40% 1HF Water mixture 

LiCl -160.50 94.84 

-+ NaCl -164.90 111o 66 

KCl -170.50 113.33 ~ 

RbCl -180.00 126.36 

Contd. o o .• ( 3) 
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Salt c:p 0 k X 1010 

3 -1 -1 m mol pa 

226 

S X 1010 
k 

3 3/2 -1 1 m mol pa kg~ 

---------------- -- ---------------------------- ----------------- *---

-~ 
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*** C 0 N C L U D I N G REMARKS **0:' 

At the pr1:3sent work, we have tried to explore 

the different aspects of solution chemistry and some useful conclusions 

of them have been derived. 

Alkali metal and Symmetrical tetraalkylammonium 

salts show numerous interesting properties that are now being actively 

investigated in many laboratories. Most of the present day knowledge ~'-

on non-aqueous solutions has come from studies o~ various thermo-
. . 

dynamic preperties e. g. apparent molal volumes, adiabatic compressi-

bill ties, heat capacities etc. a~ well as on transport properties e. g .. 

conductance, viscosity and transference numbers. So, we determined 

the thermodynamic and transport properties of some alkali metal. and 

tetraalkylammonium salts in tetrahydrofuran ( 1HF ) and .1, 2 dimethoxy-

ethane ( 1, 2DME ) and their ·aqueous mixtures from the measurements~. 
~ --

of their viscosities, conductances, apparent molal volumes and adiabatic 

compressibilities. 

TI:e apparent molal volumes ( cp v ) of the solutes 

and the apparent molal adiabatic compressibilities ( cp K of the liquid 

solution were calculated from the following relations respectively 

1000( P -;;)I c~ 
0 

= 1000 ( !3 p 
m pp__ o 

0 

o /J M -8p)+!J-
~ 
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Where the symbols have their usual significances. 

The determination of apparent molal volumes and 

apparent molal adiabatic compressibilities of electrolyte solutions is 

useful as a guide to the structurcil properties of solutions, particularly 

in the study of ion-solvent, ion-ion and solvent-solvent interactions. 

The concentration dependence of these properties can be used to 

study ion-ion interactions. The relative magnitudes of the limiting 

apparent molal volumes, ¢ V., and the limiting ·apparent molal adiabatic 

compressibilities cp K, would enable us to provide information about 

the strengths of interactions between ions and solvent molecules. ~

Measurements of the apparent molal volumes as a function of tempe

rature can give an indication of electrostriction or contraction of 

solvent molecules around an ion. 

Conductance measurement is one of the most accurate 

and widely used physical methods for investigation of electrolytic 

solutions. The measurements can· be made in a. variety of solvents 

~ over wide ranges of temperature and pressure and in dilute solutions 

where -interionic interaction- theories are not applicable. Recent 

development of experimental techniques provides an accuracy to the 

extent of 0. 01% or even more.· Conductance measurements together 

with transference number determinations provides an unequivocal method 

of obtaining single-ion values. 

The conouctance method primarily depends on the 

mobility of ions. So it can be suitably utilised to determine the ~,..-

dissociation constrants of weak acids and association constants of 
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electrolytes in aqueous and non-aqueous solvents. This method in 

conjunction with the viscosity measurements gives us much information 

regarding the ion-ion and ion-solvent interactions. 

Different methods are to be used to find out the 

limiting conductance of the ions from the limiting equivalent conductances 

of electrolytes. Proper evaluation of the limiting equivalent conductance, 

f\0 , lllu Rlnglo-lnn cnmluclnncu, 1\0 ±, lhi:J ionlr; RBHOGlotlon constant, 

K />.. and the single ion-size parameter a0 . and their dependence on 

the dielectric constant would be of great help ·in determining ion-

ion and ion-solvent interactions. However, the variation of ~"± '!c 

values for ions depends not only on their solvodynamic entity but 

·also on their movement through. different solvents. This aspect needs 

consideration ·and further study. 

Viscosity is one of the most important transport 

properties used for the determination of ion-solvent interactions. 
Vi5c.cS'It,:t 

It is not a thermodynamic _quantity, but J... of an electrolytic solutionn 
~ 

together with the thermodynamic property, V2., the partial molal voJ.ume 

gives much information and i.Dsight regarding ion-soivent interactions 

· and the structures of the electrolytic Solu.fions. 

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. 

The viscosity (3 -coefficients give us quantitative 

I) 



.. 
• 

231 

values of the ion-solvent interactions, but still we have no unambiguous · 

method of eli vision of .<3 -coefficients into ionic 13 -value-s in all 

solvents. The use of Bu 4 NBBu 4 
*~ 

appears to be ~-' 

sound, but we lack. sufficient data measured in different solvents 

to arrive at a definite conclusion. It is desirable to use different 

methods of division of (3 -values to have reasonably consistent ionic 

/3 values. 

Accurate /3 i 0 11 values would give the solvation · 

number of ions. It is known that 

!3 (3 Einst 
ion = im 

/1 Str. 
+ /v . 

1m (3 
Disord 

+ . 
10n 

but it is not possible to calculate the individual constituents like 

1'2_ Ein
1

,...., ___ st th th ff 1' h f 1 ' rv ..... etc. so at e e ect o c arges on the nature o so vati.on 

can be properly explored. Efforts should be made to know at least 

!'l. Ein. st O·J values experimentally. 
1(11 

.R_ 

The proper understanding of the ion-solvent interactions 

would form the basis of explaining quantitatively the· influence of the 

solvent and the extent of interactions of the ions in solvents and 

pave the way for· the real understanding of the different phenomena 

associated with the solution chemistry. 

However, it is necessary to remember that ion-

solvent interactions are very complex in nature.- There are strong 

electrical forces between the ions and between the ions and solvents, 

and it is not really possible to separate them all. Nevertheless, 
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if careful judgement is used, valid conclusions can be drawn in many 

cases from viscosity, conductivity, apparent molal valume and· apparent 

molal adiabatic compressibility measurements relating to degree of~; 

structure and order of the system. 

More extensive studies of the different thermodynamic 

and transport properties of the electrolytes will be of sufficient help 

in understanding the nature of the ion-solvent interactions and the 

role of solvents in different chemical processes. 
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Conductance Studies of Alkali Metal Chlorides and Bromtder- m 
'.f Aqueous Binary Mixtures of T etrahydrofuran at 2 5~ 

M.t.H'BNDR.A l'IA.TU llOY, DEJASI:S NANDI aod D. E.. RAZllA• 

Depa~t of Chcmistey, North iJcugal Uorvcnlty, D~li,o~-734 4!(1 

Maausc:rlpt rectlved 16 Novemlxr lfi;)J, OCUpitd 2 [!.' cmwr 1992 

Precise COI!daducc meamremea"' are reported f'or alkatlmetal cbloric!tt aa4 brom14et, MX (r.f+ • ..... Na, It, Rb aDd Cs ;. 
x-.. a and Br) Ia tctrab)·Jrofurao (THF) +water mixtures at 15_:; Tile: llmllia, molar conductlfily (A 0 , the alisoclatioa 
constant (KA) aad association dlstaacc (R) In the 1oh·cnt mixtures ban ~a~ naluatc.d using tbc J."uoss cootfuctance rquatloq 
(1978). Tbe aoalysls or data lodlc:atcs that the el«trolytcs arc almost uuassociiltcd at 0.059 mole fraction or TIIF, 'flhcrcd 
at 0.143, 0.173 a11d 0.500 mole fraclioo of THF, the IISSOc:iation t'l'llS nr;y stro11g. The v:1luc:s for alkali roetal ratloas (anion 
beia~:: tbe saroc) arc foWid to be In the order: u• < Na• < K• < Rb• < c.s•. Thensult5 ban beea csplaloc4 Ia terni5 of' 
loa-.olveat bllenu:Uoos aDd 1traaur11l dwl&cs ill the mixed ~ehcDta. · 

f, Studies on ionic solvation of alhli metal Jonr ~l· 
~ vent¥permi.ttivity arc very few. Such st•.odies Jlavc 

-l bcenassumed importance because of their applica-
'•. don& in modem tecbnology 1~ Tctrah)'dro!uran 

(THf), a solvent of lov; permittivity (.:=7.58). has 
also been found its probability of applications in 
high energy batteries and organic s.yotheses as 
maoi!csted from the physicochemical studies in this 

' medium•·•. Renard and Justice" studied the con-' 
ductances of CsCJ in THF+water mixtures to 
n:_;:_eal ~e~ ~atu~ of ioliif association and mobility 
ot Nee :u ~:s ~:~-::~ !.Oi!rnt ;ystem. Io the prcse~ 
co.mmunic:ataon, an attempt b&s been made to aacer
tain tbe complete nature of soJute-aolvenc interaoo 
tion•-af· alkali -mctai-U~U (chlorides as well u 
~omides) io--THE.+HaO mixtW"CS throuab tho 
measurement& of thelr conductaDCICI. 

Resvlts ucl DlacallloD 

Tbo IOlYeot pror.rtica of THP+H,O ,mat~ 
are ctnn ln Table , where c b the dielectric cou
·taat, 4o tM; denaiJJ C. em-•), , 0 tbc ·~iecod(J <cPl. 
Lo. the apOcUic ooadac:tance (Q-& car~•), !W f.he 
"wcigbt"porceoi-of"...!f-HF..,U.. tM."t=r mf.Uuret ud 
r. die com:apoacliai- moJe "oD. Diele:trk 
c:o...wm of tolvont mixtu~ :wen otn.iuecJ -by 
~xtr&polation of c venu• W'% plota;"tbe origtoaJ 
val~• w~takea--&oaa -tbil work of Renard and 
J~tice~·. Tbc equiv&ICilt· coadactance ac infloi!e 
dlludon (..1°) ud the oilatocialion coatnt CA'A.)'Wete 
~&lculatod u&in& the Fuost conductance cquati;on•. 

A-PfA0(l +RX)+BL) (I) 
'" I ' 

.r-(1-4(1-,)] (2) 

,.·1-!A.Cl'~ (3) 

-lnf~~/l(l+kR) <') 
~-,i/DicT (S) 

where the Cetms have their \lsuat sfgl1iflcance. Tb~ 
·parameters K,. and R were obtained from the abovo 
equations by linding the values of .1° aod " wbic~ 
minimise 

u2= .Z (AJ (cal)-As (obs)}2/(n-2) 
J 

for a sequence of R values. Initial A0 value for th.o 
iDteratioo procedure was taken fro,m Sbedlo.vaky 
extcapolatioo& of the data. 

A scaq using unit iocrc~ent of R values from -t 
to 20, however, gave oo significant mioima in ~c 
uY.-.R ClH"VC for C.Cl, Naar, RbBr &>wd C.sBr 5t 
0.273 mele fraction of THF, a~ also for Ch~Jcc
trotytca Texcept LJCI) .at O..SOO mole fraction of 

·illf'4 The computations iD; tbcae case& w~ carried 
obt from arbitraril)' pl'C8Cttior of R~ at- R • 
D+d. Here 41 b the au~ of ttao cg:•talloJ.rapblo 
rad:i of the ioo' aDd dl!he ncrqc dillaoc-e corm· 
poadinJ Co tbe aide of & cell ~piod by a 10lveat 
molecule. The diJianeo d il1ivcG b:r 

0 
20 
4G 
(J) 
so 

ICO 

x. 
0 

0.059 
0.14) 
0.273 
0.'00 
1.000 

&o•"' 
c:p 

o.~·l 
l.-4!10 0 
J.7~ 1 
1."90 4 
0.9231 
0.4630 

104' ,.. 
~~ 

1.01 
3.20 
uo 
t.JS 
1.18 
0 •• 

where M Ia tbe mo*ular wotaht o.r aolvont and p I• 
Jte dcnaity. For mixod aolventa, M l• rc~placed br 
the mole fraction avoragc molecular weiabe (,M ... ) 
which it given by 

M.,.-= M.M.J(WlMz+ W1Mil (S) 

115 <..--

) ' ;·.c_ . 

•. Lc.\ r 
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9here W ~. is _tb'e wefgbt frae~lon or the firsc compo· 
!lent of. molecufar W~f8~~ .~i· Ttlougb; t.bis is au 
Dver BimpllficaHon Wlilch ignor@s possible selective 
~tvation. it at least provi4~s a sclf·cons~~n.c .way 
te 9 ataln ail 106ceptable yal.ue for the patametc:r 
wbea a broaCI range o( .R valu~s fit the data. The 
"alucs of lc. K-.t. ah(S: ~ hbt'aihe'd by this procedure 
'£re recorded'fb Table '2. · 

Prbm Tabfe't,'.we"'riec th.at viscosity (11°) of .the-
·'Solv~~t· m,i:r.ture.{T.r:? J7,+.H20) iocreases ·rapidly Jo a 
~axilUuto ·at about.O.l43 mole fraction or 40 wt% 
. of THF and the'i'eafter decreases. Such characte· 
ristic in· the viscositf. v• composition curve \~ a 
manlf~statio~ of:.il'trouhspe\~itic intc~action& betnen 
unltkic ,Diolecules rpredomioated by 'hydrogen bond· 

· 'ing'iilteractidn. . . 
· Table ·2 shows that· A 0 ~aJues for alkali metal 
':Jlalides in~rea.s~ as ,the ~ize of the cation increases ip 
·any mole·.fl't.ctlon of m1xed solvent. Howev' r, .fot 
any 'Pi=-ti;::~lar ~l~ctrolyte, A0 continuously decreases 
'tJ:it'!: 't'he addition of THF and Walden products are 
'found tO Qe oilfereQ( 'j ViSCOSity, Of SO)VeOt•miXt\)fC 
does not -:coincide -~~~h ''the observed tico'd in }lo 
~~alue. · . . . 

z. 
l' 

R ·• ff 

. • Lithium cbloric!e 
us}~± o.o1 0.1~ s.1• .Lol' o.oJ 

Q:CJ07. 0.06 ()II 
0.0~9 
0.143 

60.88 + QJhl, 1.90 t Q..fin, .11.41 
· 4S.S7 ± ~ t3.92 t .. o~ t21!1J 

1~:~~:±'~:~j 'i~~J~ lZ~~g·1~~g · 
0.1!~1 0~·.9-ft . 
G.6P .fi'7 .J0.273 

. o.sco 

... ~ ... 
. O.OS9 
,, Q.ljJ 
·o:~m 
o.soo 

0" 
.. o9-Q59 
,(10. t43 

0.273 
o.soo 

~+r ;.oa 
0.059 
0143 
0.273 

'o.soo 

ce~ 

0.059 
0.143 

P. ;z73 . 
~.soo 

'06 . 

0.281 19 
Sodium chloride 

126.53 ± o.o1 o.s1 $.56 z.IZ6 o.o1 
80.4~ ± 0.023 2.96 r o.o3 10.66 t .1 ~8 o.ol 
~9. ~ 6 :1: o.o4 <..,.;z .c. o.Q9 1 '-"'6 J.oJs o.os 
46.01 ± o OS 25.40 ± 0.61 _15.27 .

0
o_.

3
6
6
s
1
6 0.05 

39 04 "t o.4CJ 206.53 ± 0.01 7.14 0.36 
P.>tossium chloride 

149.QO : o.ol o.S6 . • , 4 ~5 
96.10 + o.o4 ~ 2:~--:B.o,os, , s.9, 
72.18 i 0.03 ·9.51 ± 0.('6·13'00 
53;0, + 0.$)5 24.11 ±·0 30 .16~0. 
44.92 f 0.30 228.55 ± 74.FO 7,43 

Rubidium chloride • , . 
I 53'64 ± 0.01 0.26 I . 3 35 
98;19 .:f .o.es , 4~67 #.. oJH .u.oo 

t.ll4 o.C!l 
. l .432 0,83, 
1.250 0-03 
Q.NO 0.05 
o~41S o:go 

. 
.1.367 0.02 
1.463 0.07 
I 21 2. 0.07 
0.~33 0.04 
0 432 0.94 

~ 

· 74'61 ±·o-.C>i ·l:Z..lS;!!: o:J6, Jl.OO 
55'86 ± 0.04 35 64 ± O.J-1 ~.44 
46.~ ± o.•~ 458.73 ±75.29 7.82 

'" .. , CCsium chloride 
tS%Q4 + o.fs ··;o;62 ,, 3,62 1.362 o.oz 
too.4'2~ o. . 4.~2,± o Q31 ro.~, ; t.496 o.o, 

75.33 ± o. 5 • 6.41.± ().07 il. ,0 I.-305 0.¢6 
SS.Sl ± 0.21 "31.19 :1: 1.'~0 ?s31 '100:.8

4
4
70
1 

0
0.25 

50.89 ± ·o.46 649,80±~6.29 T.84 .1P 
· Lithium bro&lide 

1.040 . 

,·, ~~om ra~ 1. .'we also see iii'i;t io values pf 
alkah metal s of common anion follow the scc;~,u. 
ence: !:.j~~Na <K•<Rb+<Cs+, Further; tbc . .d0 

for the .\\lkali meta~ brol,l)i~s ·are gre.at~~ft~an those 
(o~.~'he corr~spood1~,-,a~ah metal ~p,fondes. For 
!=sc;t. the· A0 v~lu:~ 't o.s~ mole frMJio.~ of ':fH.f 
.~s m close·. proXIIl}Jty ..l"i1th the vattle reportCJj'i)y 
'·Renard an'd,'1,u~tice4:. The trend of variation of A0 

'vab.te"s_al~o i'ridlcatcs the relative actual sizes of thes~ 
!Q.P-2,:~~Ub~y etist fn solution. Thus, the sizes i\f 
·'th'csc· cat.io'ns as they exi" in soluti~. follow·"1So 
order; Li•>Na•.>f.~ltb+>Cs•.·.tq~~for a.n1oJ:a. 
p~ ~.Bf". T~fs ·~~ Jbat f:.i+ ls Jhe Q]ost ~p!v.~~~ 
·and Ca+ l.a the. lcas&-onc ID ·aay-molo' fracttoa Of 
'CHF. 

:·. ·,O.CS!) 
. 0.143 
0.273 
o.soo 

uhs. .. . . . - ~ 6-7o ~3 ± ~z. ~i9.±,o.z.. 01 
ss".ls ± o.06 .14.~6 ±,O.l9i 16.60 
48.70 ± 0.04 ZO.lS .±.O,jO 17~70 
_.,.93 ± r.lO 26S.19 ±52.73 7Jl6 

Soaiuha broliit~ 

1 051 .0.2.5 
0-958 0,06 
0,726 00.5 
o.41<4 o.?.s 

. It may be ob~~d from T~blo 2 Jha't th"q l'ao· · 
\:latlon conltanc ·(K.a.) is very low Cor all tho clictro
lytes at 0.059 rn.;:,le fraction of 'i'HF. Thit indi· 
cates 'hat these aaUs almost remain unas'aoclitcd ·In 
this composition of the aolvent ml~tiue baviog high 
dic:\M~ric constant. :However. at h~et mole frac• 
don of 'IHF (c > 57.25)-nsociation occura in tho 
&olveot mixtures (fdt NaCI, KCUad·CsCI ioo asso• 

. ciation takes place ·above 0.143 mole. fraetioo of 
TfiF') and tbat the Ki. values increase witb the in~ 
crease of catio.ni.; a11 .weH ils anionic sizes in all 
cues (~cept NaBr at O~Sbb-~o(c fraction of· THFJ. 
'l"htls we see' that CsBr In spite of its gr~ater size, is 
:associate~ maximum 'th'ao the other bNmides at 
'biglter p~centag;~ . of . mixed solvents. D' Aprano 
and Fuoss foUnd similar trends for many of the al· 
kali metarhalides in dioxane·water mixtures. . 

The values of Walden products (.-1°>Jo) for tbe 
studied electrolytes p~ss tbNugh a max1mum at 
about U.059 in ole fraction of TH F and then dectealiC 

· continuou~ly,, A rtpreiO~tatJv, ~pl\H 'for 'be "~·au 

06 
0.059 
0.143 
0.273 
0.501J 

Ob 
O.OS9 
o.Jo\3 
o.z13 
o.s!X> 
.. 
Qb. 

,0.059 
o.143 

. 0.273 
o.soo 

12842 - ·- 1.143 
sa:s2 ± 0.10 11~70 ± 0.11 113 ~~ un ~·~~ 
f4-" ± o.ll 28.32 ± 0.41 9.uv ~~ :ss 33 ± 0.81 .120.08±12.00 6.82. 0.795 0. ' 
so:M ± 0•69 ~.z&±%7.60 1.JQ o.47o o. 

.. Potualum bromide r,.. • 

~&l:n ~· o.06 · 2.12·-± o.04 .~.o \·~ _o11"-' 
75 ~2· 0.08 17.10 ± 0.20 14·':0· 1.315 1).~ 
61 ~ 9 · o it 4,i 87 ±.0.84 l!MO q 0.9l.!i 0.~) 
~,2:~6 o:66 440.92±41.10' 7.62 o.48.l 0· 2 

Rubidium. flroro'fdc: 

156,37 • 1 11 60 
105.98 ± o.06 8.79 ± o.o-. . 
78.03 ±. 0.11 22.59 ± 0.32 13.00 
.i>~.S6 ± 0.65 90~09 ± 6.36 7.29 
s4.9S ± 1.03 S93.0l±71.4l< 7.77 

\.392 
l.S79. 0.06 
J.3~2 0.11 
o.99.f o.64 

·M07 l'.90 

Cctium bromide 
'' ,· . 1.38~ _, 
ISS.51 o·l 9 90 1· 630 0 04 10~.41 ± o.04 6.67 r 0. '. 1 . . 
79.83-±0.08 ,2'.13:1:-~·23 17.30 ,1.383 °·~ 
67.75 ± o.os '8 .~8 t 4.80 7.48 1.010 g.9~ 
58.54 ± 1.71 IOOJ.53:+-14ll.56 7 96 0.541· . 

e~Rcf. 9. bJ., L. KA'I and D. 
1966,70, 2325. .. . . ·-·. 

r EVAN,, J, Pii}'So Cllem~, 
,; '£'"""·' 

··r.' 
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''metal bromides has be~n given in Fig. I. Though 
· the variation, of t~~ Walden product with solvent 
compo~ition is difficdlt to. interpret .quaotitativ~ly, 
still its varhttiori with solvent cdmposition can be 

__ 
1
. explained "'by preferential solvation•.·.' of alkali 

""' metal ioas·by water and 'fHF molecules respecli· 
, . ..,.,.,~·?f:J~'~-:-)·~ ... ;:~'~:.,~c!e.-fract.ion of THI?, :J~':::,".~ ions:·:·l!re 

·· ;'prtaerentlally solvated'~y :water than THF and the 
· viscosity of the solvent- in the vicinity of these ions 

is lowet: than ~hat of the bulk solvent (Table n: 
Since the buJk viscosity v~lue is ·used in the calcula. 

lion of Walden product, the caiL;ulat .. d. values of 
/1°•1• are high upto the poiol corresponctrug to vi6co• 
sity maximum of tnc solvent mixtures 1u;d llleo the 
values deccease graJually causing a max1mum in tho 
Walden product. 1he decrease in the Walden pro. 
ducts af[er 0.143 mole-fraction of fHI: indicates 
thr-'· :~n~ftrc:: ~hiF-::;c!·:~tion of alkali nH·r:i(!':-rlou.; 
(having the same anion) by THF in THf-'+water 
mixtures. However, this decrease in large part may 
be due ~o the. Zwanzig"1o solvent rd:\J~atio·n effect 
also; 

,.,r-------------.... ----------------------------------~ 

G. -. 
0 e 

N 

-E 
.. u 

0-9 
'c:: 
~ 
": 0-8 
< 
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~ t 
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()o 2 . . 0• 3 "'9'' .· 
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fli-·1. Variation of W .1ldea products (.19'19) \fjlb ',J;npl)$ilio~ of IOIVellf ma(W'OI 1 (l) LiDr, (~) Nalu, 
(J) Kdr, (4J ~o.dr a,.d l5J Qlifr. ... 
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\Jtpcrbnental been desaibed earlier!!. Sfvw~l jnde~endent aol~· 
· ti!lns were prepar-:d . aod r-uns were: preformed .to 

· Tetrabydrofuran (Merck~ was kept several days en sur. the reproducibilities of the cesu!ts. All d!lta 
-::i, over KOH, theo. ~~fluxcd_ror 24 .h .. a!•.4 distill~d o~er were ~or.re: .. tcd at 25:-.~itl'\ the ~pcciffc conductanc~ 

2.. ··- ·. LiAIH,. Its bllrl~ag pomt densuy an~ v1sco"s_1ty . of lhe.., ol:vent. .. The correc.l_~d v~!~~~ .~:!'e., a~J!.~:d __ · . 
~-~- · ~·:.::···~:·:;·ard- ··v-~1! with the.- --m~·.fi'.1ur..::~··-~·llUe)u,.--·o:J :::p!·:-.-~; ,iici~s'J.r the FuO'~~·conductaol~ t~.ru•;t'''u'. -<·· · ~-
. · ··· ~-pbcific cond~;;tance of THt• was ca. b.!H x 10·• 

oC:. -o·-1 cm-J. at 25°r' . ' 
Alkali meta·l stilts {Fiu.ka, purum or puriss grade) 

d "b · · Rererenc~. , 
were purified a·s e~scn ed earlrer•~. A stock so.hi· 1. J. ·BARTHP.L. H 1 GoRES, G. scnEEMER and R. WATCH!~< 
t ion fctr eac·h salt ( _, 0.1 .M) in the appropri~te sol· in Tt p Curr. Ch~m, J9:t2, 3. 

4 vent mixture was pr~pared (by wcig;.t) and tbl! wor• c 2. p,,JAGVDZINSKI and s. PETRUCCI, J. Phys. Chem., !97 • 
ldog solutio us were .. ~btoi!nt!d. by weight drlJtio~. 78,917. ' · i· • ' J Ph' Cis 
'I'be molar conc.etrt'ration of.the solution was cakUa ll. N. lNove, M. Xu and s. 'PETRUcci, • 'J'.£_ em .• 

1ated from m6l:llily :!tid deii~ity values. Tbe niixtd it.S:~7R.!.~~!128~nd J. c. JOsTrcE, J, ~·otuti~ti chem., 
solvents of THF were prepared by niaxil1g 1he tcqUi· 4' . J9i4; :4, 6a. . J . r • · . 
"''t ' t ·· f TPF and wat (b. · bt ) s R. M. FOO$s, J. Phvs, Cl1em., 1978, fJ2,"i.4~7. "'' ~ amoun s ,o ~ er y welg s • ··6: L PtKKARAJNCN J. Chtm. El•g. Data, 1988, 3,3,.299C.h 

Density a~d viscosity of solvent mi~tures we~e 7. A.- D'APRANo and a. M. Fuoss, J • .Solurlon em., 
measured in iui Ostwalc·Sprengel type pyco.olileter · 1915,4, 1975. . . . 't · . Ch · 
and suspendc'd.,.lc:vel Ubbcl:>hdc visCOIJleter at 2~·~ a. R-1L. KAY and T. L. BaoAo\\•A'rER, J, So "11011 e":'• 
0.01" with a precision of ± 3 x l05 g cm·,s arid p.!~~65.5S.57PaABHU lind M. v. R.uiANA.i.R•Rn, BUll. 

i,: 0.05% resp:ctively. A Pye-Unicam PW ,9509 con· 9
' ~m • .S'oc. Jpn., 1988, 6J, 2595. 

0 
0 -. 

ductivi~y met~r was used for measuring the <;onduC1· · 10 R. zw~N~to 1. Chem. Phy5., 1970, 52, 3625. ;, • -~ 
tancCi._ at the frequency of2000 H'z with a dip-type .. 11: "Physical Chemistry of Organic Solvent Systems • cda. · 

~ 'ceU~o.constant ;0.861 cm-J. and·baving an a~~uracy_· o(. A. K. ·eovJNOlOS and T. DicKINsoN, Plenum. New 
~'_.". t .. - 0 01 T KCI York, 19~3. P •. 5. ·• . · · · . • v :i; .Ito• . he ce'll was calibrated with aqueoqs . ' . D~ NANDi, s. Dl.~ and D. K~ HAZRA, J. Chem. Soc •• 

solutions fri the usual way. The measurements 12· Faraday Trans. 1, 1989,85,1531, · ·. 
were carried· out in a oil-bath main~j~d at 25 ± -.~1. D,DAsouPTA~S. DAS ud·D. K, Huu, J. Chem. SOf., 
\).OOsa. Thc:Qctall' ofCxporimcutal p'i~urc have ElllildOJ' T~. 1,1985, 84,lO.n 

. . J 
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Electri~al Conductances for Tetraalkylammonium Bro
mides, .LiBF4 and LiAsF6 in Tetrahydrofuran at 25° 
DEUASIS NANOL MAHENDRA NATH ROY ~nd DI.Ur KUMAR IIAZRA • 

Dcpanmcn' of Chemistry, Nor.th Bcng .. l Uni\'c.siry. Darjcclins-734 OCI 

Manu-'crii•t r«ciw:d 23 Dcccm~r Jr;»:J:;: 

Ekclrlcal cunduci.Hnce d11lll ha•·c ~'II repor1td for ldraall(ylammonlum hn•mldft, ltiNHr 11< ::: hut~·l to lwptyl•. 
Uthlum lelr>tOuo~Uo t.UUF,i and .:Jthiuna hc::a.afluoruanenale •U·\.'f'i in ldnah)drufu_rwn flliFI al 2S

0
• 1\nalp~ 

or ~ftl3 hy' lh~ Fums-K.niUs theory o( ronductJincr ~Veals the ~A«' ur holt-. inn-pairs .nd. lrlfJI~ Ions. "llac 
Jqn-palr U\r} aad. l.rlpk-ioCI IJ\r) fonaec.Ma COMtaR4 o( l..bc:se 5&11.5 In tetrah)'droCuhin (TifF) lw•·~ t_.n c:oriapnn:d 

with Uic vllhics ohtillneti :n 1,.2-dlmetboiyc-ti;llne' (i.l-OME). The "omparlse)IJ Sbows Uutl lhe ici"~:r hoii1olti~u~ 
of ~~ 5ludk-<l litNUr .~lu an m~ assodili.Cf;i In THf' Uiaa lri 1..2-Vi\fF. ;.·Mtc:l\5 lM i<t viiluri In mi\lurily 
c!!Ses· iir-e mudl hl~hc:i" bi i.l•DME th.in:l h1 TIU: wiUa the tscep4Joa of UAsf'- 'l'he· ~lt.s havf hkn explained ~ 
with lhc heip of cuoOs.tul'llUooal eolropy aod ... ~ IIKidcl theory. 

Progress in ballcry tecllnology using the lithium 

electrolytes in etheral solutions1 has occurred l;ugcly 

in the last decade. Rocenlly, there ~s been :a 
rcm:wcd interest2, after the cfa<isical work of Fuoss 

and Kr~us 3 in: i.be thirties, in · i.he study of 35Sc.>Ciation -, 

anc1 dimerisation of clcctmlvtes in media of low . . 
permittivity. Tb~ ·bas been p<~rticUbrly so irnpotbul 

because knowl:edge of thl; state of ~aiion of 
lbe dectrolyteS ud the type and the structure o( 
the . cor.:plcx species in solution is es.-.cnlial for 
lhe optical choice of solvents and electrolytes. Pre-

viously, Sellers et a/~ interpreted the COQuuctance 

h<:haviour of w.cak acids and ba.-;cs io r:.on-aqueou5 
I ' 

solvents in terms nf Cllmplcx equilioria. ihlj\1 et al ~ 

investigated lhc formalitln tlf triple ions for suhsliluteJ 
ammonium hal ide....; in acetonitrile from condu~·tivitv 
·and vull41nunclric..: data. The. mol(;(;ul:tr .rclaxal{u~ 
dynamics and s.tructure of lithium salls have been 

studied by Pelru~c.::i et tlf.2.6-IO from tiJtraS(1nk abSC?p·· 

lion and clcctrit:al comlut:tivity measurements in 

media of low permittivity. The conductivity of 

Rcccnlly, we. have reported lltc formation of · 

triple ions of telraalkyl.ammof!ium hrt1mi<.lcs in 1.2-
c.Jimclhoxyctbanc (E = 7.01) frum (."untJuctivity mc;•

suremcnts:2_ The study has been extended tu 

LetratydrofUTatt, :a solvent having similar physical 
char:M:lc...rlst~ like I.2~thoxyelhane and the result 
is d...~us.-;ed bcreia. 

Rtsults :.uW Discussioa 

The ~uivalcot conductance (/\) vs the cum.:en
r..-alioo (9 d;,r;, of the electrolytes in TI-IF at .. 2~ 

:l!'C reroroed in. Table 1. Fig. 1 prcscnlS lhc plots 
o.f (/\) vs c for-\ctrcmutyf-, letrapentyl-. tclrahcxyl-, 
tetrahcplh y-br• 1midL!S (lllwcr homolo~LCS an: insul ::h!c 

m lliF),;.. LiBF4 .and LiASF6 al 25''. A fninirnum 
is dearly visible in t:vcry case. 

The <.:(•ndu..·Lancc data have hcen an••ly~e<.J by 

the _Fuoss-Kraus triple-ion thcmy 13 in the lllrlll 

as given •below, 

. ¥'z /\., A~ Kr ( A ) 
A g (c) • Krlz + J<',lz 1- /\., ,. 

{I. ~~ 
cxp (- -- (o\ ) ') 

6~1) 

(I) 

(::!) 

(e.,. .... 

' 

A ,.__'0 
~ 

1' ~clraalkylammonium sa!L<i in pt>lyammatit.: sulvcnL" 
has also been sl~dicd recently by Abbot and Sd:illr
in11 who shmvcd the formation. of triple ions by 
fitting the Fuoss-Kraus c~uation liHhe condutanceJata. 

(
1-- ~. kA )11) ( 1- ~!!~~~) 

.... ~ . ~- ~~ J.-<1 0 - ; 

fd A.o 

ICSS.<. 'lli'(N )(.1) .4t ) .---
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NANDI. ROY &.: liAZRA: E.Iic"11UCAL ('ONDUCTAN<"'ES FOR 1FntAAIJ(YLAMMONltrM HROMHW.S. l•Bh A.~D LiAsF. ct.: 
'. 

TMII.f. 1 - Eu<-nx:AL cp.."Dll01\o1Tl Of Fu:cnwc..YTIS t-~ ~ 

- TE'nAHYDtlOf\.~"( AT ~ 

IO~t 11. 10-'c 11. 10 ... (' 11. . 

'4 mol .h·• S. cniJ mol'1 mol cia.'' S ::1111J mal'1 

S...N~· Pen:..''& 
mol din'' S =' ...,rl 

liao.''Bt 
2.969 
<4.690 

5.850 

4..2~ 4.879 .lOI 6.0ll 
8.5~. 

2.53 
3.1'2 . 6.524 2.6l 
2.70 8.059 2.32 9.983 1.811 

7..239 
Q.050 

2.35 . 9.~ Ul 1 a.61Ki l..S2 
2.1:Z: 

10.550 J·.94 

14.8Qil 1.7 I 

::!l.S5(1 153 

35.::!42 I.~ 

SS.I::!b l.41' 

74.126 I J.-11! 

01.215 1.40. 

10.958 

2.!.500 
35.7o<,5 

43.1N: 

55.~>! 

()')~" 

~.95.') 

93.9Stl 

103.514 .. '1.40 

140.173 1.4.2 

209.185 1.-46 

298.-473 1.50 

365.298 1..55 
4:!0.589 l-<6 

623.070 1.65 

Hcpt.NB< 
8.o4Q4 !.26 

9.010 2.19 

9.89S 2.04 

10.957 

23.~ ---
15.315 

17.987 

1.9S 

1.73 

• 1.65 

i-55 
!0.~5 1.46. 

~5.311) 1..:7 

..?9.~0 1.23 

1.17 

43 .. ,'Q5 !.13 

'>1>.0~ 1.1~ 

!10.6XII 1.07 
114.11!16 1.07 

I :!O.'.!Kti • 1.00 

130.468 1.00 
I 5tJ .489 1.1 0 

. .-··-- II!Q.542 1.14 
~10 'M·fb';l2MAQII 1.22 
? ·---- 3111.2llb 1.26 

35tl.!!04 1.30 

100.151 

109.il95 

12Q.45-4 

145.699 

16.7.894 

175.613 

189;857 

Z:J.,S.;Q 

28'l.492 

31.(.596 

612553 

9 . .&80 

15.987 
.29.&29 . 

J7.ot1S 

4S..S80 

SL'ilf.' 

RSQI:I 

001.38il 

11~.765 

.?..:3.9-IJ 

272.1"40 

307.826 

38.!.%7 

439.467 
576.9.28 
615.9.)1J 

871.613 
93.'1 • .5.38 

1098 . .562 

QW11.56_f) 
116.5.82.1 

1.214.060 

1280.710 

12.698 1.66 
1.-'4 15.983 

l.lf> 21.852 

1.13 3(1.018 

1.21 30.S04 

1.11: ~.S<Jo 

j~() 56.804 

1..20 ,;~.698 

qa 11.-455 
1~2 &4.1JJ 

1~ 100.&42 

1.:!,5 ·1l0.492 

·~ ts5.U1 
1..27 169.41lZ 
·1.~ 183..5~ 

1.32 2~.9~ 

!~ 230.-416 

1.40 141..2.."3 

L.M N2.956 

1.-49 

1.31 

i.lii . 
1.12 

l.o.i 
1.06 

1.~ 

I .OS 
!.OS 
1.06 

1.09 
1.12. 

1.14 
1.15 

1.19 

• 1.21 

1.22 

1'.27 

35Ull 1.33 
Ullf. .L.iooof. 

l.<! 7~ l-6..51 

J.Q6 9IJO i5..5.5 

o::>9 JS..SUS 12.92 

0.71 4l.i97 9.48 

«ib4 iUi5 8..21 

0.6.! 90. ~ !1.00 

c.:~~ 1~.7~ ·.68 
;)5! lll.QS~ - o&S 

u .. -17 l4S.".:s • ;s · 
O·U 1~.0.!1 7JII 

0 -"1 tSO.Il.tJ ~ . .!i 

0-'IJ .,!IJ.7Q.! :.:.7-
"~' .!~-I.O';t> ~ ,!1'1 

O . .W ){J9.2b7 7.SJ 
0.42 378.769 7.79 
0.43 484.6Q3 11.112 
0.47 
0.4!1 
0.52 

@·--
~--:f\ ~
,(i.S7~. , ) .... ~· (.-"' 

~-

d-J(. . ·.•I 

f· . :1 ._.., : • '"'· 

., 

3 

1.8247 x io 6 

~ .. (r·n ~ 

. . . 0.820l> )( 106 H250 1 
:; .. u Ao + ~ • · . ,.... A .. + ,., 

((T) • t}D(£Ti • 

(3) 

(4) 

~-

Iii the abOve equ~tion p' is the Oebye-H!:!,Ckel act.ivily 

coeffacie11t. S the limiting ·onsager c<)'efficent and 
the other tenns :have their usu:U. signi·. i,;ancc. Also, 
·~.is the sum of the equi~alent conductances of 

the simple ions at infinite dilution and f..],. the 

sum of the values for the t~·n kind.' ol tnpk-ion~: 

.. 

IU~(Br:r and ( R-4:0:7! Br for R.::--; Br :-.;d 1 s, (~N-t 
Li( B~E"' and Li2(BF.;)+ for LiBF.l and 
~"' .M{I!!f 

Li(. A"'f6 ·.:Jf}· and Lb(A"'F6)+ lor LiA"'F6; Kp and 
. . J.;..fh,. 

KT are the i<Jn.:pa it and. triple-ion· formation.coiistanLo; -.: 
respectively. The symmetrical approxUt!ation of the 
two pos..,.ihle formation constant of triple-ions -~ual 

to ca..-il other has been ~nsidered7. 

NegJecting,Ah\o,. ( Si At ><s;_A)L~ and assuming S 
f :1: - 1. le&i to g(c) = 1 ia eqnatiuo (1) and 
we get, 

Ao NKT 
Nc)~· - Jdtz + Kje c (5) 

For the present data, it was fe>UD9 that equation 
(5) vns inadequate, the data sbowmg a downward 
curvature when plotted as ·A(c)1/2 v~ c. On the 

contr.tr~f~· equation (1) gives reasooahly straight line 

(a represcatative 'plot for Hept4NBr is sbO\~ m 
Fig. :). For evaluation of Kp and· AT values· fwm 
equation .(1), the average :\ .. ,!jo value:- nf R4NBr 
~tiL-; at 25j)wcre~t.aken from the "'l..lrk of Krumgalz 14· 

1\.,_,T) .. -value ior LiBF4 and LiA..;ft. in 1.2-DME at 

25·' wa..; taken from litcra!urc:Z-7 . Th.crcforc, from 

Waluen ·s rule the Ao-valuel> of all the saiL-; 1n 

. THF at 25° have .been calculated and presented 

1n Table 2. Linear regression analysis of cqu:Jti(m 
(1) gives correlation coefficient (r2),• intercept and 
siOJW and the valu.cs have bC(!n reported in Tahlc 

2. In SCllving equation ( 1 ). !\;\', the lriplc·inn 

conductance, w~ts set equal to 2/3/J~ This has 
been specially done so for relative comparison of 
Kr val~es for the same clt:elrolytcs in differ&nt 

solvcnts1 6. The Kl' and KT values thus cvalualcd 

... 

I;·;... . 
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';J. Sail s 
&.NBt 

PaaWffir 

HeX4N&: 

Hepc.NBr, 

UHf. 

, UA<F• 

.. 
; -·~ \. ~ 

. t 
o:· s 
' 

t\. 

~m2 iliOI-1 • ,2 

123.3.3 0.~835 

118.33 ·o.mz 

114.63 0.9912 

llZ.:!4 O.C)Q(,S 

1.!.!.1!1 O.«N44 

13:.~.-, U.O<lOU 

lillen:cpl Slope 

6.85 • 10~ 5.281 

( 2:0.((103) (zOJ~) 

6.21 • 10~ 5.200 

(a0.0002) (zO.OOS) 
• 5.12 .... 10~- S.166 

(a0.0001) (:a:0.002) 
S-~ ,.· 10..: 4.813 

(dl.OOOJ) (:r:0.002) 

3.65 " w-= 1.(179 

h:().fi019) (::{1.002) 

45.65 .. 111-2 25.%1 

(:{).()(OJ) . (:<{1.105) 

arc rccorcd in Table 3. ll is clear frQm Table 

,---:-1 3 that major portion of .the elcclrt)lytcs exist as 
~~· ion-pairs with only a major woportion as triple-ions. 
~ ~.,.,.,.,.. Using the ~alu_cs of Kp from' Table 3, the intcrionic · 

e. distance. parame.'{ (q'u) h:as been calculated with the 
help of ,the Bjcrrum 's theory of ionic association 17 

which ~n he written as 

. , 3 

1\ • 4 1t N ... (' ZJZ2 I('-) (}(b) .., 
" 1000 rkT 

(6) 

4 

------~--~----------~----~ TAIIU' ~- los· PAIR .\roo Ta!Pu-lc>N FoaW~nnN f'oNHA"'1~ N Tilf 
AT 25"' . 

s~h Kr • .~ ,;;. 
(mol dm"1)"1 (111>0' QIII.J)~ 

B~NBr 3.24. ltiS.hll 
rrc~L&NBr 6.63 J.!s.6J 

lkX4NIX 5.02 151.47 

lkpc.NBr 4.11 . 130.42 

UHF. 11.30 44.36 

LiAsF6 0.08 85.30 

where: Q(b) • /.. y--4 exr y dy 

~Jl'.zl~ 
and ·b • 

qa rJc T 

. TI1e qR values obtained by the ahovc pnx·edurc 
a·re recorded in. Table 4. The· Q(b) values ha\·c 
been taken from literature18• Table 4 reveals lh<H 

qB is ahnost similar for all the tetraalkylamm(inium 
. Salts whereas the actual ionic size changes by 0.94 

A. Thi.'i may be accounted by assuming that the 

Br- io[l can easily penetrate_ to some extent into 
the void spaces between the alkyl chaiRs, as ~uggc:sted 
by Abbott and Schiffrin 11 ia other" systems. Thus 
increase in ~ain-length in C2Se oftetraalt::ylarnmaniur.: 

ions does aot greatly affec1 the distance of closesl 
approach between the tWo ioas. Hm. ever, v•c see 
that an increase in the c:Uin-lengtli iDaea5es the 

ion-pair association constant to some extent The 
CJB v~uc:s .ciJculaled from equation (6) are much 

less -in ro~arison with the rc values (sum~f the 
crystallogr.apbic ra~lii} as reported i.n the literature: Q. 

sugg~c;ting that contact i.."'n-jl<iin- for tetraalkylamnwn
ium bromides pwnarly exist in solution. Thb m~y 
cause a dcerease in the degree of fr~um ... ,r the.: 

catio" in the ion-pair. whi<.:b results in the Ius.-; 
of configurational entropy for the contact pair. Gen· 
erally, Kp · ~alues do not change significantly for • 

qu.arternary ammonium ions with chain-lc_ngthl'l 
grealc~ ~an C). The small changes in the Kp vai!Jcs 
as observ'ed in Table 3 may thus be related tn 

cntropic contributions as discussed above. Tahlc 

3 also shows that Kp values of LiBF4 is much 

higher than that of LiA-;F6. Also from the qu 

values reported in Table 4 we sec that the miniRfum 

distance between ions in ion-pairs for these two 



,. 

clcx:trolytcs :is much; higher than L'le size of the 

.:J· average ionic diameter as rcpvrted in the Lileraturd 1•16. 

Thi:. indicates th:il in case t f LiBF" and LlA:;fb 

pcrh:t(l!'> some solvent moleculeS have hccn induded 

i:1 the fin;t ·coordination shell of the central ion. 
Furihcr, a d.ccrcase 'in dielectric '-"'nstallt generally 

C31JSC!. an increase in the a:>socialion constant of 

<2lt.. the lh·c ions. In ~.:asc of LiBF.~. B~11ion pi'Dhahly 

experiences a lower diclt4·tric con~Lant rc.-.ulting 10 

a lown intl·rioni~o· di:.C:mn· vc;luc th;,r. th;i; ,\f LA.,f6 

~ llh~: ralit) r.JH'T, is. 1.::!\J ~P.d 1,-U !m LiBF.: :md 

L1.-\~Fn fl;spt.·•.:.tin:l~) anJ au~~-- m~\~t Jil-;l·t~ lhl· 

eff~l. whil:h i:. hcing .~ .. rv~ here. 

if, 
·""'<-;:; 

T A!II..E . ~ - TifF t,t. . ..,. ... ~·· I"{' \' ...L• '!'.:; "'.>It TlfF S..u. n; I'll lHf AT ~" 

Salt ~flo• <TTilc/ f'{',l(l• 
. -v ..J{ 

em ('kJ em 
Bu..aNBr ~.( ... 4.50 6 ...... 
PinuN"rlr ~ 4.03 43i '7 (oJ" 

Hu .• "li< :l:w. no i.Mf 

lkpr.:N~ ·WI 4 . .29 7.6( 
Lifih. 3.!1(1 ~0~ 

uA,•Fh S.til 4.&: 3r4 
G ; 
Rd ~~. .Rc:. Ill. 

The intemionic distance (DT) fl.\! . .a triple ion 
h:t.,Cil<;O hecn calculated iortil~ eic.:trt•iyk::S~ccording 

to the onginal theory of Fuoss ·and KrdUS3 as given 
by the expres!>ions. 

' 
/(b3; "'_t!""_ 

CT f k T 

hh_1) is·a d<;uhic intcgr:1l whicn ha~ hl"t:n l:-!bulatcd 
1n the 1Jtcraturc 1 ~ for ~ wiJc ran~c o!. V:i!Uc:-; \\f 

h. ~:nl'c th~ term· /(h3) i!-- al:-<' a lunl'!tnn ,,! 

QT, St. U'f values were calculalc;d hy an iterative 
prt)\;cdure wilh the help ut' c~ualiun ~ 7) a!ld given 

. in Tahl~ 4. The table shows that ell values '?f . 
the· cl~trolyt~ are greater than~c"tr~.::.. 
metical result., UT = 1.5 qu. Thi~ m;y he due 
to repulsive forces between the two ·anions o·r two 

cations in the case of the triple-ions MA~~or M!A 
. . - ~ 

respectively. · 

It i~ intcre~ting to cum pan.: the value~ ol Kp 
anu K1 (Table 5) with the corrl·~pt,nJing Jat~• for 

l.hc~e clct:lrolytc.' in 1..?.-DME H. = iJI\.. l)n = 
0.1 i' ;~ 1 P). ~~:omparison ~how!'- that the clcdrolytcs d«J. ~ ~"'"\. 

~ ' Bll..I:'-.Br and Pcnl4NBr arc more as.-.ut.:iatcd in THF 

than in 1,~-DME .. In case of LiA..;FtJ. the value 

of Kp. is very close to cac~ ulhcr in thc...;c two 

snlvcnt media. The triple-ion lurmatiun cunsLanL-. 

(KT) uf' these eJectrolytcs in 1 ,2-DME are mucf 
higher than that in TIIF with thr exception of 
LiA,f6. wbcre rcvqsc trend has hcen ohscrVc<i. 
The ,,~rvcd difference in Kt• and K-r valut.-s c;m 

he explained by moJecu.lar scale mt"'ldcJ2. It is likely 

Lh;tt chd:Jtion of i4N·· and u• hy 1.2-DME shifts 

eqt>ilihirum (8) toward lbe left. ·thus decreasing 

Kp. 

MA + A- ~ MAA- .M = R4N+· and Li ... 

· MA + M ... ~ MAM ... · A= .sr-. BFl and· A-;~ 

On lhl· olhcr hand, the "tc:ic h mdrant:c l'<IUSnJ 

. hy the: ~CH2- group adj;.-.·cnt to the clht:r:li group 

t~l the THF m••Y cause ),11[\'alJun himJram:c which 

fa\'nurs the anif•n cl" a ,;nmpdih•r for the first 

TAIIU: 5 - ('oMI'AIU:;•>s of 1\p A.'OD 1\r VAI.I't:: 1:--o TIIF "'-"II 1,2-0ME AT 25" 

s .. 11 c• .Jilt('~ 1114( .1 w""Kt hl 
lHF DME lllf IJME 'IHF DME TitF DME ll,{f DME 

HtuNBr (1,()(),2 0.03. sss.ss 27J.Q(I 0.92 ~.QQ 3.24 2.JQ ll~.tiS 267.5~ 
l'~ni.N!lr O.Of> I 0.03G 571!.QI 270.11 Q,QJ o .. IJ ~.tiJ 1.12 1.!.5.111 lii.!JII 3.£) : 

~ 
llrx,Niir 11.035 Cl.(IJ" 335.1lli ,!.~ 1..111 4.-13 sus 5.112 S.lli 151.-1~ ,!MI.h-4 -
ll~rt.Nii 0.035 (1,(13" 3.11>.4-l .?1\.:!.1111 ·UI S.SI 4.11 4.74 1311.-l~ 2.30. 7-l 
l.iliF, O.J2Q 11.1 c'l' 

~ 
1.!70.511 455 h.ll ~.St\ I 1.311 I:!.W 4-l .. \11 so ,t. 

I ~J\-1",. (l,(l.j,~' 11 . .:!(( 37Q.Ilt, 11.111 Hk~ 11.113 (I.(L'l Cl.l 0 -'iS .II• .:!X 
~1.t\110Un1 l'tlnt·c·nlr;tlltln' •• whic·h c.:<tL,:ul04lio·n~ h•vc· ht"<"n m.lJc 

" h 
~.: 1: l<d ~<f lh 

.'i 



•'• c' ; ' 
·~ : . 

1, l"l!JII\,.. I III:M Sill -~·· Jj 

coordination shell aruwad M+ fhll'> ma~. :.hilt ~ui
. 4 lihrium. (8). toward tht' - right.. inc:rC;tstng KJ• 

The ion-pair and triple-ion \."unc:cntration:- (Cp 

~nd CT r~tivcly) d the elcclmlyt~ arc reported 
~ 1n Tahh: ~ at the highest concentrations fur individual 

"'e<> , .. v:.":":_e- inn1' as tabulated in Tahle 1 using the relations, 
I ---·-: . 

~ Cr • ~ (I - u ·- J (.q)' (9) · 

c 

c u-, .. ;A.··,/K~·:, c'~ 
' -

' ( 10) 

(II) 

(I:!) 

The r~uiLo; indkalc that the· ipn~:;. arc mainly 
present asi \on-pairs even al SUl'h high l"OD_\.·cntratinns 
with a sn1all fractiun as triplc-i\lnS. 

Experimen'tal 

25 :t IJ.i))' ~ath: an d\.l.'UCaC.:} Ill : 3 ), -10·5 g 
l.'m-3 <~nd idl5~ r~spc~ . .-tivdy lJe d1dcdn\.· nm~tanl 
of THF (f = '7 5X) wa.o,; taken from- the literat.~rc 1 1J. 
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well with 'lh~ literature vaJucs8. lbe ~pcdlic con
ductance o( THF was ca. 0.81 x to-6 o-1 \..":n-1 

al 25°. Tctraalkylammonium bromides (Auka) were 
purified as ~ihcd eartier12. UBF4-4 and UAc;F6 
tFluka. Puriss) were redried under redu~ pressure 
;.1 6iffor · 36 b. 

Conduc:tanc:e mcasuremcnLo; w~rc made by a Pyc

l1nicam PW 9509 conductivity mc,er at .a frequency 

of .2t'IOO Hz using a dip-type cell of cell constant 
lt.7~i l·m- 1: and having an accumcy nf ±0.1%. -The 

nu:a!'uremenLo; wen.~ madl' in an uil-hath maintained 
at 25 ~ I J.UI 15°.· ThQ details uf cxpcrimt'lll;tl· procedure 

· h;,..-~ hccn desc:rih!-XI C41rlicr2°. Solutions fnr (.."tln

ll•Ktanlc '~·Z,rk were pn .. -pnrcd hy weight. "[he st;x:k 
~olution Wal\ kept in dcsil:l.'<~tor 01ntl u:-cd· within 

ll~ ~- The conversion nf molality inh1 molarity -
w:.s done ; using ·the density 1 values. 

Density; an_d, v.isu1sity of solvent sHiutiuns .were 

rn~;•~url'll i,n an· Oslwald-Sprerigcl typ~ Pyknometer 
allll ~uspcn'llcJ level llhhch.,hllc-typc \'i~omclcr at 
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