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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 



_ _., 

4 

. 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., . 



5 

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 
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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--



31 

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 



40 

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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