
CHAPTER-I 



The maj ori. ty of reactions that are of chemical or 

biological interest occur in solutionG It was previously believed 

that solvent merely provides an inert medium for chemical reactions. 

'£he significance of solute.,.solvent. interactions ll'1as realised only 

recently as a result of extensive studies in aqueous, non~aqueous 

and mixed solvents1- 10• 

water is the most abooda!'lt solvent. in nature. In view of 

its extreme irrpcrt.ence in chemist~, biology, agriculture, 

geology etc., trJater has b~en extensively used in kinetic and 

equilibrium stuo:f.es. In spite of such eatensive studies, our 

knew ledge of molecular interactions in water is extremely limited, 
11,12 

Moreover, the unj,queness of \'later as solvent has been questioned 

in recent years and it. has been realised that the studies in other 

solvent media {non-aqueous and mixed solvents) would be of great 

help in understanding different. molecular interactions and a host 

of corrpl.ic::ated phenornena1• 10 ~ 

sxtensive e~udies on the physical properties of different 

solvent systems .nave been made but. a lamentable gap still existso 

several classifications of organic solvents based on their 

dielectric constant, o.rg-?ll.ic group type, s.cid•base properties 

or assoc~ation ~hrougn hydrogen•bondtng10, donor•acceptor prqper= 

~ies13 , hard ana soft acid-base pr inc.ipl<:=s14 etc. have been made; 
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the properties of different solvent systems sh~J a wide divergence 

of properties tvhic:h t-Jould naturally be ref lect.ed on the thermo­

dynamic and transport properties of electrolytes and non­

electrolytes in these solvents.. The determination of thermodynamic 

ana transport properties of di~ferent electrolytes in various 

solvents would thus provioe an iuportant step in this direction. 

Naturally~ in the development of theories dealing wi~ electrolyte 

solutions. much attention has been devoted to ion-solvent interac­

tions t-1hiCb ~e the e1COntrolling forces" in infinitely dilute 

solutions where ion-ion interactions are absent. Ion•solvent (or 

broadly speal~ing solute .... solvent.) interactions m.anifest themselves 

in all thermodynamic and transport properties o:f electrolytes 
- • ! 

generally obtained by extrapolation to ~nfinite .dilution~ By 

separating these functions into ionic con~ributions, it is possible 

~o determine the cr.:·ntributions due to cations and. anions in the 

so!ute.solvent interactions. Thus ion-solvent (or solute-solvent) 

interactions play very inu?o:~:·tant role in understanding the physico.. 

chemical prqperties of solutionse 

One of the reasons for the intricacies in solution chemistry 

is that the structure of the solvent molecule is not .kncwn t'li'ith 

certainty. The introduction of an ion or solute modifies the solvent 

structt~e to an uncertain magnitude where~s the solute molecules 

are als~ modified and the interplay of forces lil.;e solute-solute, 

solute•solvent end solvent,~solvent interactions becomes predominant 



though the isolated picture of -.any of them is still not lmown 

completely to tha solut.ion chernistso 

,·The problem of ion~solvent interaction:s which is closely 

akin to ionic solvation can be stuaied from d.iffer~nt angle$ usipg 

almost all the available physico-chemical techniques~ 

ion-solvent interaction can be studied spectroscop1cal1y 1
. 

t 
t-Jhete spectral solvent. shifts or the chemical shifts .determine \" 

their qualitaUve and quantitative n~ture. But even qualitative. 

or quantitative apportioning of the ion•solvant. interactions into 

the various possible factors is still an uphill task. 

The :.ton•solvent interactions can also be studied from the 

thermodyn_amic point .of view where the changes in f.tee ep.ergy* 

·enthalpy and entropy asscc:.tated with a particular .reaction can be 

qualitatively and quantitatively evaluated (using.variotw physico­

chemical techniques) from which conclusions regarding the £actors 

associated with the ion-solvent interactions can be worked out. 

sometimes, higher aerivatives of these properties (e. g ... partial 

molal voltnne,. conpressibility: etc.) have been in·terp.reted more 

effectively in terms of molecular interactions. 

Si~ilarlyp the ion-solvent interactions can be studied using 

solv?tional approaches involving the studies of different pro.per~ 

ties ec.g., v.:Lscosi·t.y,. conductance_ etc. of elec;;:trolytes and hence 

to derive the various facto~s associated with ionic solvation. 



He shall particulal:'lY dt-1ell upon the different aspects of 

~ren.sport end thermcdynemic:: properties as the present. dissertation 

is J,ntimately related to the. studies of viscosities, col'lductences, 

apparent molel volume~ an~ adiabatic ccrnpressibilities of different 

tetra.alltylanmonium and all~ali metal salts in the •qua:si-aprot.ic0 

eol.vent6 2uroetho;-c.yethanol (~1E) and its binary aqueous w.ixtures., · 

Viscosity is one of the most ir~ortant transport properties 

used ~or the oetermine.tion of icn•solvent inte}:'actions and it has 

'been studied extensively15• 1~. viscosity is not a thermoaynan1ic 

quantity, but viscosity" o£ an electrolytic solution' 'together \'lith 

the thermodynamic property~ v2' the partial molal volume_ gives much 

info.tm$tion · .end .insight regarding !bn•solvent interactions and the 

~ruct;.ures of the electrolytic solutions. The viscosity relation-. . 

·ships of electrclytic solutions ar~. highly complicated~ ~here are 

strong· electrical fo.tees bett'leen ·the ions and solveilt. and the 

separation of these :forces is not J:ea11y possible. But £rom careful 

· analys.i$,, valid conclusion can be dre:t'\Tn regarding the structure 

and the nature of solvation,. 

Viscosity is a maa.sure of the friction between adjacent, 

relatively moving, par:all~l planes of the liquidA) Anything that 

increases or aec~ases the interaction between the planes will 

raise or-lower the friction and therefore increase or aecrease 

the viscosity. 



$'he first systematic measu.re.men ts of viscosities of a number 

of electrolyte solutions over a wide concentration range was 

attenpted by Griineisen17 in 1905.• He noted nonaoolinearity and 

negative curva~ure in the viscos$:t.y-concentration curves (irres­

pective o~ 1«11 or high ccncenuat!ons). In 1929, Jon~s and Dole19 

suggested an empirical equation (1}, quanti t.at.ively correla·ting 

the relative viscosities (~) of the electrolytes wi~h mol~ ccA-
·y-

centr ation, c 8 . 

(1) 

IJ:'he equation reduces to 

(2) 

where A and D are constan~s specific to ionQion and ion•solvent 

interactions respective.!y" The. equation is applicable equally 

to aqueous and non...,aque01.1s .solvent systems itJ'he.re -there .is no 

io~ associatl:ot~ ~.nd has .been l.lSed .extensively. Xhe tel:!n A:O~ 1: 

or~ginal.ly ascribed to Gri.ineisen eff~t., arose .from the· long 

range eoulomb;Lc ·:eo.rces bet~~~n the ions. 1'he significance of the 

term had since then been realized aue to .the develOpment of 

Deby~Hucl'"~l theory19 of interionic att.r actions (1923), 

Falkenhagen•s20
p

22 theoretical calC?Jlation of the constant 'A'., 

using the equilibrimn theory. and the theory o£ irreversible pro­

cesses in electrolytes developed by Cnsager and Fuoss23• The~ 

. coeffic.ient. depends on the ion•ion interactions an~ can be 



calculated from the physical properties of the solvent end solution 

using the 1alkenhagen•Vernon22 equation 

' "l " 

(3,_~ 

.\ 

t'!?he.re A
0

, ·?r~ antl ~'~ ere the limiting conductances of the eleet.r~lyte. 

cat~cn and anion ~espect.tvely at terrperat.ure x. E md 1_
0 

are the· ·' 
.. 

&electric co-.n~tant and viscosity of the solvent respectively. 

For most·· solutions, both aqueous and non-aqueous, the equation is 

valid upto o.:u.a15• 24 • .t=~t higher o~centrat.ions, the extended Jones-

. bole equation (4J involying en additional constan·t D, ?riginally 

.used by .. Kam1nsltyas ,. has :been used l:>Jr. several t-Jorlters26• 27
4t 

(4) 

The constant D Cal not be· evaluated properly and the significance 
.. 

of tbe constant is also ·not al~'lays meaningful end, t.he~fore1 the 

eq:uation (1) is used by most of the \'lTOrke.rs. 

~h~ plo~s o£ ( ·'Ylr . .., 1.)/c~ against c'&a .for the electrolytes 

·should give the value of A but. in general the .values come out to 

be negative or con.siderable scatter or deviation from linearity 

occur24, 28• 29• ~bus, instead of determining the A_..'IYalues :frcm the 

. plots or l:>y least. squares method, the A values .are generally 

c alculatea using the F elkenhagen.•vernon eqUation (3l. 
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~he B-coefficient may be either positive o~ negative and 

it is actually the ion•solvent interaction persmeter~ It is condi­

tioned by the ion-size and the s~lvent and cannot. be calculated 

e. priori. The B.;.cceff.:tcients ar~ obtained as slopes of the straight 

linea using the least squares method sod the intercepts being eqUal 

to the A-values. The factors which influence B•values are30• 31• 

(l) The effect of ionic solvation and the action of the 

field of the ion :Ln producing long .range order in 

solvent. increase ~ or E•values. 

(2) The destxuction of the ~~ree d±rnensicn~ s~ucture of 

solvent molecules (i.e •• structure bxeruung effect or 

depolymerization effect) decreases ,~ -valt1es • 

. (3} High molal volume and low dielectric constant, which 

yield high Bavalues for similar solvents. 

(4) Reduced :a-values are obtained \V'hen the primary solvation 

of ions is sterically hindered in high molal volume 

solvents or if either ion of a binary electrolyte cannot 

be specifically solvated~ 

It had been fO'und tha.t the viscosity values· ai; high ccn­

cent.rations (:U1 to saturation} can be represented by the empi.1:ica! 

formula suggested by Andrade32 
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(5) 

several alternative formulations have been proposed for representing 

tbe results of viscosity measurements in the high concentration 

range33~39 and the. equation suggested by Angell39• 40 based on ~n 

extension of the free volume theory of transport phenomena in 

liquids and fused salts to tonic solutions is particularly noteo 

worthy., ~he equaticn is 

(G) 

· 't>Vhere N represents the concentration of the salt in ec.rv. litre""1, 

A and K3 are constants supposed to .be independent -of the salt 

C:OlTfPOS;ttion and N0 is the hypothetical concentration at t11hich i:;he 
41-43 

system becomes glass. '.l:he _equat.;i.on -vtas recast by .I-1ajumdar 2;S ~ 
-~ 

intrcducing the li.rnit..:l.ng condition that as N --7 o, "1 ----7 >'lo ., the 

viscosity of the pure solvent. 'I'hus we have 

(7 J 

Equation (7} predicts a straight line pass.tng through the origin 

for the plot o:f ln ~rel vs:o N/(N
0

&ooN)., if a sUitable choice for N
0 

is made. This eqUation ha$· been tested by Najurndar ~~using 

the data from the litera·ture and from their Ottm experimental 

results. The be~t choice for N
0 

and K' was selected by a trial 

ana error method9 ·rhe set of KG and N0 t"lhich p~oduces minimum 

deviation bet.t.Yeen ·1 rel (expt) arid "l reJ. (theo} t1as accepted• 
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In dilute solutions; N <...< N snd ~IS ,'have 
/ . \ . 0 

\ 

~- c: exp (~8N .t.N2 ) ~ 1 + K 8N .~r-.., 2 
l rel '' o '"o (8) 

which is ~oth~ng_ but the Jone~Dole equation-with the ion~ion 

interaction term repres~nt.ed as E c:::: -I<' /N~ • ~he agreerrrent. .bett'1een 

B values determi~ed in this way and those obtained using the Jones~ 

Dole equation has been found to be goOd for several electrolytes. 

Further# the equation (7) t,_rritten in the form 

-N 
ln(rel 

closely resembles Vend• s equation36· for fluidi-ty (reciprocal 

o;E viscosity) 

1 -

(9) 

(lO) 

t'J'here c is the molar concentration o£. the solute and v is t.he 

effective rigid molar volume of the salt and Q is the interaction 

con~tant. 

Division of B coefficient into ionic values 

. ' 

~he viscosity B coefficients have been determin~d by a 

large ntmlber of i..,orkers in aqueous# rni;~ed and non-aqueous 

solventa29~ 44-74• H~reve~, the a-cOefficients .as deterrrdned 

experimentally using Jones-Dole eqilation# do no·t. give any inpress.ion 

regarding ion-solvent interactions unless the.re is sc1ne :~n:tY to 

identify the separate contributions of cations and anions in the 
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total solutecosolvent inte.t""a~tions. The diVision of S values into 

i011.ic conponents is quite arbitx-arily based on some a_pp.roximation 

og- assunptions, the validj;ty of which may be questioned• 

The ·:fcllet1.ing rctethoe$ ba'Ve been used for the division of 

B-value~ into ion~c co~~onents! 

UJ cox and ~1oUenden15 carr:i.ed out the diVi$ion on the essunpticn 
I 

that Bion v~ues of ~+ en¢1 xo;. .in Li;&03 are proportional to the 
. ' 

ionic volumes whi~~ are again pro,portional to the third p~~r 9£ 

the .ionia mobilities• The ~thod of Gurney76 and also of Kaminsky25 

;l.s based on 

(ll) 

The argument. in favour of. this assignment. is base<l on ·the fact that 

the ]3.;;:.coef·ficient for I<Cl is very small and that the mobili tiea of 

~t· and cl''"' are- ·very. similar over· tne···teli\Perature range l.S..,.45~(.;. 
. ' 

Tbe assignmC?nt is supported from other ·tnermo~ynemic properties15,. 

Nightingale?7 ~- however, preterEed .Rbel e>r csel rather than KCl 

frora mobility cons.iderations~ 

(2} The method suggested by ·De~noyers and Jterron26 is based on the 

assurrpticn that the ion E.t4r:t+· -in t-J'ater i.s probabl:l closest t.o being 
' ' : . 

neither stx:uc:ture b.!:eal~er nor a··struatw:e maker .. Thus they suggest 

that it is possible to apply* witn a high degree of ~curacy, 

E;instem« s equation 78~ 



-o a= o.oo2s v 

end by having an accurate value of the partial molal volume of 

the .ion v0
,. it is possible to calculate the value of 0 .• 359 for 

BEt t~+ in t"'1ate.t at. 25°c. 
4 

Recently, Sacco ~ a169 preposed the widely used 

ureference electrolytes• methOd~~ Thus for tetraphenylphosphonium 

tetraphenyl borate in toJater, 1:1e nave 

(13) 

EBPh PPh (since EPh4PPh4 is sce~cely soluble in water) has been 
. 4 4 ' 

obtained fxom 

(14) 

The values obtained are in good agreement with those obtained by 

other methods. 

The criteria adopted for the separation of B~coefficients 

11 

in ncn-agueous solvents differ frc.m those generally used in watero 

However. the rr.ethcds are based on the equality of equivalent. con~ 

duc·tances o:f counter ion$ at infinite dilution~ Xhus~ 



12 

47 (a) Criss end ~1astroianni . assumed BK+ = Bc1- in methanol (based 

on equal mobilities of ione.'9 ). 'l'hey also adopted a~! N+ = o.2s 
. 4 

as the initial value for acetonitrile solutions. . 

(b) For acetonitrile solutions, Tum and Fuoss80 propo$ed the 

equ~ty 

(15) 

since they thought that these ions have similar mcbilit.ies. 

However,' according to springer ~- a1:,81
f 71°25 (BuiJ,.~) ;:: 61.4 and 

/l;5 {Ph4a•) = 58.3 in acetonitrile. 

(e} Gcpal and Rastogi45 resolved the E-coefficients .in N-methyl-

propiona&'Tiide solu"i.:.icns assuming that 

(16} 

at all terr~eratures. In dimethylsulphoxide, the divisionsof 

E-ccefficients were carried out by Yao and Bennian28 assuming 

(17) 

·at all ·temperattu:es .. Wide use of this method has been made by 

oth·?r authors .for d:!.methylsulpl)oxide~7 •·. sulpho!ane55, llexarnethyl­

phosphctri~~ae59 and ethylene carbonate82 solutions. 



'l'he methods, hOt1ever1 have been strongly criticized by 

KrumgalzB3 e ACCOrding to him., any method of resolution based Cil 

the equality of equivalent conductance for certain .ion suffers 

from the drcn.,back that it is impossible to select sn~~ two ions 

3.3 

- () 0 

for .t'lhich ?\ -r- = /\__ in all solvents at proper terr!J?el;'atureslo) Thus~ 

though 1\ '' (K+) = -A (Cl-) at , 25°C in methanol, but not. in ethanol .:md 

.in other solven"l:~s. In addition, if the mobilities o£ scree iclns 

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

at moderate concentrations for which the B•coefficient values are 

calculated. Further., according .to him, eqtiality of dimensions of 

(i•Pe}3:auN+ or (.:i.•Am)3Bth"i+ and Ph1~;s- does .no·t necessarily imply 

equality of B-coef£icients of these ions end they are likely to be 

solvent ana ion-structure dependentq 

KrumgalZ83• 84 has recently prqposed a methOd ~or the 

resolution of B-coeffic~ents. The method is basea on the fact that 

the large tetraalky,larrrnon~um ions are not ~olvated85t86 in o.rgan.ic 

solvent~ (in the no~al sense 

interaction). ~hus, the ionic 

involving significant ~fectrostat.ici~~~ - -- - - ---- -- - - -- --- --- -- {" 

B-velues .for large R4ri*" ions (where 

R :> Bu) in organic solvents are proportional to their ionic dimen­

sions. 'I'hus t<-Je hatle 

(18) 



t·.rhere a c:::. Bx- and b is e constant dependent on te~re.ture and 

solvent ne.tu;-e. 

The extrapolation of the plot of BR4~iX (R >Pr or Eu) 

against r~ N+ to zero cation dimension gives directly Bx- in the 
·4 . . 
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proper solvent frcrn t'll'hich other ionic B•values can be caleulatea. 

~he ionic B-vaJ.ues can also be calculated frc:m the equations 

(19) 

(20) 

The radii of the tetraall~ylamnonium ions have been calculated 

f.:rom the accu.t·ate cc,nduct.ometr.ic data87 • 

Gill and. Shru;ma.7° used Bu4NBPb4 as e. reference electrolyteo 

'l'he method of resolution .of B.· is based on -t .. he asSUrr:l"Jtion, like 
~ ... 

I<rumgaJz, that. Bu.jl • rod Ph4B ions with large R•groups are not 

solvated in non~aqueous solvents ~~c their dimensions in such 

sol vents are constant.. The .ionic radii. of Bu4N+ (5~ 00 R> ar!d of 

Ph
4
e- (5. 3.5 il have been, in fact, found to remain constant in . 



different non-aqueous and mixed non-aqueous solvents by Gill snd 
' ' 

c·o-'i!IOr'ke!re~ They pro,P;osed 'f:,he eqUat:Lon 

13rih4'fl- = 
• d ~~ 

. aau
4
N+ 

and 
. ' 

fs.as 
~~ s.oo 

3 

) (21) 

(22) 

The. method. requi~$ c~J.y -the B.O:.values ·-~f BU4l\I~Ph4 end is 

e~elly applicebie to mixed non-aqi.ieous solVents. The ionic .a .... 
. . . ~ . . . ' , . ' . . ' 

values oota:tned by this rreth,¢4 agl;'ee t-tel_l with_ these reported by 

sacco ~- ~ in different organ~c solvents using the assum.ption : 

:::; ·2 ' ' . /2 i•.Am· · SUNBPh ·-. 3 . 4 . 
(23)-

15 

Recently z,awz:ence ~_ancl s_acco71,~2a _used Bu4Naau4 (tet.rebutyl• 

arnmonimn.t.et.tebutyl l::)O:tat~) an¢4 .Ph4PBP1l4 (tet~aphenyl phosphonium 

te~z:aphenyl borate) as ~e:f~rence . eled·t.rolytes bec~use the caticn 
. . 

c;ma ~,icn in each case are aYi'llm.Stric?lJ.Y shaped and h.ave almo~t 

eqUal' van der tr-1aals volumes .. : ~~us, ~JS have, 

(24) 

' / 



' . 

(25). 

Recently" l~a11renc:e .~.!. $·!?2t» reported. the -:viscosity meaooz:e­

me'l.·ts of tet.raalkylatrlmon.tum· bromides_ in D.MSO and Hr-1PX .. 'l'he B• 

coeffic::ients we~e plot~a · ~ func:-tions' of·· the van tier t'laals 
. ' 

volumes, stoles ·radii and ;fo~n~J.a weights of the cations, ana the 
. . ... 

line~ portions of ti~ g~apJ:l~e were ~trapolat~d t.o the zer<? value 

of eaoh property. ~he .irit~¢epts t.ous Obtained were e:onpared with 

· the .ton;te .:a (a:r•) valves ol;l~a;l.n~ ·u~ing Bu4~u:~u4~ and Ph4PBPh4 ·as 

· .-. referance. saltso ·'l'bGY: ;e:oncluded _tha-t; the •reference salt.' rrethod 
. ' 

' 
ooe~f!~ients into ionic co~~ributions~ Their_analysis is in . . . 

· agreemant.· t-.ritn -th~ conclusions made by 'l'homson et al72c,d. 
' ' -·--- -. . 

Jenr.J.ns and Pritch~it89 suggest~d a· least square analytical 

techniqU~ -:t~ examine add:!:t:ivi~Y ;e~~~ouship .~or: combine~. i~ 
_ the.rmodyn-emi¢5 tlat~ ·i;o effect·- appo~;J.cning .:Lnto single•ion 

· ~onponen~s .for ·alk€;li h'altdes by· _erlfpl9ying.·-eaj.ans' qorrpetition 
J ··- ,, • 

principJ.eeg and '0vo;tcano plot€$*'. '~ Mo.rr:Ls90,,_, ~~e prinCiple tVaS 

extenaee ·to derive absolute single· ion a-values:· for. alkali metals 
,. -

· and. halides in "t~ater. -rhey· ·als9 observed ti'l~t. s (qs+) = B (l•} 

su~gested- by Krumgal~6~- 1;~, be morc~l Eeliabl~ .tb~ B(K+) = l3 (el-) 

. in ac,1Ueous solutions.· HQW~~r. we .ttequtre .mor~ aata to test. the 

.110518 
- . -"~. 
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validity of this method. 

J:t is apparent that most of these methods are based on 

certain approximations a~d anomalous results may arise unless 

proper mathematical theory is developed to calculate the a-valueso 

A ~egularity in the behaviour of E+ and dB~dT has been - .... 
observed both in acJUeous a£d non-aqueous solvents15 and useful 

generalisations have been m~de by Kaninsey25
!t He ob~erved that 

(i) ~~ithin a group of the periodic table, the a 1011a.vaJ.ues aecrease 

as the crystal ionic radii increase., 

(iiJ ~"Jithin a group of periodi.c system, the temperature coefficient 

of a1on values .increases as the ionic radius increases. The xesult.s 

can be summariZed as follOt-!S$ 

(i) (26) 

(ii) (27) 

are characteristic of structure breald.ng ions, and 

(28) . 

are characteristic of structure mald.ng ionsQ 

When an ion is surrounded by a solvation sheath, the pro­

perties of the solvent molecules within this sheath may be different 
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f:t'Om those present. in the bulk structure. Xhia is \1'Gll reflected 
. 91 in the 0 cosphere 9 moce1 of Gurney , Aq B, c _zone of Franlt and 

·wen92 end hydrated .radius of l."Jightingelt~?7• 

stokes and Mills15 gave an analysis of viscosity incor.pora­

ting the basic ideas presented before. The viscosity of a dilute 

electrolyte solution has been equated to the viscosity o£ the 

solvent ( 'Y[ ) plus the vi$COS.ity changes .resulting from con~etition 
0 . 

b~tween varicus effects occurring in the ionic neighbourhoodo Thus1 

"* ~ A D ( ) 'l ='"1" + '/. +"I_ + 1'1_ +"I_ ~ "1_
0 

+ ~o (A vC: -t- Be) 29 

(Jones-Dole equation) 

'* 
-~ is the positive increment in viscosity caused by cou!ornbic 

interactiono Thus,. 

E A . o 
'l + '1. -j- "{_ -= "1 J3 c 

. 0 

(30) 

' . 

B•cooff icient can thus be .interpreted in terms of competi t.:t:ve 

viscos.i ty effects~ 

Following stoltes and N.i1ls15 and Krumgalz63 'tie can vJrite 

s10n as 

(31) 
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(32) 

aEin~ is the positi.ve increrrent arising fKom tr~ obstruction ·· icn 

to t:hEa viscous flO!riT of the solvent csused by the sha..,ne a"ld size 
· · E · · , Orient 

of the ions (the term corresponds to ~ or Bshapel• Bien . 

is the positive inc~ent arising from the alignment or struQ~ure­

malung action of the electric field of the ion on the dipoles of 
,·, . . . 

the solvent molecules 

a~: is the negative 
' . . . 

increment related to ~1e destruction of 

the solvent structure in the region of ionic cosphere arising from 

the opposing tendencies of th.e ion to orientate the sol,.;ent mole­

cules around itself centros:'{lnm~trically and sol·..rent to lteep its 

·own. structure .(this cor~·sponds to ~ D Jor -BDisord )~ JJ~~~f is 

the positive increment conaitioned ~ the ·effect of ·~einforcement 
- " . ' . 

of t.he tltJ'at.er structure• by lar.ge .tetraalkylanmoniurn ions due to 

hydrophobic hydration. Xhe phencrnenon is inherent in the intrinsic 

water st~cture ana absent in organic solvents. Elw and Bsolv 

ac~ount for viscosity increases attributed to the van·der waals .. 
volume and the voluw.e of the solvated .tonso 

Thus- sroall and highly charged cations iiloa u+ end 

l'lg+2 form. a firmly attached primary solvation sheath a.rouna these 

ions (aEinst or ·n 11: 1:>osi't::.ive)"· ion l .!; 
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At ordinary temperatures, .. ali<4llmemt of the solvent molecules 

. · · orient A 
around the inner l_a:yer also ·causes ~ncreas~in Bien ( ), 

· str ( :o - lb s 1on ) is small for the ions. ~hus Bion if!il e larger and 

. . Einst. orient st.r Einst 
posJ.t.J.ve as Bion' + Bion · -B.ion • HCviever, Bion and 

af"e!ent_ ~ould be small for ions of largest crystal radii (within 

a group) like cs+ or I., <.;Ue to small surface charge densities 

resultl.ng in it/eak .orienting and structur~. forming effect. B~: 

ttrcul,.d be large due to structural disorder in the immediate neigh-

bourhood of the i~l due to competition between ~1e ionic field 

~~_d the bulk structure. Thus BEinst + BOrient BStr 
'"'"" · · .icn ion i.on and s

1 . on 

is negative. 

:tons of intermediate size (e.g., K+ and cl-) have a close 

balances of viscous f·orces in ·their vicinity, 

BOrient ::.:: BStr so that B is close to zero. 
ion j_c;n 

i BEinst .... 
.e .. , ion T 

J:.arge molecular .ions lilte tetraa.lkylammcriium ions have 

. larne BE_ inst because of larrno size but s 0r_ ient and Bstr wou. ld be · ::~ .ion . ' ~~ · ion · ion 
Einst Orient str 

small i.e. Bion + Bion Bion and B ~rould be_ .Positive and 

large. The values woulq be further reinforced in water arising 

from ~~;n£ due to hydrophobic hyd~ations. -

'!'he increas_e in temperature vlill have no eff,ect on B~:ts 

but the orientation of solvent molecules .in· the scondary layer 

will be decreased due to increasing thermal motion leading to 
' 

d i B. str 13orient . 11 ~ · 1 1 · h h · ecrease n iOll • ion w~ aecrease s ow y t·rl.t t e mcrease 
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1n temperature 6$ thexe will be las~ co~etition between the ionie 

field end the .reduced solvent structure111 ~he positi-ve or.: negative 

temperature coefficient tlill. thus depend on the change of t~ 

relative magnitudes of .BO.rient ana Est.r 
ion icn • 

It. is clear that in case of structw:e""'making ions, the 

ions ·are fi~ly ~urrounded by a.solvaticn sheath and the secondary 

solvation zone will be consiasrably ordered leading. t.o an increase 

in :a.ion and concomit_ant ~ecrease in entropy of solvation and the 

mcbility of ions. structure•bree.k~ng·=ions,. en the other handf are 

not solvated to a. great extent and the secondary solvation ::Acne 

will be disordered leading to a dec.reese in B ion values end 

incree$e in entropy of soiva~ion ~J the mqbility of ions. Moreova~o 

the temperature-induced change in viscosity of. ions (or entropy 

of solvation or mobility of ions).would be more proncunced in case 

of srnalle• ions than in ease ·of la:t:ger ions ... · so t.hexe is a clear 

correlation bett1een the viscoslt:t, entropy· of sol~ation and too 

mobility of ions. 'l'hus the' 'ionic :Seii>Coefficients ana ent1:opy of 

solva:Cion of ions have rightly been used as probes of ion..,.sol vent 

interactions and as a direct indication of structurer;:;omald.ng and 

structure-breaking characters of ione. 

The linea~ plot. of. ionic B-coeffic.ients against the.ratios 

of mobility-viscosity products at tti10 temperatures (a more sensi-.' . . .. 

tive va.riable th~'"l· ionic mobility) by Gurney76~ 91 clearly 

demonstrates a close re~ation bett~en ~onic a~coefficients end 

ionic mobilities. 
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Gurney also osmoostrated.a clear correlation between the 

molar entropy of solution values ~1ith B=coefficien.te of salts. 'lhe · 

ionic :a-values shot'V' a linear relationship w.:i.-t.h the partial molar 
-o 

ionic entropies of hyara~ion SJl 

(33} 

. -o -o . ,.. 5 o . s-·o 'irJhere Saq = sref '1> ,.... , 
9 

is the calculated sum of the 

rotational and translational entropies o£ the gaseous ions. 

Gun1ey obtained a single linear plot between ionic entropies and 

ionic B-coefficient~ for all mo~atcmic ions by ec~ating the entropy 

of the hydrogen ion (s~~) to t~!>Se S cal mole-1aeg-1 ... Asmus93 used 

the entropy of hyorati-on to correlate ionic E•vclues and 

Nightingale77 showed that ·a single linear relationship can be 

dbt6ined with.it for both monatomic and polyatomic ions. 

~he correlation t"'as, utilised by .i'!i.braham !.E if!94 to assign 

s:lngle .... icn aCitcoeffic.:t~nts so -that a plot of 1.1 s~ 95•· 96, · the 

electrostatic entrcpy of solvation ·orLl.s~,II95• 96, the entrcpic 

contributions of tra first and second solvation layers of ions 

against E points. (talren from the t'11'orks of Nightingale) for .both 

cations and anions lie on the same cu.tVe or lineo 'l'here are 

excellent linear correlations bett-.yeen .1. s~ and .6 s~ ,. end t.hs 

si~gle-ion a-coafficientsa Both entropy criteria (~s0 and . . . - . e 

Ll s~,'I:t) and Bien values indicate that in water the ions Li+, 
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Na+, Ag+ end F .. are net structure-makers. the ions lib+, c.s+, 

cl-, Ere.~ z= and c1o4 are structure breakers and I<+ is a .boreer 

line easel) ·cin non-aqueous solvents e.g·o, forrnamiaeo rneth~ol, 

N...,msthyl fo:rmarnide~ dimethyl fo.nnemide, ditnsthyl sulfoxiqe, 

acetonitrile, all the above ions ere structure~mcl~ers with the 

exception of \'19al~ly struc;tu.re-breelcing ion c1o4 in formarnide and 

the border line cases of c104 in methanol and ~- in formamide~l) 

, Assuming viscous f lOVT as a rate process_, the viscosity 

can be represented by using the Eyring a-pproacn97 

where Evis is the experimental·energy of activation which is 

* * determir!ed from the plot oi log ·rz. against 1/1!. ~ G " .!1 H _a.'ld 

* ll s . are the free energy.~ enthalpy and entrcpy of activatio:n 

:respectively. 

(34) 

'l'he · prob.lem •ttaS dealt. in a different ltlay by Nightingale 
..., . .. . 

. 99 . .. . 
and Benclt t~ho st"tidied the t.hermodyna"TTics o£ viscous f letf cf 

. salts and ions in aqueous solu·tion~ Evis value can be detE;:rrnined 

using the Jones-Dole equation neglecting the term PJ;;~~ ~hus, 



"'" l 

24 

d-t--v\..:.>1 d.e.:~"Lo R d ( 1-r Be) R. al (VT) =;<. + ·-- (35) d..(! IT) I+Bc c-..1.. (_1/T) 

( 

I= . ':F. 
·+ l.l.r# 

.d. £ LlE r:;:_'V (36) 
~ (SaL"") '1o (_so.R...vJ 

1.1 E .;e can be interpreted as the increase or decrease in the v 
activation energies for viscous fl0.-3 for the pure solvents due t.o 

the presence of ions ~9e_, effective influence of the ~ens upon 

the viscous .flow.of the s.plvent molecules. 

F~e.kins ~";. 2!99 have ~ug_gested an altern~tive formulation 

based en the transit.iQn state treatment of the re'lative viscosity. 

of the_elect~olytic solutionso T~ey suggested the followblg 

+ 
. v,o 
1000 

( Ll I I <9-~ - t.1 u (9. .:;L) . 
. /'"2.. . . ~, 

I"<T 
{37) 

t'lhere V~ and V2 &e the partial molal VOl\.1mes Of the .solvent 

and solute respect.ivelyt Ll .J-l.~1s the free energy of activation 

for: viscous fl0t1 pe~ mole of the solvent. \~hich is given l:J"y97 

(38) 
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a_nd IJ..)A2 c9-;t iS· the contribution per mole of solute to the f.tee 

ene~gy of activation for viscous fl~1 of solution. 

The entropy ( t.lS) and enthalpy (tl H) of activation of 

viscous flow for t.b~ solvents and and solutions (subscripts' 1 and 

2 respectively) can be calculated us:.tn,g the follo.ving equations 

Xhe seper ation of the thermodynemic parameters ere :ba~?ed on the 

equality of ef£ects for K+ and cl"'" or Bl?h4 and (J. .... pe)3, BUN+· 
c:9 d:: (!) 4= 

ion~~~~ In aqueous solution, both 'l' Ll s2 · and Ll H
2 

ere positive 

:for Li+ i.e., the formation of the transition state is associated 

'V'tith bond-breaking and a decrease in order whereas for cs+, 

Ll a2e* and ~ l.l s~ are negative i~~te• # the transition state is 

associated t'li th bcnd•ma.lting and an increase i..l'l order .. 

This aspect has been dealt extensively by stokes and 

11i11s15, The ions in fJolut.ion can be regarded as rigid spheres 
. ' 

suspended in continuum" The hydrodyn.am:ic treatment prese~ted by 

Einste;!.n 78 lead~ to the equation 
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(41} 

in case ot small volume fract~ons of spherical particles where I 

. is the volume fraction occupied by the particles• 

r4Qdificat.i.ons of the equation have been proposed by 

(1) sinbal00 on the· boo.is of departures from spherical shape and 

(ii) vana36 on the basis of the dependence of the fJ.Otr1 pat.t.ems 

around the neighbctud.ng particles 'at higher concentration~. 

liaoJever, considering the di~ferent aspeets o£. the problem., 

spheri.cal shapes have· been. a.ssumad for electrolytes having hydrated 

.:!.ons of large ef:Eect.ive $1Ze (particularly polyvalent. monatomic 

c~tions)~ Thus., we have from (1). s-.nd .(41) 

(42} 

Since the· te.tm A c ca11 be neglected in conparison with Be end 
.. 

11. = cv 1 where V! is the partial molal volume of the solut:ef: we get 

(43) 

In ·the ideal case~ the ~coefficient is a linear function of the 

solute partial molal volume (v1 .> tJ'ith slope equal to 2. 5~ 

s+ can he equated to -
(44) 
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assuming that. ·tte icns behave lir...e rigid spheres with en eff<active 

rad;!i R:t moving in a ccntinutmt~ Rt c,:alculated_ using Eiquc=rtion (44) 

should be c;lose to cr.tstallographic radii or corrected stol~s s 

radii i.f the ions ate scarcely solvated and ·behave eo spherical 

entities., aut R+ values of the ions~ v-Jh.iC::h are higher than the 
..... 

crystallographic radii indicate s~l"'trationo 

~he number (n) of solvent molecules bound to the ion in ~he 

p.r.ime.ry solvation shell can he calculated by comparing the Jones-
. 101 

Dole equation ~.ri tll that of Einstein 

2. 5 
1000 

(45) 

t"J'here V .1 .is the bare ion molar volume., v s. the molar volume of ·the 

solvent. 

The above equation· has been used by a numbe~ of workers 

to, study ·the nature of solvation. 

Viscosity neasu.rements in· mixed so.lvents are very fev153* 61
o;..

67. 

But the viscosity measurements in mixed ·solvents m~J well thr~1 

much light on the. nature of solvat.ic,-n and ion-solvent. interactiorus. 

In fact,. in case of l>i11~y .mixture$ .when one of t£1.e compo . .-·'lents is 

t'l!'a.t.er, such study. can provide useful information on the ef:fects 

induced by the cosolvent on the water stru~t:ure. 



Conductence nl3asm:ement is one of the most accurate end, 

widely used physical methods for investigation of electrolytic 

solutions1°2•l03 ~ The :measurements.csn be made in a variety of 

solvents eve~ itlide ranges of t.errperat.ure and pressure end in 

dilute solutions whe~ interionic interaction theories are not 

28 

conductance ere available to explairi the results even t"tpto a ceo-
• 

cent.ration limit. of ic d ( . tc = Debye-Huckel length" d = distance 

of closest approach of free ions>. Recent development of experi­

mental tehcniques prcvio.es an accuracy to the ~tent o£ 0~01% or 

even more.· Conduct.mce measurements together 1t1ith transference 

number determinations provi~ an: unequivoc~l method of a.'bta.ining 

single-ion values~ The chief limit.a.tion., ho-417~:v·er ~ !s the colligative 

like nature of the information obtained .. 

Since the c.cnductometric·method primarily depends on the 

rnobilit.y of ions,. it can be :suitably utilised to determine the 

disscciaticn constants of weak acids· and assc~iation constants of 

electrolytes in a~ueous, mixed and non~aqueous solventso ~his 

method il'l COJ.'lju~ct:1,o1'l vJ'.:l,th t.he vis.co;;lity measurements gives us 

much information regarding the ion-ion and ion.,...soJ.vent. int.eract.ionso 
\ 

However, ·the choice and application of theoretical equations 

es ~Jell as equipments a:."'ld ~xperimental techniques are of g~eat. 

importance for o:btain.ing· an accurste information' from such studies~ 



~hese aspe~ts have been d~~er~d in det.~_ls in a !).~e.t; 0~ 

authc~~tative boo~~ erid teview$102•115• 

~b:e studies on electrical _eonductenaes ~.?e~ persued 
., ' - . . ' ' 

vig~tO\lely both tbeo::et.f.eeil:V end_ f3:Kperimentallf during- the·laet · 

fifty y~~a and a number of :Lmport.e.nt theoretical equations have 
,' . '' '· 

bee~ ·derived. ttJe shall dttell briefly on some of these aepects ana 
. -~ - . 

o~;: discussion tfill be. l~mited to ~e studies .:ln non•aqUeoue and 

- ; mixed solvents. · -

· _ 'l'he stud..ie.$ on the- conauctances of ~onophore:s (corrpletely 

dissociated in solutions) end icnogens (consisting of neu~ral 

-iQolecule~ that. y~~ld .tons bt reeciz~g with .stiiteble solvents114#115) 

as a f~ct,icn of eoncentr ation g3,ve the' eq:ui)valent conductances at 
. ' . . . . 

inf.in'i~ _d.ilUtiOl'l~. the ~SSOC'ia:~i.on- QOns-t:.ant$ . of ,1.0!.'10gen$, the 
' . ' - . ' 

f;\s~oc:.iat~on constants of ;ionophores anct info~a.tion about the 

s-t;ructure of solut.tons in t.he ~.:i.ctnity of :th~ 'ion109• · 
- - . .-

~he -~u~ce$$~ful appl.i.;:aticn of the- oobya.HticlU!;ll theOry of 

interi6nir;:: a1;trao$ions ·was moo~ by cnsage;<11~ in oe.r.iving the 

- 0- ·. s t::i ·ex: 1\ + f3 . (41) 
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The equation took no· account for the short. range· interactions 

end sh~Ps Q.t' size of the tons it) solution. The ions were regarded 
' . '- - - ' . 

· -~s rigid ch~ged sphe~s in ··an ·-~leQtrost.atic and h~odynemic 
.· . . . 117 

· co&1tinuum· .t.e~, the ,solvent .•. In the subsequent years~ l?it.ts 

(l953)llS ~d ";iJUoss and. onsager· (l:957)3:-07,ll9 ind~pendently worl~ed 
' - . . " . 

<)~t. the solution of· the: PJ::"Obl~ ·of .electl:olytic conductance account-

ing ~or both long•range end sho;rt..;.:range interactions. 

IiowGv-er,. thfa 1\o values obtained for the e_qu.i'VSlent ccnduc• . ' 

. tances at, ini;ini te dilution us;i,.ng fuossill!'Onsag~r t-heory <iiffered . ' '. . ' 

· COilSid~t-abJ.y111 .from those .obtained .usi~g ,p:Ltts theory and the 
. ' 

~eri:vation of the. Fuoss-·cnsage~ ~quation· trias: ~est.ioned103~ 120~121. 
• ' • • • '• ' ~ ' < I • 

~11e oose.x:vation tfas corif!m~d by Fuoss-Hsia122• The· original ,. o. 

eqil_at1on ;;-res modified by. Fuos~ end H~ia122 t1ho recaleul ated th~ 
relexat.ion field, reta:i,n!ng th¢ ·term~ ~hich had pa::evicus;Ly ·been 

neglected. The eqUation usually employed is .of the form103 
. ' . . ,. 
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II = 1\o -
o(_ /\

0 vc 
(50) 

(I+ /Co.)(_ I + 1Co/V2) I+ teo 

'tl>Jhere G( ic a.) is a corrplicated function of. the variebleo 'l'he 

simplified fotm 

(Sl) 

is generally employed in ~~e- analyeis of experimental iesultso 

Hot>Iever, it has been found that these equations have certain 

limitations and in :;mma cases fail to fit t.he experirrent.al ~ata~ 

some of the~e results have ~en discussewelcborately by Fernandez• 

pr.in!103,·123, 1~4• ;Furthet' correction of equation (!;1) tt~as made by 

Fuoss end ]\ccascJ.na107 •· They took into c;:on~ider at..ion the change 
' ' 

in the viscosity of the solutions ana assumed the validity of 

~1alden•-s rule. The new equation i$ 

(52} 

In most cases, how-ever, J 2 is made zero, but this leads 

to a systematic deviation of the ·e,tperimental data from the 

theoretical equations. 

It. has been obse~ved that l?it.~• s equation gives better fit 

to the experimental data in eq~eous solutions125• 
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I 
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Iein•associat.ion 

~he equaticn (52) given above successfully represents the 

behaviour of comple-tely dissociated elect.rol;ttesl;> The plot of 

against c (limiting onsage.r equation) is used to assign the 
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0 

dissociation or association of eleetrolyteso Thus, if /\ (e~peri .... 
0 

mental) is greater than /\ (theoretical) i.e., if positive deviations 

occur Cascr~bE:d t.o short range hard ... core repulsive .interaction 

bet.,.,reen ions.>, the electrolyte may be regarded as completely 
. o ·A0 

dissoo.ta.ted but if negative deviations ( '' ~xpt <- theo) or 

pOSitiVe deViations from tne Qnseger; .limiting tangent (o(Ao +f:' ) 

occur, the electrolyte~ may be .reg~ded to be associated. Here the 

electrostatic interactions ere large so as to cause association 

bett·Ieen (Jat.iCD$ t:m.d anionsl!t '!'he diffe.rence in lloexpt and 1\ 
0

theO 

\'1ould .be c:cns.ic.erable with increasing_ asscciation12~ • 
. • I 

conductance neasurements help us to determine the values 

of the ton .. pair association .constant KA fer the process 

(53) 

1·-o<. 
(54) 

(SSJ 
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For strongly assoc,:i.ated electrolytes. I<A end 1\ have been 

dete.nnined U$ing Fuoss-Kraus equat~o.n127 or shedlOl7slqr' s equation12S 

F (_ z) 

"T(Z) 

1\ 

I --·-+ 
1\0 

W(z=) c ;r?( z ) 

l~(E) = G(2) 

2. 
c Y± 1\ 

I Cz) 

(Fuoss•~aus) and 

(shedlovsky) 

I - 'i/2. -vz -1 2. 

/-2(i--2{i-2(1----) ) ) 

(56) 

(57) 

(58) 

The plot· ,of 1' ( e: )/A against c....,-}- /\/·r (z) ·should be a 

straight line having-~ intercept of l/0~2and a slope o~ ~/(~0)2• 
v~en KA is large, there will be considerable uncertainty in the 

determined v~lues of /\
0 

and I<A from equati~ (56)c. The Fuosa-Hsia 

conductance equation :for s.sscciEtted electrolytes is given by 

.. 
. . 3/2 2. 

;r =1\
0
-.S\)o\c.-+ E (o<c).e.:vv(o<c)-rJ1 (<><:S)-~(o<c;) :-'cA 1\ Y:: (o<c) (59) 

This eguati~~ was modified by Justice129• The ccnductance of 

syrrmet.r.ical electrolytes in dilute solutions aan be ~epresented 

.b:t the ·equations 

L- o -~ - r . ) o 1 . - ( >'\ • 3/.z. J A =o<.. 1\ - S'J~C. + E ~_o{ c. LV\.-~_.,.(c::) + J I i<;o(C - J~ ( f2) (a< c.) . (60) 
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(61) 

(62) 

'I'be ·conductance parameters are obtained from e least squ&e treat ... 

rnent after setting 

.R= qc e 2
/2E/<!.T 

(Eje~rum·~ critical distance) 

(63) 

According to Justic:;e, the method of·f'i.xing the J coefficien-t 

by setting R = q clearly permits ~ better-defined value of KA to 

be obtained. since the equation (60) is a series expansion truncated 

at i;ha c312 term, it would be preferable that the r~sulting errors 

J:>e absorbeo as much as possible l:)y J 2 rather than :by KA, ,,,hose 

theoretical inportance is· greatel: a:;; it contains the information 

ccncem.ing short•range cati.on.,.ani.on interaction. 

From .t.he experimental values of the ~sociation constant 

ItA' one can use two rrethOds in order to. cletermine the distance of 
' ' 

closest approach a0 of tt'li'O f:;ee ions to form an ion•pair. The 

follet_..ring equation has been proposed by Fuoss130 

(64) 



;n some oaE;es,p the~ magnitude of K~ w~ teo small to permit a 

calculation of a.O, •. The Ciistence parameter tvee _finally determined 

from the more general equ_ation due to Bjet.rum
131 

k A 

""'('> = c:z,. ' 

(4rrr--s/1ooo) J 1"'
2 e.:)'c..p (z2 e 2/·-rt:::~T) dyo 

Y"~= a 

(65} 
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The equation neglects specific short-range interactione 

e~cept for solvation .in vJhic:b the solvated .ton can be appr~irnated 

by a hard_ sphere model. The rr~thod has been successfully utilised 

't... ..... 'to.- tl32 ~Y Dvuuere · · · .. 

(66) 

(vi.ith J 2 term ·omit:ted) 

I 

Thus, . a plo·t of A vs .. c gives f.l straight ·l:i;l)e with 1\ o as intercept. 

and J 0 or (J...,B 1\
0

) as slope.· Assmning B Ao to he negligible•· a.0 values 

can be calculated fro~ J' • 'l'he a 0 values obtained by this method in 

rn-1s0 l;~ere. much ·sma1·ler126 than woulo Pe expected from the sums of the 

crystallographic radii o£ the ions •. cne of the ~eesons attributed 

to .it is ion-solvent interactions which are not included in the 

continuum theory on which· the conduct.snce equations are b~ed. 'I'he 

.inclusion o:f d.ielec:::-tric saturation results in an. increase in a0 values 
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(much in conformity \'lith the crystallographic radii) of alkali metal 

salts (having ~ons of high surface Qherge density) in sulpholane. 
() 

The viscosity correction (which should be :e 1\ c rather than B 1\ c) 
0133 1 

leads to a larger value of a # ·still the agreement is poor. 

Ha1everg little of real physical significance may be attached to 

the aistance of closest approach derived from J 134. 

Fuose~35 in 1975- proposed a net-1 conductance equation • .Ha135 

subsequently put fort'lard -another ccna'uctcmce equation in 1978 '\'lhich 

replaced the old one~ He classified the ions of electrolytic solu­

tions in one -of t-he three c:ategories : (1) those vrhich find en ion of 

opposite charge in the firs~ shell of nearest neighbours (ccntact 

. pairs) 't'lith rij -= a • The nearest neighbours to a contact-pair are 

the solvent. molecule$ tvhich form a cage- ~o-und the- pairs. 

(2) those t..rith overlapping Gurney co ... spheres (solvent separated 
-

pairsla For these ri.j =·a +nSt t'lhere_·n is generally- one but may be 

2,3 etc., '$* is the Oiametl$r of a sphere corresponding to --the 

average volume (actual plus 1-:ree) ~er solvent molecule# and contact 

pairs form .by a sequence ·of ion-solvent site interchanges inside the 

R•spheres, until tt11o ions of opposite charges becvme nearest neigh­

bours .. 

(3} those which find no other unpaired ion in a surrounding sphere 

of radius Rjj' where· R is the diameter of the co-sphere (unpaired 

ionsl. 

:t'he,\7mal. motion ana interionic forces establish a steady state, 

represented by the equilibria: 



solvent~separated 
pair 

+ A 

Contact 
pa.(lr 

Neutral 
molecule 

contact pairs of ionogens may rearrange to neutral molecules 
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(67) 

A+f3- ~ P...B e. g., a
3
o+ and CH.3CCO-. L~t Y be the fraction of solute 

present as unpaired (r > R) ionse The ccnce1itration of unpaired ion 

is cY. If o< be the fraction of pa.:t.recl ions (r~R), the concentra­

tion of solvent-separated pair is c C3.•Y) (l- o< }and that of contact 

pair is o< c (l..- o<. ). 

The equilibr.ium constants for (67) are 

-E­
= e 

(68J 

(69) 

where 1<n describ~s the formatio~ a."ld _separation of solvent-sepa:z::ated 

pairs by ,diffusion in and out of spheres of diameter R around 

cations, and ~an .be. caJ.culated by _continuum theoryf K ,is the~ 
) •5 

constant describing the SP?cific short-range ion-solvent and ion-

ion interactions by which. qontact pairs form and disscciate; E
5 

is 

the difference in energy between ~ pair in the states (r = ~) and 

(r = a); ~ ·is Es measured in units. of k:r. From (69) ,_ · 

(70J 
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Substitution in (69) gives the ccnductometric pai~ing constant 

k 
A 

(71) 

which determines the concentration CY of active ions- 1 active• 

in the sense that they p~oduce the long-range interionic effects. 

'l'he cont.ect pairs behave like elect~icEU. dipoles to an external 

field x, contr.ibuting only to c::harging current" aoth contact pairs 

and solvent.-sep&$te~ pairs a1;e left as virtual dipoles by unpaj.red 

.ic·ps, their interaction with unpaired il?ns is therefore neglected in 

calculating .long-range effects ( Llx/Jt < o, the relaxation field and 

~ Ae<o, tn~ .electroph~retic ~ountercurrent). The various patterns 

csn be reproduced by theoretical .:functions of the form 

1\- fo [ 11° {1 + llx/x:) + t!.l1e] (73) 

(73) 

where Rx and EL are relaxation ~d hydroaynamic terms respectively. 

·'J.lhe quantity p is the fraction o::: solute which contributes to con­

ductance current and is given by 

p = 1 - t?( (1 - y ) (74.) 

ln case of ionogen$ or fo.r ionophores in solvents .of lot-1 dielectric 
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constant, a( is very near to unity (-E5 /kT 1/1) and the equation 

becomes 

(75) 

The quilibrium constant for the effective reaction 

976) 

because Ka » lo 

The parameters and the variables are .related by the set of egua-

tions 

(77) 

- Lvt,f-= (3 fc /.2 (_ I + /c 12) / f (78) 

- E = . ..t-vv [ d../ ( 1--c:>{)] (79) 

The details of the calculations are presented in the 1978 paperl3S. 

The short comings of the previous.equations have been rectified in 

the present set of equations which are more general than the preyious 

.equations and can be used in the higher concen.tration regions. (0.1 N 

. in aqueous solutions). 
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Limiting e9H~valent conductances 

';Che limiting equivalent conductance. of an electrolyte ca."l 

be _easily determined from -the theoretical equations end experimental 

observations~ At infinite dilution, the motion of ?!11 ion is limited 

solely by the interactions w.ith surround_in9 solvent molecules as 

the· ions are infinitely apart~ Under these conditions, ~he validity 

of Kohlrausch' s lc.w of independent migration of ions is almost 

axiomatic .. Thus 

(80) 

At presentf the limiting equivalent ccnductance is the only function 

vrhich can be divided ~iQt:o· ionic components using experimentally 

d.ete.rmined transport numbeJ: Of iOnS# i. GJo 1 

0 
?\ + 

/\0....:... -
(Sl) 

Thus from the accurate values of /to bf ions, it is poss-ible _to 

separate the contributions due to cations ~d anions in· the solute-­

solvent interactions136 • fiet11ever, accurate transference number 

determinations are limitea to few solvents only. Spiro137 and more 

recently Krumgalz136 (0..) have made extensive reviet'1S on the subject. 

In the absence of experimentally measured transference 

numbers. it would .be useful to develop indirect rrethoos to obtain 

the limiting-ionic equivalent conductances in organ~c solvents for 
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which experimental transference nunWers are not yet available. 

The methods have been summarized by I<r-u~galz138~)~;~anci some 

important points are n:ent:lcned be~a.n 

I.A). 'l~ .... ~ 139 ·\oi!i wa cen equal#.~.on 

( 
o ,2S · YJ = · /\±'water "'water (82) 

0 

(ii) )\ . ??_ = 
Pl-c. o = o •. S63 

(83). 

ttJalden consioered tl'l(:). · products to be independent of temperature · 

~d solvent., However# the Et Nl?ic:r values used by tialden were 
4 ' 

found -to diff~;- considerably f:com the data of subsequent more 

precise studies and the values of· (i.i) ar~ consideJ:ably different 

_for different solvents. 

(this equality holds .gooa in nitrObenzene. and its mixtures with 

cc14 but i.s not. realiZed in methanol- acetonitrile and nitro­

metbanelo 

The method ·appears to be sound as the negative charge on boron 

(S4} 

(85} 

.. ' . 
in au4B ion ia completely shielded by four inert butyl groups as 



in the Bu~+ ion while this phenomenon was not Observed in case 

of .Ph4B-~ But th~ method could not. be checked due to laclt of 

accurate transference datao 

42 

(86) 

vJhere z and r 1 are the charge and crystallogl:'a..r;>hic radius of the 

prqper ion, ·~ and E0 are the viscosity end dielectric constant of 
0 

' 0 
the medium; ry is an adjustable paratTeteJ: t~n equal to o.aSA 

for dipolar non-assccieted s_ol;lent.s and 1.13~ for hydrogen-bonded 

and other associatec;i solvents. 

.,; 

However, large discrepancies t.zere observed bett-1een the 

experimental and ~alculated values138 ~~)~-~: In a recent paper13a··~}'-~ 
Krumgalz examined Gill's approach more critically using conductance 

values in many solvents and found the method to be reliable in three 

solvents e. g. ,. l•butanol~ acetonitrile and nitromethane. 

(67) 

It has been found from transferent:e measurements that the 

0 + ,o -':A25 Ci-Am3BUN ) and /\ 25·(Ph4B ) valUe$ differ from one another 

(88). 

The eqtial1t.y is found to be true for various organic solvents. 
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KrumgalzlSS(~_)_/'suggested e method for deterwining the . 

limiting ion conductances in organic solvents or organic mixtuxes. 

The method is based on the fact that the large tetraal.kyl (aryl) 

t>"nium ions are not solvated in organic solvent$ in the kinetic 

sense Qt2e to the extremely weal~ elec.trostati<: interactions between 

the solvent molecules and the large icns td.th lOW' sur:Eece charge 

density. '!'he phenomenon of non-solvation is confirmed by N.M.R. 

measurements and is .utilised as a suitable model for apportioning 

Ao.values into ionic. components for non•aqueous electrolytic solution• 

Considering the mOtion of· a solvate·d ion _in. an electrostatic 

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

moving particle by ~he Stokes equation 

A iT N '>'lo ·' 1\
0
± 

(89} 

where A is a coefficient varying from 6 (in the case of perfect 

sticl<ing) to 4 ·(in the case of .perfect slipping). 

' Since the i:s values, the . .real d~nsion of the non'!Dsolvated 

tetraalkyl (aryl)onium ions, must be constant#: we have 

0 

.:/)± '(
0
= constant 

This relation has been verified us~g 'A~ values det.ermin.ed with 

precise transference n~mbers. The product becomes constant .and 

(90} 

independent of the chemical nature of the organic ~olvente for the 
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i•P>Jn
4
B-, Ph

4
As+ a.'ld Pb

4
B- ions and ·;tor tet.raalkylarrmonium caticns 

starting from Et/!+ • The . relationship can be to1e~l utilised to 

determine A~ vall,teS Of iOns in other. organiC solvents £rom the 
0 . 

determined 1\ values. 

we have used Bu4NBI?h4 as the 'reference electrolyte•, but 
. 0 

instead_ of equal division, \ll'e di'~rided the A values using the 

rneth~ similar. to that proposed by l'~umgalz83 for &vision of B­

value.s 

/\
0 (BUJ~+) = r (Phlf.-.) 

) .. 
0(Pb4~· ) · r(Bu.tf'~+) 

5.35 -s.oo 
= 1.07 (91) 

The r-values have been taken fr:om the \-10rks Gill.~ ,Sll4:6,147. 

'l'hcugh nothing can be paid definitely regarding the 

accuraey c£ the rrethod~ som~ indirect evic:Iences regarding the 

reliabilit~ of the values may be provided. ~h~ value of the 

ratiOi~:Ao (BPh4 )/A.
0
(Bu4N"l'J bee!::bmes 1.06 .if we. choose r(:au

4
N+) = 

3.85 R and r(BPh4 ) =~Q~:A.· as suggest~d by I<rumga1z83,14S. 

~uoss et a1149- 152 assumed, from e'~ensive roeasur~nts of -·-
of R4NB.Ph4 salts in variQUS mixed .organic soJ:·:ents, that the 

limiting transference n~er of .Buji+ in Bu4NBPh4 is 0.519 indepen­

dent of the solvent (this is claimed to be valid ~ithin + 1%). ~his 
. . -

gives 1.079 for :A
0
(Bu4N+ )/ /\

0
.(Ph4a-) t·thich is close to 1., 07. 

" 

D 0Apren~ and Fuoss152 used Bu4NBPh4 to cal.culate sin,gle-ion 

conductance in mixed organic solvents ·applying the relations 



/-.
0 

(au
4
N+) ·~ O~~l3/'1 0 and .11°(Ph4B,..) = 0.201/ilo whi.ch means 

7{'(au4~1+ )/ /\0 (Ph
4

"£?-) = 1. 06. 
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Horeov~r~ since the charge is equal to the number of ions,_ 

the equivalent conductances of these ions depend on their mobilities, 

the divisions may be i.ri terrns of the reciprocal of their van der 

trlaals' volume i.e., 

0 +) ?\ (BU;'f .· 186.8 = 1.04 (92) = 

i'he van der vJaals• volumes have been taken from the t11crks of 

Lasi'rence and sacco71• However, the ratio comes. out to he slightly 

la1er th~1 the usual l.06-l.O$o 

Xn absence of accurate transference data in binary mixtures 

of organic solvents, it is difficult to compare the single-.ion 

values and to test the vali~ity of equation (91), but the values 

calculated by this method appear to be correct in different organic 

or mixed orga.'liC solvents. 1-IOirlever, in aqueous binary mixtures the 

solvation pattern may be different and the validity of this method 

may be questioned. ·In absence of a suitable method., nothing can be 

said conclusively. 

Recently41 Gill~ .2.!153 proposed the follO'V11ing equation 

·/..o (Su4N+) 

7t(Pb
4

B""" ) 
= 

S. 35 - (Oe·0103t-o+ rl) 

5.00 ~ (O.Ol03~t ry) 
(93) 



solvation number136 

I£ the·limit~g conductance of the ion i of charge z1 is 

~own~ the effective radius of the.solvated ion can easily be 

deterndned from th$ stokes• 1~. The volume of the solvation shall 

Vs can be tt.rritten as 

(94) 

to.rhere r
0 

is the crystallogrephic radius of the ion. The solvation 

number~ ns' t1ou1a then be obtained £rom 

(95) 

Assuming stol{es• relation to bold, the ionic solvated volume should 

be obtained. because ·of packing effects154, from 

(96) 

t1hen V: is expresse~ in m~l/mole and r 8 in angstroms. Hot~1ever, 

this method of determination of solvation numbers is not applicable 

to ions of medium size. though a number of empi.ric;~22• 27,lOB and 

theoretical cor.rec.tiens1$5-lS8 have been suggested in order to 

apply .it to most of the ions. 



stol(GlS li law and t<Ialden • s rule 

0 

The limiting conductance A.L: of a spherical ion of radius 

Ri moving in a solvent of dielectric continuum can ~ written~ 

according to stokes 0 hydrOdyn.amic$11 as 
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0.8t9/:Z~! 
·n R·. 

l.o L 

(97) 

where~-~ the macroscopic viscosity of the solvent, is expressed 
0 

in poise ana Ri .in sngstroms. If the .raclius R1 is assumed to be 

the same in every organic solve11 t., as 'V1ould be the case of bulky 

orga~ic ions. we get 

0 . 
)\. Y) iCI c l 0 

0•819 _zi =constant 

Ri 

This is kn~m as tiaJ.den rule159• The effective radii obtained 

(98) 

using this equation can be used to estim~te the solvation numberso 

Th~ ;failure of the stolces•. radii to give the effective size of the 

solvated ions for small ions is often attributed to the inapplica~ 

bilit.y of stokes' la-v-1 to molecular motiono 

Robinson end stokes108~. Nightingale77. 8nd others160•,62 

have suggested a method o£ correcting the radii. The tetraall~yl• 

ammonium ions were assumed to be not solvated and by plotting the 
' ' 

stokes• radi~_against.the crystal radii of these large ions, a 

calibration curve t·Jas obtained for each solventQ This approach, 

hOL'leV~, . suffers from one serious fla-1. The basic assurr[>ticn on tqhich 



this awroac:h rests is that the vlalden product is inva;-ien.t with 

temperatureo Experimental result~126 indicate that his assunption 

is incorrect end that the .t;esul ting solvation numbers obtained f•om 

this :;ype of correction to Stokes• law are meaninglesso The idea of 

microscopic viscosity163 was invoked without. much success164• 165 but 

it has been found that 

o, fa 
/1 i. ~ ~ cqnstant (99) 

where p is usually 011!.7 for alkali metal or halide ions and p = 1 
,• 6 67 

for the large ions16 • 1 • 

Attempts· to explain the change in the St;okes• radius a1 
have b~n_made. The.apparent inc.reas~ in the real radius r has been 

attributed to ion•dipQle polarisation and the effect of dielectric 

saturation .. on R. Fuoss. noticed168 the dependence of the t.oJalden 
. 0 

product~ A~· .on the dielectric constant and considered ~1e·effect 

of electrostatic forces on the_ hyarodynarnics of the system. He 

prqposed that the dielectric re~axation in the solvent caused by 

ion motion leads to excess frictional resistance~ He proposed the 

relation 

<:;, TT R=<! - ( I + A I E R~ ) 
(100) 

from t·1hich the cla.ssical stokes•; radius, may .be derived as 

. (101) 
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where .R is the hyarodynami~ radius-of the ion ~n a hypothetical 

medium of dielectric constant where all electrostatic forces vanish 

and A is an empirical constanto. 

In 1961, Boyd156 geve the expressicn 

0 
J\. -

l [ 2 
+ 27 

2. 2 zi.. ~ c::-
nyt 

0 

--y--'. 4 E 
'(.. C) 

] (402) 

considering the effect of dielectric relaxation on ionio motion; 

'Cis the Elebye relaXation time for the solvent dipoles~. 

zw~,zig157 txeated the ion as a rigid sphere of radius r1 
moving with a steady velocity Vi through a viscous incompressible 

dielectric continuWl. 'I'he conductance equation suggest~d by zwanzig 

is 

0 ]\. --
L 

z~...e.F 
(103) 

. 0 o< 

t.,here f"f' ~ t, are the static ~d the limiting high frequency 

(optical) dielectric constants respectively• Av = 6 and ~ = 3/8 

for perfect sticking and Av = 4 and ~ = 3/4 for perfect slipping. 

'l'he above eqUation cen be written as 

0 . 

/\. 3 /( 4 \ 
1 = Ar1 r 1 + B; (104) 



The theory predicts169 that A
0

1 passes through a_maxirn~~ of 

2.7~/4B~ .at r
1 

c (3B)~e, The phenomenon of maximum conductance is 

well known~ The relationship hQlds good to a reasonable ~tent 

so 

for cations in aprotic solvents but fails in case of anionso The 

conductance, h6t.-1ever, falls off rather more rapidly than predicted 

with increasing radiuso 

For comparison of the results in different solvents, 

equation (103) can be rearranged as170 

z 2 .- A 0 Zi.. 
2. e. 2_ ( (:- ::.. - E:;:) i. e r -~ 

l -- Av 1T f. + - 3 eo ')\ ~ 'l. . L. ("· (2E-
0 + i) -~ 

L 0 1.. y.> I'. " 

or 

(105) 

{106) 

In order to test zwanzig's theory, the equation (106) was 

applied to methanol, ethanol, acetcnitrile, butanol and pentanol 

solu ·cicns -vthere accurate conductance and transference data aie 

availeble169• 174• A~l the plots were found to~ linear. But the 

radii calculated from the intercepts and slope~ are far apart 

from equal except in some cases where moderate success is noted. It 

is noted that the relaxation effect is not the predominant factor 

in affecting ionic mobilities and that these mobili~ di££erences 

could be explained qualitatively if the microscopic prcperties of 

the solvent, dipole moment and free electron pairs were considered 

the predominant factors in the deviation from' stokes* lew136. 
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It is noted that the ?'t17a'l2ig theory is successful for large 

organic cations in aprotic medla where solvation is likely to be 

minima and lrJhere v.iscous friction predominates over that caused 

by dielectric relaxation. The theory breal.:s. dovm tr,;rhenever the 

aiel~ctric relaxation terrn .becorrces large i.e., for solvents of 

* high p and for icns of ~mall ri. Lilte any continuum theory 

zwanzig theory has the inherent wealmess of its ability to account 
175 . 

for the structural features e.g., 

(1) It does n~t allo~·1 for any correlation in the reorientation of 

the, solvent molecules as tl'le ion passes by· and this rna¥ be the reason 

why the equation does not epply_to hydrogen bonded solvents176• 

· (2) The theory does not Ci"stinguish between positively end negatively 

charged ions and therefore can not explain t--shy certain anions in 

dipolar aprotic rr~dia posse~$ considerably higher molar conductances 

than the fastest catiqns175• 

The t--Jelden product in ca:;;e of mixed solvents:_does not shew 

any constancy but it passes through a maximum in case of D.V~-~0 

and nvJA-~0 mixtures177- 179 ·and other aqueous binary mixtures1Bo-ia3. 

To derive expressions fo.r the variation o£ the vlalcen products with 

th~ ccnlJ::)osition <:1f nU.xed polar solvents, various attempts have been 

rnac1elSG,lS7,lS4 \'lith different models for ion-solvent interactions 

but no satisfactocy expression has been. derived taking into account 

all typ0s of ion-solvent interact.ionr;; bec:ausea. 

(1:) it is difficult to include all types of interactions bett-1een 

ions as well as solvents in a single mathematical expression; 
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(2) it is not posf;lib.le to account for some spec.if.ic propertie~ o:f 

different ld .• "lds of ions and solvent molecules177 • Ions moving in a 

dielectric medium e~~rience ~ frictional force due to dielectric 

loss· erisi~g from ion-solvent .:!.nteractions with the hydroelynarnic 

force. zwenzig' s expression though account:.s for a change in tvald~n 

product with solvent.oomposition 6oes not account for the maximao 
I . - • • 

Hemmas185 suggested that the major deviations in the Walden proauc:t 

are due to the variation of the electrochemical equilibr~um between 

ions and solvent molecules \"lith the composition of mixed polar 

solve."lts. In cases t"lhere more than one type of solvated complexes 

are· iformedg there should be a maximum and/or a minimum in the ~ialden 

product~ 'l'his is supported by experimental observations. Hubbard 

and Onsager186 have develcped the kinetic theory of ion-solvent· 

in cerection t'ITithin the framet-Jorlt o£ continuum mechanics t'lhere the 

concept of kinetic polarisation deficiency has been iritroducea. 

HOV,reveri cJ.Uant:i..tat.i,ve expression is still awai"Ced •. Further 

irrprpvernent.s187' 188 q.aturally .must be in terms of (1) soph'isticated 

ueatment Of dielectxic saturation~ end (2) specific structural 

effects involving ,ion-solvent int:eractions<~ 

Aeaarent and oartial mol&;}! volumes .and a:e;earent ..m2~adi.abatici 
~mpressibilit;g 

One of the well recognised approaches to the study af 

molecular interactions in fluids is the use of thermOdynamic 

methodS. Thermodynamic properties are generally convenient parameters 



:Eor interpreting solute-solvent and solute•s,olute interactions in 

the solution pha~e., Fun6amental properties such as enthalpy, entropy 

and Gibbs energy represent the mccroscopic state of the system as 
' ' 

en average of nun1erous microsc.op,tc states at a given terrperature 

and pressl...'Lree An interpretation of. these macroscopic properties 

in terms of molecular phenomena is generally difficul~ sometimes, 

higher derivatives of these properties can be interpreted more 
I 

effectively in terms of molecular interactions. For exarnple., the 

partial molal volume, the pressure derivative of partial mo.l~l 

·oibbs energy, is a useful pararneter for interpreting solute-solvent 

interactionso V~ious concepts. regercling molecular pr?cesses ·in 

solutions, electrostriction169, hyc.rcphobic hydration190 • 

micellization191 ana cosphere overlap during solute~solute interac­

ticns76•192, to a large extent have been derived ~~d interpreted 

from the partial molal volume d&ta of many compoundso The co.m­

pressibil~ty pr~erty. which is the seccnd derivative of the Gibbs 

energy, ~lso is a sensitive indicate~ of molecular. interactions and 

can provide useful information ~out these ph~nomana, particul9Z'lY 

in ·cases \17here partial molal volume data alone fail to provide an 

unequivocal interpretation. of the interacticns. 

~pparent and f?&tial molal xolumes 

Tbe apparent rno.lal volumes, ¢.,, of the solutes can be 
li , 

caloulated by using the folla~ing relation 

M / f 
0 

- i 00 0 ( f - fo ) / c fo 
(107) 
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~there M is the molecu1~ weight of the solute, '"P 0 and :p are the -

densities of solvent and solution resPectively ana c is the molarity 

o;e the solution. 

'l'he partial molal voluniesf. v2' can .be obrained. :frcm 

from the equation 

1 oo·o- c ¢v 

(108) 

The extrapolation of the apparent ·molal vc.~lume of electrolytes 

to infinite dilution and the expression of the concentration depen­

dence of the apparent molal· volume have been made by four major· 

equations ove_r the period of years - the. Masson equation193 ~ the 

Redlich"'!'Meyer equat.ion194 
1 the Ottten .. arinkley equation195 and the 

l?it2er equa1;ion196, .t-lasson193 found that the apparent molal volumes 

of electrolytes~ .0v , vary with the square root of the molar con­

centration by the linear equation 

(109) 

.0 

where 9511 is the apparent molal volurre at infinite dilution (equal 
-o . 'I; 

to. the partial molal volume at inf;inite dilution, v2 ) and sv · is 

the experimental slcpe·. 'I'he majority of ¢v data in wat~r197 and 

nearly all data in non...,aqueous solvents196- 202 ha~e been extra-

polated to infinite dilution through the use of equation (109)• 

However, Redlich ~nd .r.1eyer194 have sho~n that an equation_ of the 

:form of (109) can not be any more than a limiting la~.oJ, 'ltlhe.re for a 
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• given solvent end temperature the slope,- s,. , should depend only 

upon the valenc~ type. The suggest representing by 

r.?\
0 +S ;/C. + b C 

~v v v 

s = ~3/2 
v 

(110) 

(111) 

is the theoretical slqpe, based on molar concentration, including 

the valence factor 

0.5 > ·-)), 7.2 
L L 

L 

(112) 

(113) 

where f3 is the corrrpressibili ty · of the solv~nt'll Until recently, 

the variation of dielectric ccnstant with ~ressu~ was not kn'*1n 

accurately enough, even in t-J'ater, to calculate accurate values 

of th~ ·theoretical limiting· slope and in organic solvents accurate 
' 

data of this type . ere almost totally lacking. 

~he Red1ich-Meyer194 extrapolation equation adequately 

represents the concentration depenoence of many 1:1 and 231 

electrolytes in dilute solutions; h~~ever, studies203~20S on some 
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2 ~1, · 3 al and 4:1 electrolytes show deviations from this equationo 

Thus, for polyvalent electrolytes6 the more ccmplete o~~n-Erinkley 

equation195 can be u::led to aid in the eJttrapolation to infinite 

qilution and to adequately repres.ent the concentration dependency 

of ¢v• 

The ~mn-Brinkley equation195, derived by including the 

icn-size parameter, a (in em}, is given by 

(114) 

t'lh~re the symbols have their usual significance" HQgever, equation 

(114} has not been widely employed for the treatment of results for 

non aqueous solutions. 

Recently~ the ~itzer formalism has l:>een used by Pogue· ·and 
,- . 

206 . . . ' . 
Atkinson to fit the apparent molal volu~r:-· datae~ 'I'he Pitzer 

equation for the apparent molel volume. of a si.ngle salt IVl..viVI X ~x 

is 

o.'S 
(!)..., _·= ¢/ + p.: + v { 7 tv1 ZX j_ A vl 2 b f._.,..._ ( I + b I. ) + (115) 

,- v ·o, 5" v 
2 ..Y Y R... T L -m '6 . + m.2. ( v ·)) ) c J 

. J\.1 X - 1'-'1 X · M X. 1\1 X 
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where the symbols have their-usual signific~ce. 

•• <' 

Thorough tests of equations (109), (110), (114) and (115), 

however. will require more accur~te data on densities and also on 

the_pressure dependen~e of the dielectric constant of pure solvent. 

Ionic .,limiting partial molal volumes 

The calculation ·of the ionic ·limiting part.ial molal vo1unes 

in organic solven·ct~ is a· very difficult tasl{. At presen-t;., hot-lever, 

most of the existing ionic limiting partial molal volumes in organic 

solvents were obtained by the ~pplication of methods developed for 

aqueous solutions207 to non-aqueous electrolyte solutions. In the 

last few years, the method sug§ested by cornvay et a1207 • has been --
used more frequentlyo These authors used the methoo to deterir.ine 

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

homologous tetraallc-.tlammonium chlorides., .bromides and iodides .in 

aqueous solution. They plotted the limiting partial molal volume, 

v~~r for a ser;les of these sa.l,ts t-tith a halide ion in common as a 

function of the formula weight of the cation, .MR N+' and obtained 
4 

straight-line graphs for each series"' They suggested, i;.herefore., · 

that their results fitted the equation 

(116) 



and that extrapolation to zero cat.:tcnic :formula t-Jeight gave the 
. -o 

limiting partial molal volumes of the halide i'?ls, vx- .• uosaki, 

~ !!208 have used this method for the separation of some literature 

values and of their ~m v~4NX values into ionic contributions.in 

organic electrolyte solutionso Krumgalz209 applied the same ~~thod 

to a lar.gs number of partial molal volume data for non-aqueous 

electrol~e soluti~~s in a wide tenperature range. aecently# we have 

also used this method. for the division of partial molal volumes into 

the ionic conponentE;'I in 2•metbexyethanol202• · 

Apparent molal adiabotic compressibility 

Although for a long time attention has been paid to the 

apparent molal.adiabatic compressibility for electrolytes and other 

coxr.pounds in 

solvents are 

aqueous ·solutions210""214, measurements in non.o.a.que6us 
. 211,212 

still scarce. It has been emphasized by many authors 

that the ·a:pparent molal ad~abatic: compressibility data can be used 
' •' 

as a useful paramet.er in elucidating the soJ.ute ..... solvent and solute­

solute· interactions. 

~he values of· the adiabatic compressibilit.y coefficient ((3 j 

\!>Yare calculated by using the .Laplace equation · 

(117) 



v.rhe.te f is the solution density and u is the sound velocity :1.n 

solutiono ~'he apperen·C. molal acaiabatic contpressibility ( .¢!<) of 

liquid .solut.i.cn teras. calculated from the .relatioxu 

¢1< -
I ooo 

""YY1 fF o 

(116) 

where m is the molality of the solution;' (3'' and (3 ere the com= 

pressibility coefficients of the solvent and solution respectively. 

Plotting of apparent molal adiabatic compressibility ( ¢1<) 

against the square· root of the molal concentration of the solutes 

and extrapolation to zero molal concentration gives the limiting 

apparent molal .adiabatic compressibility ( ¢; l acc;ording to 

equation211.-214' 

+- .sk v=;;n (119) 

where SI< is the expex-imental s!cpe. 

The limiting apparent mol~! adiabatic compressibility 

( ¢;) and the experitr.ent.al slope. (SK) can be interpreted in tex:ms 

of solute..,.solvent end solute-solute interactions# respectively. It 

is well established that the ~elutes causing electtostriction 

lead to decrease the compressibility of the solutio.n215 • 21~. This 

is reflected by the negative values of <7> o I< of electrolyte 

solutions. ayarophobic solutes often she»! negative compressibili-

.,.,.0 the. ordering that is induced by them in the \'later 
t.ies due ~ 
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st.ru(::ture191, 215 .. The compresse.i.bility of hydrogen bonded 

structure, however, varies depending on the.nature of H~bonds 

involvea215• On the other hand, the poor fit of the solute 

rnole~ulea217 '- 218 as well as the possibility of flexible H•bond 

formation eppear to be respon·sible for causing a more compressible 

environment (and hence a positive ¢°K value) in the aqueous 

medimno ~he positive ¢°K values have been reported in aqueous 
. 219 220 non electrolyte and non electrolyte-non electrolyte solutions. 

From the discussion it is apparent that the problem Of 

ion-solvent interactions is intriguing as well as interesting. 

It is desirable to att~k this problem using different experimental 

~echniques. we have., therefore, utilized five important methods 

viz.,. viscometz;y, conductcmetry., densi.metry, ultrasonic in·ter-

ferometry and spect~ophotometry.to study the prob&em of ion-solvent 

inter2ctions of some tetraalkylarnmonium and alkali metAl salts in 

2-rnethoxyethanol and its aqueous binary mixtures. 

2co.Hethoxyethanol is a monomethyl ether of ethylene glycol 

{EG)~ Hence8 it is very like~y to sh~~ physico~chemical charac­

teristics midt.gay betl:reen protic and dipolar aprotic solvents~ 

'!'herefore, it is of much interest to study the behaviour of 

electrolytes in such solven~ mediao 

IR studies221 indicate.that the predominant configuration 

of f.1E molecules is the gauche form to facilitate intramolecular 

hydrogen bending as shovm in stzucture I. 
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Simple consideration of rno~ecular structure indicates that 

due to the presence of elec:tron repelling CH3 group,. ME 1·s more 

basic than ethylene glycol and watero Also, the restricted 

availability of the acidic H atom of OH groupmakes 11E molecules 

less acidic than ethylene glycol end water,. thus i~arting a 

• quasi-aprotic• character to it. 

Horeover, the basicity and proticity are likely to be 

relayed through co-operative structure of H•bonding222 bet1.'1een 

·_the cosolvent and ''17ater molecules in aq\leous solutions¢~ Thus in 

ME + H2o system, the pos~ible hydrogen bonded cosolvent-water 

complex of the type J:I is also more basic end less acidic than 

"11ater and EGa.-v1ater mixtures. 

studies on fundamental physico-chemical prcperties like 

density ~d dielect~ic constant for ~m-water mixtures heve been 

.reported at different te:•peratures in the water rich region223 
o 

Recently. Douheret end his coworl-:er224 studied th.;;se properties 

for ME•water mixtures at 25°C over the entire composition range. 

Dielectric cons tent is found to decrease monotonically 't-li th 

increasing l1E content whereas the density goes through a rnax_imurn. 
. 225 . 

Desnoyers ~ ~ have reported apparent molal v·olu!J19! and heat 

capacity of aqueous :r-m at 2S0 c snd shot"Ted that. ME behaves as a 

fairly typical polar non electrolyte in water. Heat capacity and 

heat o~ solution of ME226 have been reported by a number of 

workers. Partial molal volumes of-~£ have been studied with 

water227 ~ ~he change in free energy, entropy and enthalpy 

associated t17itll the transfer of ME from ideal gas phase to dilute 
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Notably encugh• relatively few studies have.been reported 

't..rith aqueous 2-methoxyethanol as solvent mediume conductance 

behaviour of ion-pair formation of tetra.butylammonium bromide in 

aqu~ME229 at 2S0c was interPreted on d1e basis of the modification 

of water structure, depending on the nature of the solvent~ 

saits230 studied the relation between the structure of water 

mixtures of organic solvents,_ their solvation and cation exchange 

selectivity of metal ions in aqueous 1-m. ~1ore1 and cov.-1orkers231 

also predicted the relation between the free energy of transfer 

and selectivity of an ion exchangero Activity coefficients of 

N aCl in r:rater mix't:ures of ME at 25 °c \'Iere _ studied by Richard 

et a1232• --
t•zorl~s involving pure NE are comparatively large in numbero 

Of these, studies on dielectric properties at various tempera­

~ures (-2o0c to S0°C) of ME233 ~ solubility studies on alkali 

metal chlorides, te~erature dependence of electrolytic conduc­

tance of salts in ME234, dissociation constant studies of pure 

M~235 and various thermodyna~ic studies, aensity, dielectric 

prcperties, viscosity etc. ~ noteworthy. 

Again ME is commercially lmetm as 'cellosolve • being used 

e,ctensively as a solvating agent for celluloseo J:t finds .its use 

in various chemical reactions and in analytical practice236, in 

acid base conductometric titrations237, and also as a solvent 
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for electrolytes :in high ·voltage capacitors and anti-icing 

additive_ for. air~craft fuels~ Consequently, . the kno-li'Jledge of ionc:it · 

solvent interact~ons of-different solutes·in this solvent is 

capable of indicating the potential usefulness ?f ~m in various 

technologiesq e.g., high energy non~aqueous batteries, ion­

exchcmgers·etc. Transport_ parameters of electrolytic solutions 
-. 

such as ionic conductsnc~ ancl viscdsi ty can provide information 

concerning the nature of the ldnetic entities from which the icn• 

solvent interaction can be inferred. Information on these inte~ac­

tions can also be had £rom such thermodynarnic properties as 
-

apparent molal volUIY!eS md adiabatic compressibilities~ 

we have, therefore, devoted our attention to the study 

of the transpor.t and thermooynamic properties o,f: soma electrolytes 

in .t1E ~d its aqueous bin~_rrJxtures. 
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