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PREFACE 



SCOPE AND OBJECT OF THE WORK ------- ---

The solution .properties have always· been of interest to 

physical ch~mists ~u~ in recent year$ there has been·en unprecedented 

interest in solution chemis~ry by ppysical organic chemis~s, 

inorganic chemist~~ electrocnemists and most notably. by biochemist~• 

'The interest stems from the fact that· the majority of reactions that 
. . 

are o~ 9I1emic~l, elec;tr.ochemical and bi.ological importance occur 

in so~u~;lon~" It was previou·sly believed .that the solvent merely 

provides an in¢rt me~Uum fbr ohe:nical reactions. The significanc~ 

of, solut~-solvent; interactions was realised onl·y recently as a 

result of e;xtensive St"UdiE;tS in aqueous, non-aqueous and m.:pced 

solvents. Vlhile prqton t.ransfer reactions are particularly sensi

tive to the natur~ o;e· th,$ solvent, it has become· incre.asingly clear 
. . 

that the majority of the s<;:>lutes are significantly modified by all 

so~v~nts~ Conversely, the nature of strongly structured solvents, 

·such as wate+~ is substantially modified by the presence of solutes. 

Complete und~rstanaing o~ the phenomena of solution cherrdstry.will 

b~come a reality'only when sqlute-so!ute, solute-solvent and 
. . 1 

solvent-solvent interactions are elucidated • 
I 

In spite of vast collections of data on"the different 

· elect~olytic and. non-electrolytic sQlutions in water, the structure 

'of water and the different types of interactions that water undergoes 



(II) 

with electrolytes are yet to be. properly understood. However, ·the 

:\ studies on the properties of aqueous solutions have provided suffi-
~ I 

cierit information on the thermodynamic properties of different 

1 electrolytes and nc:>n-electrolytes, the effects of varia.tion in 

ionic-structure, ionic mobility and common ions on the properties 

2 3 of aqueous solutions· and a host of other properties 1 
• Neve.rtheless 1 

during recent Ye a,rs ··che+e has been an increasing interest in the 

.1 behaviol,lr of elect~qlyt~s in non-aqueous and mixed solvents with a 

view to inves~igatipg ion-ion and ion-solvent interactions under 

varied conditions. However, di~ferent sequence of solubility 1 

, I 

differences in solv~ting power and possibiH. ties of cheinical or 

electrochemical re.actions unfamiliar in aqueous c;hemistry have 

opened new vistas for physical chemists and interest in these 

O.I;"gahic solvents t~anscends the .trad~tional boundaries of inorganic, 
' . 4 

physical, organic, analytical and electroChemistry • 

we. have baen mainly interested in the studies of ion-solvent 

interc.ctions ·~5 these are ~he controlling forces in dilute solutions 

where ion-ion interqations are absent. Influence of these ion-solvent 

interactions on tr~sfer· of electrolytes between solvents is ·small, 

but ~ufficiently la,rge to cause dramatic changes in chemical reac-:-
'' 

tions involving ions.o The changes ;in ionic ~olvation have important 

applications in such d~vers~ areas. as organic ~d inc. ganic syntheses, 

·studies of reaction mec;:han.:J.srns~ non-aqueous bat.tery technology and 

extraction5 • The importance of ionic hydration in biochemistry and 



(III) 

biophysics have also been ·stressed6 • 

The applications and implications of -the studies of reactions· 

in ~on-aqueous and mixed solvents have been surnrn¥izod by ·Meek?, 

Fi:anJcs 8 ' 9 , Popovyc;h10, Bates1l•12, Parker13 '-14, Criss and Salomon15, 

. 16 . 17-23 
Mercus and others- • The ion~ion and ion-solvent interactions 

·have been the subje_ct of, wide interest as apparent from the· discuss

ions of Farad~y Transactions of the Chemical Society24• 

The proper .uhderst~ding ot the ion~solvent inte~actions 

would form the basis of exp~aining quantitatively the' influence of 

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

thus pave the way ;or the real understanding of the different 

phenomena associated with solution chemistry. Es:t:i..mates of ion-:-

solvent interactions can be obtained thermodynamically and also from 

the rneasurements of _viscosity B-coefficients; lirid.ting ionic conducti-

vity etc. 

Howeve.x;-, single ion values can not be obtained thermodynami

cally!~ ';rherefQt'e, v~ious theoretical and semi-empirical extra 

therrriodypamic assumptions have been made to estimate these values. 

It is thus apparent that the real understanding of the ion-

solvent .tnteractions is a Q.ifficul t task. The aspect embraces a wide 

range of topics but ~e cohcentrated only on the measuiements of 



transport properties like viscosity and conductivity along with 

such thermod}rnarnic properties as solubilities, free ener.gies of 

solution and free energies of transfer. 

(IV) 

Attempts have been made to determine. the single-ion values 

by the use of available methods and to elucidate the various . aspects 

of ion-solvent interactions. Vibration spectroscopy has also been 

applied to study the ion-solvent interactions of some alkaline earth 

metal salts in non..;aqueous solvent medium. 

Solvent.-:-solv~rit in~erc;tctions also play a vital role in 

solution chem~stry. An effort has been made here to focus some 
.. 

light on the solvent-solvent interactions by ~easuring excess 

thermodynamic proper~i~"s with the help of dens~metry ~-'1d viscometry. 

at different temperatures. 

These are described in the subsequent Chapters. 

2~~_2f th~work done 

Propylene carbonate (PC) and its binary mixtures with 

methanol have been chosen as the solvent system in the present study. 

The present dissertation has been divided into nine chapters. 

Chpater I·forms the background of the present work. After 

presenting a brief review of notable works in the field of ion-
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solyent interactions, such properties ·as solubility and fr~e energy 

of solution, viscosity and"conductance have been discussed in details. 

The importance and uti,l:i-~;Y of the vari6us methods in t1.1e determina

tion .of ion-solvent interactions are stressed. Critical evaluations 
j 

bf the different methods of obtaining the single-ion v~ues and their 
i ' . 

implications have been made. The solvent properties are then dis

cusseQ., stre-ssing the importance of. such work. 

In Chapter II the. different .experimental techniques for 

obtaining the results presented in the dissertation have been 

described. 

" 

Chapter III .entails the studies on the solubilities of same · 

·alkali metal salt::;~ tetraphenylarsonium chloride and tetraphenyl-
. 0 

phosphonium bromide. in ·pc at 25 c •. Most of the alkali metal halides 

barring a few are scarcely soluble in PC and thus. the more conven

tional methods like co;nductoometry and viscometry can hardly be 

applied to understand the ion-solvent interactions of these electro

lytes in this solvent medium. Solubilities for these· salts have 

been measured by us:.i.og ion selective electrode technique ahd the· 

corresponding free energies of solution: have been determined. 

combination of these values with those in water has resulted-the 

free energies .of transfer· of the electrolytes f.rom water to PC. 
I • r ' ' 

,• . ' 

. Transfer activity coefficients or medium effects nave also be.en 
.. 

computed 'frorn their s·olubiJ ity products in water and in. the non-
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i .· (VI) 

aqueous solvent. Single ion transfer functions have been evaluated 

by making use of extrathermodynamic ·assumptions involving 11 ~eference 

electrolyte11 method~ 

Chapter IV comprises two parts.· Part A describes the visco-

ij sities of some tetraalkylammonium bromides in propylene carbonate 

at different tempera~ures. Viscosity data have been analysed by the 

,, 

•;; 
'; 

25 Jones~Dole equation for unassociated electrolyte~ • Single ion 

ValUeS . haVe been estimated by USing the II reference electrOlyte II 

method. In Part B, the condu9tance ~asure.ments ~ave been reported 

for the tetraalJcYl~onium bromides in PC at 25°c. ·conductance· d-ata 

have been analysed by the~ 1978 Fuoss conductance equatfon26 • ·sing~e. 

ion equivalent conductances at infinite dilution have been evaluated 

by using the' 11 reference electrolyte" method. 

Chapter v des'cr;ibes the determination of vi.scosi ties and 

electrical conduct~ces of some tetraphenyl salts in PC. Viscosities 
0 ' . 

ha"'Te been measured at 25, · 35 and 45 c and the B coefficients have 

been calculated. Conductance data have been cm.alysed ·by the Fuoss 
. 26 . 

conductance equation · • Single i.on values have. also been evaluated. 

Re'sults are discussed in terms of the interactions of the ions with 

the· solvent medium. 

Excess molar volumes evE), excess viscosities ( 'l,E) and 

excess molar free energies of activation of flow (G~E) have_been 

I . 
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(VII) 

determined for four sets. of binary mixtures of propylene carbonate. 

with methanol. 2-methoxy ethanoli 1,2-dimethaxyethane and tetra

hydrofuran at 25~ 35 and 45°C ~d the results·has been described 

in Chapter' VI. The excess functions have been discu:i!sed from the 

view point of intermolecular interactiOns. The proper understanding 
. . . 

of these interactions would enable 'lS to extract useful information 

from the studies of ion~solvent interactions of electro~ytes in 

these solvent mixtures. 

Chapter VII describes the studies on the electrical conduc

tances of some tetraalkylammonium br<:>mides, R4:NBr (R. = Me t,o Hep) .• 

NaBPh4 and Bu4NBPh4 in PC .+ methanol. mixtures . at 25°c. The data 

have been analysed and' the characteristic p~ameters, 1\.0 , ~ ~d 

Walden products have been evaluated. The ·single ion conductances 

have l:>een (determin-ed using the "reference electrolyte" method. 

Results have been discussed in terms of the structural changes of 

the solvent mixtur.es. 

In Chapter VIII infra-red and Laser-Raman spect:roscopic 

measurements have been reported tor some al1:aline earth metal 

perchlorates in PC. The results have been interpre~ed in terms of 

'ion.:.solvent interactions with the PC molecules. 

The dissertation ends with some concluding remarks in 

Chapter IX. 
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I· 
' 

INT nODUCT If!i 

The majority of reactions that are of chemical or biological 

interest occur in solut'ion. It was previvusly believed that solvent 

merely provides' an inert ·medium for chemical reactions.- The signi-

ficance of solute-solvent interaction.s was .real-ised only recently 
I 

as a :r·esult of extensive studies in aqueous, non-aqueous and mixed 

. 1-10 solvents o 

·water· i.s 'the most abundant solvent in nature. In view of its 

extreme importance in chemistry, biology, agriculture, geology etc., 

water has been exte~sively used in kinetic and equilibrium studie..s. 

In. spite of such extensive studi:es, -our knowledge of molecular 

interactions in. water is still limited. More.over, the uniqueness 

of water as a solvemt has :Peen questioned11"12 in recent years and 

1j it has be·en 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 compl~cated pheno-
. 1-io 

mena · • 

Extensive studies on the. physical propert:i~as of· different 

solvent systems have been m_ade but a lamentable gap still exists. 

sever·a.l classificc=1tions of organic solvents based on their dielectric 

const~ts, organic group .types, ·acid~base :properties or association 

· b · d' ~o- d. t · t' 13 h d d 'through hydrog~n- o~ ~n~ , . on or- accep or prope_r ~e~ , ar an 

soft acid-base principles14 ·etc~ have been made; the properties ·of 
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2 

different s,olvent systems show a wide divergence·of properties which 

would naturally be reflected on the thermodynamic and transport 

properties of electrolytes and non-electrolytes in these solvents. 

The determination of thermodynamic and transport properties of 

different ele~trolytes in various ·solvents would thus provide an 

important step in thi·s direction. Naturally,. ii.·1 the development of 

theories dealing with electrolyte solutions, much attention has been 

paid to ion-solvent i~teractions which are the 11 contrclling forces 11 

in infin~tely dilute solutions where ion-ion interactions are absent. 

Ion-solvent {broadly . speaking solute-solvent) interactions manifest 

thems~lves in all ther}'nodyn.amic ~d transport propertie~ of electro

lyte~ generally obtaLried by extrapolat.ion to infinite dilution. By 

separating thes~ functions 'into ionic contribqt.ioris·, i't: is' possible 

to determine the .contributions due. to cat:ion's and anions in the 

s.olute-.solvent~ .interactions., Thus ion-solvent (or sblute...;solvent) 

:' inte.rd.ctions play· very important role in understanding. the physico
! 

chemiC(9.1 .propertie$ Of solutions. 

one of the reasons for the intricacies in solut.ion chemistry 

is that the structure of the solvent molecule is not JmoWn.' with 

certainty. The introdu~tion of an ion or solute modifies the solvent 

structure to an uncertain magnitude whereas the· so~ute molecules 

are· e.lso modified and the interplay of forces like solute-tiolute, 

solute-solvent and solvent-solvent interactions becomes predominant 

though the isolated picture of· any of them is still not known com

pletely to the so,lution .chemists. 
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The problem of ion-solvent inte.ractions whicQ: is closely 

akiD to ionic solvation can be studied from. different· angles using 

aln.fost all the available physico-chemical techniques. 

Ion-solv'emt interc;~-c:tioh can .be studie¢i spectroscopically 

iwhere. spectral solvent shifts· or the chemical shifts determin·e their 

qualitative ·and quan:titative na·tu.r:e. But even qualitative and quan

titative apport~oning of the ion-solvent interactions into the 

' vai:'ious pos.sible factors. is still an uphill tas.k. 

The ion-solvent ·interactions can also be studied·from the 
' . . 

thermodynamic point. of view where the changes in free energy, 

enthalpy and entropy associ·ated with a particular reaction can be 

qualitatively and quantitatively evaluated (using various physico

chemical techniques) from which conclusiuns regarding tne f C'l.Ctors 

associated with th'e ion-s'olvent interactions can be worked out. 

sometimes, higher derivatives of the~>e properties (e. g. partial 

molal volume, compressibi,lity etc.) have been int.erpreted more 
' 

effectively in terms of molecular interactions. • 

·Similarly, the ion-so'lvent interactions can be studied nsing 

salvational approacl1es involving the studies of different properties 

e.g. viscosity, conductance etc. of.electrolytes and hence to 

derive the various factors associated with ionic solvat·ion. 

we shall particularly dwell upon the different aspects of 

transport and thermodynamic properties as the present dissertation 
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is intimately related to the studies of solubilities and· free . 

. enez::gles· of transfer~ viscosities, conductances an.d spectro~copic. 

P.roperties ·of t~·traalkylammonium anq tetraphenyl and some common '. . - . . .. 
~alts in th~ dipol~ aprotic solvent, pr~pylene cqrbonate (PC) and 

in its binary mixtur~s with methanol. 

Solubilities and free energies of solutisg 

Precise and accurate solubility data .have diverse applications 

in different branches ~f science.and technology15 , 16• And solubility 

measurement is one of the most direct and accurate technique for the 

determination of ion-solvent interactions of electrolytes in different 

solvent media·. Knowledge of solubility data for the salts in 

different solvents x:eveal the suitability of the solven~s as reac

tion media for ·the concerned electrolytes. Chemical equilibriu~ 

and reaction kinetics might change drastically with the change in 

solvent and this phenomenon is reflected among other factors on the 
I 

comparative solubilities of the reactants in different media. Some 

very useful ther~odynarnic properties like free energies of. solution, 

free energies of solvation etc. can be evaluated directly from the 

measured solubilities of the electrolytes in sol~nts. Again. the 

free energies of solution of an electrolyte in different solvent 

systems he.lps one to understand whether the transfer process from 

one solvent to another is favourable or not. Further, the free energy 

of transfer of an electrolyte from one solvent to another provides 

a quantitative meas-q.rernent of solute-solvent and ion-solvent interac

tions. This method. is particularly of paramount .i,mpor:tance and very 
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useful for the cases when the solubilities of the electrolytes under 
I . 

_investigation in a solvent are laW enough so that the other methods 

like conductometry .and viscometry can not be applied to study the . ' . 

ion.:.solvent interacti.ons. In the last few decades, many scientists 

all over the-world have used solubility measurement as their.experi~ 

mental tool to understand the solution properties of the electrolytes 

17-22 ' 
in different solvent media • 

Th~ relative solubilities of· electrolytes in protic and 

dipolar aprotic solvents and ·their binary mixtures are influenced 

by the ~xtent of solvation of the ions, solvent-s.olvent interactions 
' . 

. and other specific properties such as volu.rite energy. solubility 

. products and dissociation .constants of sal~s. in n9'n-aqU.eous solvents. 

c·an give insight~· into ionic· solvation. It is b.orma'Ily found that 

solubilities of salts are not siiijple. functions of, dielectric cons

tan.ts .of the solvents but depe~d more· Ori specific interactions •. 

Accordi~g to bo.sic · princ·~ples of thermodynamics, when a solute is 

.in equilibrium wi~h 'its i,ons, .6<3 becomes· equal to zero and the 

··standard free ener<fJY of. solut;.ion is given by 

where Ksp is the equilibrium constant for· the reaction 

MX -· .-;--

(1) 
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I 

Thus, K
5

p is the solubility product or the solubility in case of 

uncharged molecules. , 

6 

Truely speaking, Ksp is the: activity .. product and it· is 

simply not possi,ble to measure activity unl€~s some approximations 
. ' . 

are made. Two approaches are most widely tiseq t·o evaluate activity 

c~efficients of the ions. one is· the api;>licat1or1 of D~by-Huckel 

23 
exp~es.sion of mean ionic activity co-efficient and the second 

. 24 
approach is the: introduction of Davies equation • 

upon introduct.:i,.on .·of Deby..;.Huckel expressp:>n23 for the mean 

activity coefficients into eqn.. (1} one obtains. 

where d
0 

is the density of the solvent, S~ is the Deby-Huckel 

limiting slope, ~ is ·the number of ions, 2) and :i> are the number 
. + -

of positive and negative ions respectively and the other terms have 

their usual significance. 

Equation (2) is applied to the data to pbtain standard free 

. energies of solution and these are combined with the reported free 

. 25 . 
. energies of formation of the respective crystalline salts to 

obtain the corresponding standard free energies of formation for 



the electrolytes26
o 

Iil solubility method, the dissociation. constant for the 

reaction (say, e.g. dissociation of ari acid) 

can be written as 

K= 

K 

7 

{3) 

(4) 

where [C]T is the total concentration of HA and CH+ is the con

centration of H+ ions in the saturated experimental solutions 

determined exper im~ntally (pH-metrically). The me an molar activity 

coefficient, ·1± , of the ions at different concentrations in 

aqueous and mixed solvents can also be determined using Davies 

t
. 24 . equa ~on : 

(5) 

Values of 1± thus obtained are generally used to calculate.the 

dissociation constant by applying eqn. (4) and finally the free 

energy of solution by using eqn. (1), where the solubility product 

is simply replaced by the dissociation constant term. 
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Standard enthalpy of solution. can also be obtained from the 

solubility data, if available, for an electrolyte in a solvent at 

different temperatures, by using the following.relation 

@ ln K58J 
\ dT 7P . . 

6. H
0 

soln 

R\2. 
(6) 

I t· is assumed that ·standard free f 1 t · " H0 is' energy· o . so u ~on, u soln' 

constant. over a moder:ate tempe,ratuL·e rElri;ge and thus ·the above 

. · equation upon integration becomes 

log K sp AH:oln 

R ln 10 
(~)+A (7) 

where A is the integration constanto b.H~oln is actually obtained 

-1 from the slope of a plot of log K vs T • sp 

Parker and his co-workers 27 have made extensive studies on 

solubility in some anhydrous solvents. Th~y have reported the 

solubility products and dissociation constants of some alkali 

metal and silver salts in a variety ·of solvents like water, methanol, 

formamide, dimethylformamide, dimethylsulfoxide, acetonitrile and 

hexamethylphosphoramide. solubilities were obt·ained in this study 

using a variety of techniques including potentiometric titrations, 

spectrophotometry, gravimetric analysis and atomic absorption mea-

surements. Fairly extensive solubility measurements have been made 



in different solvents by a number of workers during the las~ few 

17-23,26 years • 

standard free energy of solvatiqn for an electrolyte as a 

whole in a sGlvent is obtained by substracting the free energy of 

9 

formation of the pair of gaseous ions i.e.. the lattice energy from 

the standard fiee energy of solution: 

0 
/1Glatt. (8) 

'i'he sum total of all the solute-solvent.·interactions is reflected 

0 
quanti~atively on the solvation energy, · 6Gsolv of the dissolved 

substance. To have an idea about ionic solvation exclusively, ionic 

solvation energy is to be calculated and this can.• t be measured 

straight way from experimental appro·ach. A modified Born equation 

was proposed by Latimer, Pitzer and Slansky28 to calculate the 

standard free energies of ~olvatiop of single ions: 

6.G~o1v 
2 (9) 

where z1 and r i are the .charge al?-d radius o:f. the ion respectively 

and the other terms have their usual sig~if.icance. ·The. same equation 
2·3 ' ! •• 

has been used ·by ~riss and his co-worker for the determination 

of. solvation en·ergies in dime~hylformamide. 
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Free energies of· tr~_!£~· and medium eff~ 

Differe~ces between free energies, enthalpies and entropies 

of a solute in two solvents are known as thermodyn&uic transfer 

functions. From these thermodynamic ·transfer properti-es of electro-

lytes and ions, one can predict the values of rate constants and 

equilibria and also can express activities and electrode potentials 

in different media on a single, solvent-inO.ependent scale. Moreover, 

values of the free energies, enthalpies and entrapies of transfer 

from one reference solvent to ~other provide a wealth of information 

on the energetics and mechanisms of solute-solvent and solvent

solvent interactions26 • These value~ also focus some light on the 

structure of the solvents and their solutions. 

The standard free energy of transfer, llG~ (i) or simply the 

transfer free energy for the solute i from one reference solvent 

to a given non-aqueous· solvent is expressed in general, as the 

difference bet\"leen ·.partial molal free energies .. of that solute (i) 

in its reference and non-aqueous standard states: 

G~ =· RT ln -'. w .• m ·r1. (10) 

.And the corresponding· activity coefficient,;,~ , is known as 'the 

transfer activity· coefficient or medium effect. of the solute i 

between the two solvents. Normally wate.; is taken as t.he referenc ~-

·solvent (subscript w) from.which a solute is transferr~d to a given 
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solvent (subscript S). It should also be noted that since 

is a property of tw'o ide.al solutions (where ions are infinitely 

apart), it is.determined solely by the nature of the solute and the 

two s·olvents and for a given temperature and pressure it is constanto 

mY 1 is also- independent of concentration or of the other substances 

present in solution. In practice, m ,J1 is a measure of the difference 

between the solute-solvent interactions only in the tv-;o (ideal) 

standard states with· solute-solute in·teractions eliminated . 

. The partial molal free energy of a ·solute species in a 

saturated solution ~d in'the solid in equilibrium with :che solution 

are equal. so, naturally when. the saturated solutions o£ a solute 

in different solve~ts are in equilibrium with 'the, same solid phase 
'. 

their free energie.s are also equal. For a saturated aqueous so2.ution 

of solute i 

+ RT ln a. '(satd.) 
w ~ 

and for the non-aqueous satur3.ted solution of. the same ·solute 

i at the same temperature and pressure 

G
-o ·nm 

1 
a. (satd.) 

s 1+r;. ..... ns~ 

(11) 

(12) 

Thus from eqns (11) and (12), since Gi is the same in both equation, 

( 13) 
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For an electrolyte, tne activity in saturated solution is equivalent 

to the soltibil~ty or ion-activity product, Ksp• rt is also a very 

cqmrnon practice to calculate m-Y values in logarithmic form as 

log m.J (electrolyte. ) == p ( sKsp) ~. p ( wKsp) (14) 

Thus, for any symmetrical electrolyte 

log m -6 '·(eiectrolyte:) = log nd! = log m 1-+ + logrn ~-

(15) 

.when standa?.:"d transfer free energies rather than the act·ivJty 
; . 

coeffic.ients are desired, the fol_l_owi.n.g equation is used 

= ·<~Go ) s soln ·. ( .6.'Go . ) 
w soln (16) 

. For mpst :puq:ioses transfer free energies and ·transfer 

activity coefficients· are· sufficient enough bu"t:- however additional 

information can be obtained from a consideration of the enthalpies, 
. 0 

and the eP..tropies, ~ st of transfer. The normal thermodynamic 

· relationship between these funct.ions holcS.s for their transfer pro-

perties also: 

(17) 



In order to have .a bE9tter. insight into the ion-solvent 

! interactions, the single ion values of thermodynarr.ic transfer 

functions are neede~. The transfer activity coefficient of an 

electrolyte can be written. as the sum ·of the. individual ionic 

transfer act.;lvity ·coeffi'cients. so, for an electrolyte MX,. in 

general, 

13' 

(18) 

The a¢iditivi·ty rule also make·s it possible to measure the transfer 

activity coefficients for those f:!lectrolytes for which accurate 

Ksp values can not be determined 'directly in one or both of the 

two solvents owing to poor solubilit; or some other reasons. For 

example, the transfer activity coefficient for tetraphenylarsonium 

te~raphe~ylborate, which is sparingly soluble in water can be 

'obtairied from those of Ph4AsPi , KBPh4 and KPi (Pi = J:)icrate) for 

example by using the following equation 

(19)' 

Once the value of either .LlG~ or log m ~ for an ion in solution 

II is known· the other can be c~lcul2ted easily by using the relation, 

11 G-to J -1 5o u = 1.364 log m7 in k cal mol at 2 c. 

\" 
' 
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_The.nnodyna.miC transfer properties of single ions in aqueous 

and different non-aqueous solvents have been presented by a number 

- 'f . ke 23,26,27,29-33 d f b' b o wor rs · • 1m. one o - the ~ggest pro lems faced by 

the solution chemists is the derivation of single ion values of. 

different th~rmodynamic and transport properties which can hardly 

be measured directl:Y• The single ion values on the other. hand are 

1 extremely impor:t.ant since it is the ion-solvent. interaction involving 

:an.l,ons and cations and -the solvent molecules· that bring about. changes 

· in rate processes, chemical equilibria _and structural modifications 

with the change in solvents. To overcome this problem some models 

and assumptions are-needed. Several extratherm~dynamic assumptions 

have been prOposed .~or the determination of the ionic transfer free 
. ' 

energies and activity coefficients •. Popovych3 ~a) and Kirn34b) 

have made excel·lent reviews in this field. Here, we are attempting 

to present a_very concise and brief picture·o+ the development of 

'i single-ion thermodynamics. 

· · · ~(;0 of an electrolyte or an ion is ·che differ~nce in· its . t 

solvation energies -between two splvents of which -one is usually 

water (the refe:r:ence solvent). solvation energy of an ion in a . . . 

solvent is actually composed· of electrostatic;:, non-electrostatic 

and. specific chemical interactions betwee~ the ion and the solven.t. 
. . . 

N_on..-electrostatic· interaction c~rises of ion.:.dipole, . ibn-

quadrupole, ion:-indu.ced dipole ~d dispersion energy tenns. Specific 
' ' . . 

interactions ~e actual.iy due to sharing of electrons (e. g. H

bonding) between ·ions and solvent molecules. Calculation of all 

these energy terms is not an easy one. Major problem. lieswith our 
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insufficient knowledge_ about the struc:::tures of nap-aqueous solvents 

and their solvation sh·:lls aroun'd an ion including the magnitude of 

· the. various electrical and distance parameters required for the 

calculation. 

using Born rnode135, the transfer free energy of an ion can 

be represented as 

-~Go= 
N z2. e·:z. t '1 in k cal mo1--1 

t. 2.r RT T-T s w 

·120) 

166 l~ -w; ] in h cal mo1-1 
.. 

r 
(21) ' 

i where ·r is the 'radius' in Angstroms and i and wf are the dielectric 

constants of. the non·7'aciueous sqlvent and wat'er (or the reference 

solvent) respectively.; Transfer activity coeffic.ient, log 

thus easily be obta.:lned from 11 -o value (u3ing 11-o can Gt G· = t 
1. 3 6 4 .log rn ~ i ·at 0 ) . Ih this model; ion is taken rigid 25 .c • 20 a 

sphere of radius r and- charge Ze and the solvent is assurred to be 
' ' 

a struc-t:-ureles~ continuum of uniform dielectric con·stant, E , 

corre-sponding to its bulk value. Although Born model is the first 

ever scient~fic attempt to derive an expression for ion-solvent 

interaction energy and Born e·nergy of an ion constitutes the rnaj or 

portion of the solvation' energy of an ion, true picture around an 

ionic species in a solvent is something ciifferent and many other 

interaction terms are to be evaluated. This factor generated further 

11%044• 
-~ ' l: p ~\ ·1 ~t~s 
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interest among the solution chemists. 

Strehlow ~ ~ 36 
and Coetzee and his co·-workers37 have also 

used B.orn equa~ion to derive the values of .6G~ by adjusting the 

i.onic radii ·of Born: equat.ion. At first .Bjerrum ~d .Larsson38 and 

h 
. ·32,39 . 

t en· .Parker and his assoc.iates made some attempts to measure 

· transfer· activity coe'ff;Lcient.~ of· single ions f_rom emf studies by 

using apPropr.:J,ate sillt bridge technique so that the liquid junction 
'' 

potential could be neglected. In the sixti~s, .extrapolation method 
_,-o 

for the estimation of uGt values for single ions wele attempted 

by Izmaylov40, Feakins and his co-workers 41 and also by Deligny 

and Alfenaar42 • Izmaylo-.r assumed. ionic solvati~n to be solely 

elec·i:.rostatic in nature but the .other groups of scientists have 

taken into account both electrostatic and non-electrostatic contri~· 

butions. In this method, experimentally measured solvation energies 

were plotted as ftinctions of L"lverse of ionic radius.- Deligny 

et al43 , 44 .further modified the extrapolation method by applying 

ion-quadrupole theory of solvation. 

"Reference electrolyte11 method seems to be far more advanced 

.over ·all the previous assumptions and techniques, applied to evaluate 

single ion thermodrnamic transfer properties. In this method,· the 

transfer free energy of a 1:1 electrolyte composed of large ions 

that are. very nearly equal in size· and structure is divided equally 

between the anion and the cation. And the PlOst widely used reference 

electroly~e. for the determination of single ion thermodynamic 

1
1 transfer properties is tetraphenylarsonium tetraphenylborate 
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{Ph4AsBPh4i32 ' 39 ' 45- 4~. Here, it is assumed that for any given pair 

of solvents, transfer properties of electrolytes can be divided 

equally into its ionic components i.e. . m YPh
4

As+ = m'J BPh~ ·or 

L1 G~ (Ph4As+) = 6G~ (BPh4 ). Another reference. electrolyte tetra-. 

phenylphosphonium tet~aphenylborate _(Ph4PBPh4 ) 45, 48, 49 was also 

tested. and found to be equivalent to Ph4AsBPh4·: assumption48• In 
. . so . . 

fact, M~cus believ:es that the use of Ph4P~Ph4 as reference 

.electrolyte would be. more logical since Ph4P+ ion ·,is near.ly of the 

same size as that·. of the anion BPh4 _th~ugh. Kim34b) has suggested 

that Ph4ABBPh4 is the best o{ all the reported-· .reference electro

ly.tes •. Here,. we ha~e used both .Ph4AsBPh4 and Ph4l?BPh4 as the 

- reference elec'troly'tes and hence ~pplied the following relation-

ships· in order to calculate the. single ion 'values 

' 
..6.G~ (P.h

4
As+) = ~G~- (BPh~ ) (22) 

and 
~Go 

t 
(~h-4P+) =b3~ (BPh4 j (23) 

viscosity is one .of the most important transport properties 

·used. for the determination of ion-solvent interactivns and it has 

b t d . d t . .1 51 , 52 v. . t . t th od . een s u ~e ex ens~ve y •. ~scos~. y l.S no a erm ynam~c 

quantity, but viscosity of an electrolyte solution together with 

the thermodynamic property, v 2, the partial molal volume gives much 

information and insight regarding ion-solvent interactions and the 
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structures of electrolytic solutiqns. The viscosity relationships 

of electrol~ic solutions .are h.ighly complicated. There are strong 

electrical forces betw:een the ions and the s.olveJ;J.t, and the separa-:

.ti.on of.these forces is not really.possible. But from carefui 

analysis, valid conclusion can be drawn rega.r·ding the structure and 

nature of solvai;.ibn. 

The first systematic measurement of visco~;i ties of a number 

of electrolyte solutions over a wide concentration range was attemp-

d b . .. . 53 90 d d te y Grune~sen in 1 s. He note non··linearity an negative 

curvature in the vi·scosity-concentration curves (irrespective of 

low or high concentrations). In 1929,. Jones and Dole54 suggested 

an empirical equation (24), quantitatively correlating the relative 

vi~cosities ( ~,.) of the electrolytes with mol~ concentration, C: 

(24) 

The equation reduces_ to· 

(~:ze- 1) I ~c~ = A.+ Be~ (25) 

where A and B are constants specific to ion-ion and ion-solvent 

interacti~ns respectively. The equati·on is applicable· equally to 

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

association and has been used extensively. T~e term Ac~, orig~rtally 
ascribed to Grlineisen. effect, arose from ~he long range coulombic 

forces ·between the ions. The. significance .. of the ,term had since then 
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been re p.lized due to. the deve_lopmen t of Debye-Hucke 1 theory55 of 

· interion.:!.c attractions (1923), Fa1kenhagen•s 56- 58 theoretical 
. . 

ca+culation of the. cons.tant • A1 , using. the equilibrium theory and 

_the theory of irr~versible.p~ocesses in _electrolytes de:,eloped by 
. . 59 

Onsager and F.uoss •· The ·A c~effic_ient depends on the ion-ion 

interactions and can be calculated from the physical properties of 

the so,;I.vent and solution using the Fa1kenhagen_.Vernon equ.ation 58 

(26) 

Where 1\ I A0

-t- and ).
0

_ are the limi-f:ing· CondUCtances Oi the electrolyte 1 

cation and anion respectively at temperature T; E: and '1o are the 

dielectric constant and viscosity of the solvent respectively. For 

most solutions, bo~h aqueous and non-aqueous, the-equation is valid 
. . 

upto 0.1 MSl, 60. At higher concentrations, the extended Jones~Dole 
" ~quation (24) involving an additional constant _D, originally used 

b • ky61 h b d b 1 1r 62,63 y Kam~ns , as een use y severa . worJ\.ers ., 

(27) 

The constant D con not be evaluated. properly and the significance 

of the constant. is also not always meaningful and, therefore, the 

equation (24) is u'sed by most of the workers. 

The plots of ( ~r - .1)/c~· against c~ for 'the electrolytes 

should give the value of A but in general the values come out. to be 
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negative or considerable scatter or deviation from linearity 

~ccur60, 64165" Thus, instead of determin~ng the A-vulue.s from the 

plots or by least -squares method~ the A values are generally cal

culated using the Falkemhagen-Vernon equatiop (26). 

The B co-efficie:pt may be either positive or negative and 

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

[ · tioned by th~ ion-.size and the solvent ·and can not be calculated a 
,i 

priori. The B co-efficients are obtained as sl~pes of the straight 

lines using the least squures method and the intercepts being 

equal to the A-values. The factors which influence B-values are66 • 67-

(1) The effect of io'nic solvation '3Ild the action of the 

field of the ion in producing long range order, increases 

'Y} or B-values. 

(2) The destruction of the three dimensional st:ructure of 

solvent molecules (i.~. structure. brea}.ing effect or 

depolY"meriz at.ion effect) decreases 1'\ ...;valu~s. 

(3) High molal volume ·and low dielectric constant,, which 

yield ~igh B-values for similar solvents. 

(4). Requced B va.lues are obtained' when the primary solvation 

of ibns ·is steric·ally hindered· in high molal volume 

solvents· or ·if either ion o:: o binary electrolyte can not 

be specifically solvated. 

., 
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~ositie~~ higher concentrations: 

It has been found tl1at the viscosity values at high c.oncen-

trations (1M to satura-~ion) can be represented by the empirical 

~ormula suggested by Andrade68 

"l = A exp b/T (28) 

several alternative formulations have been prOposed for representing 

the results of viscosity measurements in the high concentration 

69-74 . 75 76 -
range and the equation suggested ··by Angel 1 based on an 

extension of the free ·volume theory of transport phenomena in 

liquids and fused salts to· ionic solutions is particularly note

i worthy. The equation is 

1/~ = A exp - [ -K1 /(N 0 - N)] (29) 

where N represents the concentration of the salt in eqv. litre-1 
1 

A. and K' are constants supposed to be independent of the salt com

position and N0 i~_the hypothetical concent~ation at which the 

system becomes glass. The ·equation was recast by Majumdar ~ al77- 79 

introducing the limiting condition that N~o, 1 ~ 1o, the viscosity 

of the pure solvent',. Thus we have 

1n J._ =. lnY) rel 
YJo 

(30) 
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};l:quation (30). predicts a straight line throt:1gh the origin for the 

plot Of in'l rel v~. N/(N
0
-N) ; . if a suitable choice 

Th;l.s equation has been tested by Majumdar~ ~77-79 
for N

0 
is made. 

using the data 
~ . ' 

from the literature .and from ~heir own experimenta~ results. The 

best· choice' £or N
0 

and K1 was selected by a trial and error. method. 

The set .of K1 and N
0 

which produce$ mi~imum deviation between 

.. ~ rel (expt) and .'YJ rel (the;:o) · was accept~d. 

In dilute solutions.- N << N
0 

and we have 

(3i) 

which is nothing but ·the. Jones-Dole equation with the ion-~olvent 

inter.action term represented as B = K1 /N2 • The agreement between 
0 

B values determined in this way and those obtained using the Jones-

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

Further, the equation (30) written in the form 

N = {32) 

ln~ rel K' 

closely resembles Vand's equation72 for fluidity (reciprocal of 

viscosity) 

2.sc = 1 .- Qc (33) 

2. 3 log~rel V. 



i,.;here c is the molar concentrc>:Lion of the solute ana· v is the 

effective rigid molar ·volurre of the salt and Q i's the interaction 

c<;)nstanto 

Division of B co-efficient into ion~alues 

The viscosity B co-efficients have been determined by a 

large number of wcrkers in aqueous., mixed and non-aqueous 

. 65 80-110 . . 
solvents • · • However, the H co-efficients as determined 
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experimentally, using Jones-Dole equation, do not give ~y impression 

regarding ion-solvent interactions unless there is some way to 

identify the separ~te contributions of cations and anions in ~he 

total solute-solvent interactions. The division of D values into 

ionic components is quite arbitrary and based on some approximation 

or assumptions, the. validity of wh.:Lch may be questioned. 

The following methods have been used for the division of 

B-values ·into ionic:. components. 

. . 111 
(1) Cox ana ·wolfenderi carried out the division on the 

. + . 
assumption that Bion values of Li . and ro3 in Liro3 are propor-

tional to the third power of the ionic mobilities. The ·method of 

1 1 2 d 1 f . k 61 . b d Gun1ey an a so o Karn~ns y ~s ase on 

= B 1-·c (in water) (34) 

The argument in f avoi.lr of this assignment is ba~ed on th-= fact that 

the B co-~fficient for KCl is very small and that the mobilities 
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of K+ and Cl- are very similar over the temperature range 15-45°c. 

The assignment is supported from other thermodynamic pr<~erties51 • 

N 1ghtingale
113 , however, prefer:n;d RbCl or cscl rather -than KCl 

from mobility consideratiqns. 

(2) The method suggested by Desnoyers anq Fe.:cron62 is based 

on the assumption that the ion Et4N+ in water is probably closest 

t,o being nei the'r structure breaker nor a structure maker. Thus they 

suggest that it i~'poss~ble to apply, with a high degree of accuracy, 
. i14 

Einstein's equation • 

B = 0.0025 V0 

and by hq.ving' an accurate value of· the partial molal volume of 

the ion v0
, it is p,~ssible to calculate the value. of 0~359 for 

0· 
BEt4N~· in water at 25·c. 

(3 5) 

· lOS · Recently, Sacco et al · proposed th13 widely used "reference 

electrolyte11 method •. Thus for tetraphenylphosphonium tetraphenyl-

borate in water,. we have 

B . -BPh· 4 
= (36) 
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Bph· PBPh 
·4 4 

(since Ph4PBPh4 is scarce:!.y soluble in water). has been 

obtained from 

+ - B = B NaBr Ph4PBPh4 
(37) 

~ 

The values obtai.ned are in good agreement with those obtained ~y 

other ~ethods. 

The criteria adopted fqr the separation of B co-efficients 

in non-aqueous solyents differ· from those generally used in. water •. 

However, the methods are based. on the· equality of equivalent con-

ductances of counter iqns at infinite dilution. Thus, (a) Criss 
. ' 

and ·Mastr~anni83 assumed BK+ = Bel- in methanol (based on equal 

mobilities· of i~s~15 ) •. They. also adopted B + = o. 25 as the 
' . ' . ~~ 

initial value, for acetonitrile solutions. 

(b) For acetonitri'le solutions, Tuan and Fuoss 116 proposed 

the equality 

B + 
.Bu~ 

(38) 

since they thought that thes·e ions have similar mobilit-ies. However, 

accordin·g to .Kay·_!:!: 21,117 , X 25 (Bu,4N+) = 61.4 and ~025 (Ph4B-) = 

58.3 in acetonitrile. 
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·(c) Gopal and Rastogi81 resolved the B co-efficients in 

N-methyl-propionarnide solut.ion assuming that 

(39) 

·at all temperatures. In di.methylsulphcixide, t.he divisions of·· 

B-coefficients .were carr-ied out by Yao and Bennion64 a::::surning 

(40) 

at all temperatures. Wide use.of this method has been made by other 

. 63 . 91 
authors for dimethylsulphoxide · , sulpholane , hexamethylphos-

photriamide95 ·and ethylet?-~ carbonate118 solutions. 

These methods, however, have been strongly criticized by 

119 
K~galz • According .to him, any method of resolu·tion based on 

! 

.the equality of equivalent conductance for certain ion suffers from 

the drawback. that.it is impossible to select 9DY two ion~ for which 

A: .· A0
_ in all sol~ents at proper temperatures. Thus, though 

A0 

(K+) =X (Cl-) at 25°c in methanol, but not i~ ethanol and. in 

other solvents. In addition, if the·mObilities of some ions are 

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

moderate concentrations for which the ~-coefficient values are 

calculated. Further, accordi.ng to him, equa,li ty of dimensions of 

(i~Pe) 3BuN+ or (i-AmJ3BuN+ and Ph4B- does not necessarily imply 

equa~i ty of B-c·oef~iCients of these ions and they ar.e likely to be 

solvent and ion-~tructure dependent. 
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Krurngalz
119

'
120 

has recently proposed a method for the 

resolution of B-coefficients. ·The rn~thod is b2.sed on the fact that 

the large tetraalkylammonium ions are not solvat;ed1211122 in 

organic solvents (in the normal sense involving significant electro-
-

static interaction). Thus, the ionic B values £or .large R
4
N+ ions 

(where R~ Bu) in orc;ranic solvents .are proportional to their ionic 

dimensions. Thus, we· have 

= a (41) 

where a = Bx- and· b is a constant dependent on temperature and 

solvent nature.· 

The ·ex:trapo+atiori ·of trre plot of ·BR NX (R > Pr or Bu) against 
4 

to zero cation dimension gives directly BX,;_. in the proper 

solvent from which other ionic B-values can ,be calculated. 

The ionic B values can also be calculated from the equations 

BR N+ BR*N+ · = BR NX 
..:. 

BR'NX 
4 4 4 4 

(42) 

and 

3 
BR N+ YR N+ 

4 4 
= 

BR.4,N+ 
. 3 

fR*N+ 
4 

(43) 

I 
The radii of the tetraalkylammonium ions have been calculated from 

t · the accurate conductance data
123

• 
I 
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Gill and Sharma106 used Bu4NBPh
4 

as a refere?.ce electrolyte. 

The .method of resolution of B i.s hased. on the assumption, like 

'Krumgalz •. that B1+4N+ ~d Ph4B- ions with large R-groups are not 

solvated in non-aqueous solvents and their dimensions· in such 

solvents are· constant. The. ionic radii of Bu
4
N+ (5. 00 ~) and of 

Ph4B- . (5. 35 R) have been, in fact, found to remain constant .in 

~ifferent non-aqueous and mixed non-aqueous solvents by Gill and 

co-workers. They proposed· the equati.ons 

8 Ph B-
4 ·-

B 
Bu4N+ 

and 

r3. 
Ph B-

4 

3 r BuN+ 
4 

B + Bu4N. 

= 
[ 

5.35 

5. 00 r (44) 

(45) 

The method requires only the B values of Bu 4NBPh4 and is 

·equally applicable to mixed non-aqueous solvents. The ionic B values 

obtained by this method agree well with those reported by Sacco 

et ~ in different organic solvents using the assumption: 

(46) 

'I Recently Lawrence and Sacc·o107 ' lOSa. used Bu4NBBu4 

(tetrabutylammonium tetrabutylb~rate) and Ph4PBPh 4 (tetraphenyl

phosphonium tetraphenylborate) as reference electrolytes because 

the cation and ariion in. each case are symmetric.ally sha,Ped and have 



. i 
almost equal van der waals v'olumes. Thus, we hav·e, 

_or. 

B (Bu~+) 

B (Bu
4
B- ). 

= ------

A Similar division can be made for Ph4PBPh4 system. 

29 

(47) 

(48) 

. 108b 
Recently, Lawrence ~ ~ . reported the viscosity measure-

ments-of tet.raalkylammonium br~mides in DMSO and HMP'l. The B-coeffi-

cients were plotted as functions of the van der waals volumes, 

stokes radii and formula weights of the cations, and the linear 

portions of the graphs were extrapolated to the zero value of each 

property. The intercepts thus obtained were compared with the ionic 
, 

B (Br~) value~ obtained using Bu4NB.Ph4 and Ph4PBPh 4 as reference 

salts. They concluded that the •reference sqlt' method i~ the best 

available method f.or the separation of viscosity B coefficients 

into ionic contributions. Their analysis is in agreement with the 

. · lOSe d 
conclusions made by-Thomson et ~ ' • 

Jenkins and.Pritcheit124 suggested a least square analytical 

technique to examine additivity re.lationship for combined ion 

thermodyn~ic data, to effe~t apportioning into single ion components 
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for alkali halides by employing Fajan 1 s ccmpetition principle125 

d I. 1· 1 t I f i 126 'I'h . • • 1 d d an vo cano p o s o MOr s . e pr~nc~p e was exten e to 

derive absolute single ion B-values for alkali metals and halides in 

water. They also observed that B(cs+) = B(I-) suggested by 

Krurngalz 121 to be more reliable· than B(K+) = B(Cl-) in aqueous 

solutions. However, we require more data to test thE validity of 

this method. 

It is apparent that most of these methods are based on 

certain approximations anq anomalous results may ,arise unless proper 

mathematical theory ·is developed to .calculate B values. 

Temperature dependence of Bion - values 

A regularity in the behaviour of B+ and dB+/dT has been 
-

observed both in aqueous and non-aqueous solvents and useful 

61 generalisations have been made by Kaminsky o He observed that 

(i) within· a ·group of the periodic t.al;>le, the Bion - values 

'decrease as the 'crystal ionic radii· i.ncrease. · 

(ii) within a group of periodic system; the temperature 
.. 

coefficient of Bion values increases as the ionic radius. increases. 

The results can be sullliTiarized a~ follows 

. qJ A and dA/dT · ) 0 (49) 

(ii) E!ion < o and dB100/dT > 0 (50) 
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qre characteristicsof structure breaking ions, and 

and dB i 00~dT < o (5~) 

qre characteristics of structure making ions. 

When .an .:i..on is surrounded by a solvation sheath, the proper-

ties of the solvent molecules within this sheath rn~y be different 

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

. 127 
in the • cosphere• model of Gurney , A, B, c zone of Frank and 

Wen128 and hydrated radius of. Nightinga,le113 • 

stokes and Mills 51 gave an analysis of the viscosity <ftata 

incorporating the basic ideas presented before. The viscosity of a 

dilute electrolyte solution .has been equated to the viscosity of I . 

the· solvent ( 1~) -plus the viscosity changes resulting from competi-

J tion between various effects occurring in the ionic neighbourhood. 
! 

il 

Th~s, 

(Jones-Dole equa·t.ion) 

~· i·s- the positive . increment in viscosity caused by coulombic 

interaction. Thus, 

(52) 

(5.3) 



il 
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B-coefficient. can thus be interpreted in terms of competitive 

viscosity effects • 

... ; .. 

Following stokes and Mills
51 

ar.d Krumgalz 119 we can write 

.Bi as· on 

Bion = B~inst + BOrient + B~tr 
~on ion · ~on 

+ B~einf 
~on . 

whereas according to Lawrence and sacco107 , 

Einst 

(54) 

(55). 

Bion . is the positive ·increment arising from the obstruction to 

the vi~cous flow of the s_olvent ca:used by the shape and size of : 

the 'ions (the term ~or responds ~~ -viE or Bs. h. · ) ,· .B1ori~nt is· the 
. · · · t .. ape , on 

positive increment arising from the align'rnent or structure-making 

action of the electric field of the ion on t~e dipoles of the 

A ''tr solvent molecules (the term corresponds to · ~ or Bord). B~ 
~on. 

is the negative incr~rnent relate¢.!. to the destruction of the solvent 

structure in the region .of. ionic c?sphere ·arising from the opposite 

tendenc'ies of the ion to orient the solvent molecules· around itself 
! l . . . . 

centrosymmetrically·and solvent to keep its own structure (this 

d t n D B ) BReinf , th . , t. . . . . . t 
correspon s o 1 or Disord • ion lS e pos~· lVe·lncremen 

conditioned by the effect of 1 reinforcement of the wc.ter structure' 

by large tetraalkylammonium ions due to hydrophobic hydration. The 
. . 

phenomenon is inherent in the intrinsic water structure and absent 
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' 

in org.anic solvents. Bw and BSolv account for viscosity increases 

~ttributed to the van der waals volume of the solvated ions. 

Thus, small and highly charged cations iike Li+ and Mg+2 

33 

form a firmly attached primary solvation sheath around these ions 

·(B~~st or ·~ E positive). 

Ions of intermediate size (e.g. K+ anq Cl-) have a close 

balance of viscous forces in their vicity, 

:e~~ent = B~: so that B is close to zero. 
I 

i.e., BEinst 
ion + 

Large molecular ions like tetr.aalkylammon.ium ions have large 

BEiionnst because of lar. ge size but B?rient and BStr would be small 
.:J.on . ion 

i e BEinst + Borient\'\ BStr and B value would b. e positive.· and 
• • ion . ion // ion 

large. The values wuuld be further ~einforced in water arising 

from BReinf due to hydrOphobic hydrations. 
ion 

The increase in temperature will have no effect on B~inst 
~on 

but the orientation of solvent ·molecules in the secondary layer· 

will be deere ased due ·to increasing thermal motion leading to 
. . . 

decre~se in B~: .• :ef~ent will decrease slowly with the increase 

in .·temperature as there w:lll be less competition. between the ionic 
' . . . '\ 

·field and the reduced solvent structure.· The positive or negative 

temperature coefficient will thus depend on the change of the 

relative magnitudes of BOrient and B~tr 
ion . ~on 
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It is clear that in case of structure-making ions, the ions 

. are fi.tmly surrounded by a solvation sheath and the secondary solvation 

z9ne will. be consider.ably ordered leading to an increase in B . . i~ 

and concomitan~ decrease in entropy of solvation and the mobility 

of ·ions. S:tructure-breaking ions8 onthe other hand, are not 

solvated to .a great .extent at:J.d the secondary solvation zone will be 

disordered leading to a dec~ease in Bian values and increase in 

entropy of solvation and the mobility of ions. Moreover, the 

temperature-induced change in viscosity of ions (or entrepy of 

-solvation or mobility of ions) would be more pronounced iq case of 

: smaller ions than in case· of, larger ions.· so there is a .clear 

correlation betwe.en ·the viscosity, entropy. of solvation and the 

mqbility of ions. Thus th~ ioriic B coefficien-t.;s and entropy .of 

solvation of ions have rightly been used as. probe's of ion-solvent 

interactions and a.s a direct i'ndication of structure-making and 

structure-breaking characters of ions. 

The linear plc:;>t of ionic ·B-coefficients against the ratios 

of. mobility-viscosity products at two temperatures (a. more sensitive 

vari~le than ionic mobility) by Gurney112, 127 clearly demonstrates 

a c.lose relatiori between ionic B-coefficients and ionic mobilities. 

Gurney also demonstrated a clear correlation between the 

molar entropy of solution values -with B-coefficients of salts. The 

ionic B values show a linear re~ationsh.ip \.,ith the partial molar 

ionic entropi.es of hydration s~· 
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(56) 

where S 0 
aq 

0 
- sref + ~s0 '. is the calculated sum of the rotational 

./ and translational entropies· of the gaseous .i6ns. Gurney obtained · 

a single lin~ar pl~t between ionic entrOpies and ionic B-coefficients 

for all monoatomic ~ons by equating the entropy of the hydrogen 

ion (S~ ) to -5.5 cal m~l-1 deg-1 • Asmu~129 used the .entropy of 

h d ti t 1 t ' i B 1 . d ' h.t· . 1 113 h d th t y. ra on o corre a:_e J.On c -va ues ail NJ.g J.nga e s owe a 

a ·single linear relat~onship can be obtained with·it for both mono-

atomic and polyatomic ions • 

. The correlatJon was utilised by Abraham· et a1130 to assign 
. ~ "13i, 132 

siagle ion B-coefficients so that a plot of !:::. .S f) the 
.1 .t t· ti . . 0 13! 132 

e ec ros a <:;:. entropy of solvat.J.on or D. si,II ' , the entropic 

contributions of the first and second solvation layers of ions against 

B values (t~en from the works .of Nightingale) ior both cations and 

anions lie on the same curve or line. There are excellent linear 

correlatio~s b~tw~en b. s~ and .6s~ , and the single ion B

coefficients. Both entrOpy criteria· (.6s~ . and .6 s~, II ) and Bion 

values indicate that in water the ions Li+, Na+, Ag+ and F-are 

+ - - - -net structure-rria}ters, the ions Rb , Cl , Br , I and c1o4 are 

. + r st1;:ucture breakers. and K is a border line case. t... In non-aqueous 

solvents e._g., formamide, methanol, N-methyl formamide, dimethyl 

forrnamide, dimethylsulfoxide, .acet_onitrile, all the above ions are 

structure-makers with the exception of v1eakly structure-breaking 

ion c104 in formamide and the border line cases of c104 in 

methanol and I- in formamide_7. 
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. . 
Thermo~amics of viscous ·flow 

. . 
Assuming viscous· flow as a rate process, the viscosity can 

be. rep·resen.ted by using the Eyring approach133 

where E i is the experimental energy of activation which is v s 
* . * * detiermined from the plot of log~ against 1/T. b..G; bH and b.s 
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.ore the free energy, enthalpy and entropy of activation respectively. 

The problem w.as dealt in a different way by Nightingale and 

Benck134 ~ho studied the therrnodynamiqs of viscous flow of salts 

and ions in aqu· eous solution. E . value can be determined using · v~s 

~ the Jones-Dole equ.ation neg~ecting the term .~c • Thus, . 

. d(l+Bc) 
d(1)T) 

AE*. can be interpreted as the increase oi decrease in the . v 

(58) 

(59) 

activation energies for viscous .flow for the pure solvents due to 

th·e presence of ions i.e., effective influence of the ions upon the 



37 

viscous flow of the solvent molecules. 

135 Feakins ~ ~ have suggested an alternative formulation 

based on the transition state treatment of the relative viscosity 

of the electrolytic .solutions. They .suggested the following expression 

B = 
vo 

1 

1000 
+ 

::0 
. v1 

1000' [ o=;: o ] ~~?.. -l:~~+ 

RT 

(60) 

. where VO 1 are the -partial molal voJ_umes of the solvent and 

·solute respectively;_ b._/..o* , is. the free energy of activation for 

' 133 
viscous flow per mole of the s-olvent which is given by . 

(61) 

. }AO:f; , 

end /).. / 2. . is the contribution per mole of solute to the free 

energy of activation for viscous flow of solution. 

The entropy ( ~&) and enthalpy ( bB) ·of 'activation of viscous 

flow for the so]_ventp ·;:md, i:;.he solutions (subscripts 1. and 2 res

pectively) can be calculated using the fol~owing.equations 

o:f: 

b.S2. (62) 

.and (63) 
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·Effects of shap~£_§~ 

This aspect has been dealt extensively by stokes and Mills51 • 

The ions in solution can be regarded as rigid spheres suspended in 

continuum. Th~ hydrodynamic treatment presented by Einstein114 leads 

to the equa"Cion 

'1/~o = 1 + 2. 5 ¢ (64) 

in case: of small fractions of spherical particles where ~ i·s the 

volume.fraction occGpied by the particles• 

. ' 

Modifications of the equation have be·en proposed by 

(i) Sinha136 on tn~ bp.sis, o~· departures. from· . .sph~rical shape and 

(ii) Vand72 on the basis of the dependence .of the· flow patternf? 
' . ' ' 

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 (part"ieularly polyvalent mohoatomic cations). Thus, 

we have from (24) arid {64) 

2.5 ~·;:::A-/C. +Be (65) 

sin<;::e the term A '\[C can be neglected in ·comparison with Be and 

~ = cvi where vi is the partial molal volume of the solu~e, we get 

2. 5 V. · = B 
~ 

(66) 
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In the ideal case, the B coefficient is a linear function of the 

solute partial.molal volume (Vi) with slope equal to 2.5. 

B 
-± 

can be equated to 

= 2. 5 X 4 TT 3 'l 1000 
(67) 

assuming that the ions beh~re like rigi0 spheres with an effective 

radii R+ moving in a continuum. R+ calculated using eq~ation (67) 
-

should be close to crystallographic radii or corrected stokes' radii 

if the ions are scarcely solvated ~1d behave as spherical entities. 

But R+ values of the ions, which are higher than the crystallographic 
-

radii indicate solvation. 

The number (n) of soJvent molecules bound to the ion in the 

primary solvation shell can be calculated by comparing the Jones

Dole equation with that of Einstein137 

= 2. 5 (Vi + nvs) 

"'""1000 
(68) 

where Vi the bare ion molar volume, Vs is the molar volume of the: 

solvent. 

104,110,137 
The above e~ation has been used by a number of workers 

to study the nature of solvation~ 
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Conductance 

Conductance mea~urement is one uf the most accurat9 arid 

widely used physical rnethocs for investigation of elect::-olytic 

.1 t' 138,139 h . b .. so u ~ons • T e measurements can e made in a variety of 

solvents· over wide ranges of temperature and pressure and in dilute 

solutjons where interionic interaction theories are not applicable. 

Fortunately for us, ~ccurate theories of electrolytic conductance 

are available to explain the results even upto a concen'.:.ration limit 

of Kd (~= Debye-Htickel lepgth, d =distance of closest approach of 

free ions). Recent ~evelopment of experimental techniques provides 

an accuracy to the extent of Oo 1% or even more. conductance measure-

ments together with transference number determin,atiuns provide an 

unequivolcal method of obtaining single-ion values. The chief limita-

tion, however, is the colligative like nature of the information 

obtained. 

since the conductome'lric method primarily depends on the 

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

dissociation constants of weak acids and association constants of 

electrolytes in aqueous, mixed and non-aqueous solvents. This method 

in conjunction with the viscosity measurements gives us much informa-

tion regarding the ion-ion and ion-sqlvent intercctivns. 

However, the choice and application of theoretical equations 

as well as equipments and experimental techniques are of great 

importance for obtaining an accurate information from such studies • 



These aspects have been described in details in a number of 

authoritative books and reviews138- 151 • 
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The studies un electrical cunductances were pursued vigorously 

both theore~ically end experimentally during the lc:,st fifty years 

and a number of important theoretical equations have been derived. 

We shall dwell briefly on some of these aspects a~d our discussion. 

will be limited to the studies in non-aqueous aP.d mixed solvents. 

Th~ successful application of the Debye-Huckel theory of 

interionic associations was made by Onsager152 in deriving the 

Kohlrausch• s ~quation 

1\ = !\ - s...rc (69) 

where 
(10) 

( Ze)2."" z~ '· oC. = II.. = 82·L,06 "104 ,-, 1!1. 
3 . f"f\) , ., " (c..r •)1':z. in mo1 z. (2+v ~ E--r k I c Yz. c 1 

(11) 

and I= = 82;;487 (72) 

~ = viscosity in Poise. 

The equation took no account for the short range interact.ions 

and .shape or size of the ions in solution. The ions were regarded as 
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rigid charged :;;phe;res in an electrostatic and hydrodynamic continuum 

1 153 t ' ( )154 i.e., the so vent • In he subsequent yeaL-s, Pitts 1953 and 

Fuoss and Gnsager (1957 )
1

.
43

•
155 

independently wcrked out the solution 

of the problem· of electrolytic conductance accounting for both long-

range and sh~rt-range interactions. 

However, the values obtained for the equivalent conductances 
153 

at infinite dilution using Fuoss-Onsager theory differed considerably 

from those obtained using Pitts theory and the derivation of the 

Fuoss-Onsager equation was questioned139 , 156• 157 • The observation 

f ' d b . . ' 158 Th . . . 1 F 0 t. was con ~rme y Fuuss-Hs~a • e or~gJ.n<l •• equa ~on was 

modified by Fuoss and Hsia158 who recalculated the relaxation field, 

retaining the terms which ha6 previously been. neglected. The equa-

139 tion usually employed is of the form 

c( /\~Vc 
1\ = 1\o ~ (1-t 1e a) (1 + 10 a /...fi) 

fd-.rc 
1-t lCa + G(ICa) (73) 

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

fied form 

1\ !\0 .r=. 1 J - 3/2 =' ,_ S-vc + Ec . Il c + . :1,. c"""' 2c (74) 

is generally employed in the analysis of experimental results. 
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However, it has been found that these equations have certain 

limitations and in some cases fail to fit the experimental data. 

Some of these results have been discussed elaoorat.ely by Fernandez-

p , i 13 9 # 15 91 16 Q . th • ' ( ) rm • Fur . er correct1on of equat1on 74 was ·made by 

Fuoss and Accascina143
• They took into consideration ·the change in 

the viscosity of the solutio:1s and assumed the validity of walden • s 

rule. The new equation is' 

A = !\ - s-JC + ~c ln c 

In most c ase$ 1 hc·~,e ver, J 2 is n1ade zero, but this leads to 

a systematic deviation of the experimental data from the theoret.ical 

equations. 

It has been observed that Pitt• s equation. gives better fit 

to the experimental datp in aqueous soluticns161 • 

Ion- association 

The equation (75) given above spccessfully represents the 

behaviour of completely dissociated electrolytes. The plot of A 

against ,JC. (limiting Onsager equation) is used to assign the diss o

ciation or association of electrolytes. Thus, if /\
0 

(experimental) 

is greater than Ao (theoretical) i.e., if oosit~ve deviations occur 

(ascribed to snort range hard-..core repulsive interaction between 

ions), the electrolyte may l:>e regarded as completely dissqciated but 

if negative devlation.s {1\" t < 1\ th ) or positive deviations exp eo 
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from the Onsager limitii1g tangent (oCAo + f3 ) occur, the electrolytes 

may be regarded to be associated. Here the electrostatic interac-

tions are large so as to cause assc~iation between cations and 

·anions. The. difference in 1\
0 

expt and 1\ theo would be considerable 

ith i i . t• 162 w. ncreas ng assoo~a ~o~ ·• 

Conductance measurements help us to determine the values of 

the ion-pair association cortstant KA for the process 

where 

and 

MA 

2 _\ 2 = (1 - c()/cl;_ c "a':t 

J' 2 ) 2 
q,. = 1 - c{ c KA "ll' ± 

(76) 

(7..7) 

(78) 

For strongly associated electrolytes; KA and /\o have been 

determined using Fuoss-Kraus equation163 or Shedlovsky 1 s equation164 

T (z) _ 1 + K,. X c -t; A 
1\ - IY (~)1 1(7.) 

(79) 

where T (z) = F (z) (Fuoss-Kraus) and 

1/T (z) = S (z) (Shedlovsky) 

F~) = 1 - Z (1-Z (1- Z (1- ..... )~ ,~ )~ (80) 

anc'l. . . . . ... . (81) 



./ The plot of 'i..' (Z)/ 1\ against c -t1: 2 
1\ /T (Z) .3houlc be a 

straight line having an intercept of 1//\0 and a slope of y ( 1\0 )
2 • 

w~en KA is large, . the,re will be considerable uncertainty in the 

determined values of 1\ and KA from equ'ition (79). The Fuoss-Hsia 

conductance equation for associated electrolytes is given by 

(82) 

This equation was modifi~d by Justicel65, The conductance of 

symmetrical electrolytes in dilute.solutions can be represented 

by the equations 

45 

(83) 

(84) 

ln it. ;::: ... Kq~ I (;1. + K~ ~·..c c ) (85) 

The conductance par·ameters are obtained from a least square treat-

ment after setting 

2· k R = q = e /2 E . T (86) 

(Bj errum' s critical distance) 
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According to Justice, the methoe of fixing the J coefficient 

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

obtained. Since the eqUation (83) is a series expansion truncated 

at.the c
3

/
2 

term, it would be preferable that the resulting error 

be absorbed as much as possible by J 2 rather th~n by.KA, whose 

thebretical importance is greater as it contains"the information 

c once nling short-range cation-,. ani on interaction. 

From the experimental values of the association constant KA, 

one can use two methods in order to determine the"distance of closest 

approach a 0 of two free ions to form qn ion-pair. The following 

equation has been proposed by Fuoss 
166 

(87) 

Ih some cases, the magnitude of KA was too small to permit a cal

culation of a 0
• The distance pararl1eter was finally determined fr·cm 

the more general equation due to Bjerrurnl 67 

(88). 

The equation neglE.cts specific short--range interactions 

except for solvation in which th~ solvated ion can be approximated 

by a hard sphere model. Th~ rnetnod has been successfuly utilised 

b h- t168 y Dou ere • 
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!£a=size parameter and ionic association --
The equation (75) can be written as 

(89) . 

(with J 2 term omitted) 

~us., a plot of 1\ v::r. C gives a straight line with /\
0 

as intercept 

and J 1 or (J - B /\0
) as slope •. Assuming BA to be negligible, a 0 

. 0 
values can_be calculated from J 1 • The a values obtained by this 

method in DMSO were much smalle.r162 than wc.uld be expected from the .. · 

sums of the crystallo9raphic radii of the ions. One of the reasons 

attributed to it is ion~solvent in~eractions which are not included 

.in t.he continuum. theor:y on which the conductance equations are based. 

The. inclusion of diel~ctric saturation results in an increase in 

. a 
0 

values (much in confonni ty with the crystallogrc..phic radii) of 

alkali metal salts (having ions of high charge density) in sulpholane. 

The viscosity correction· (which should be B 1\c rather than B Nc) leads 
·.169 

to a larger value of a 9 . , still the agreement. is poor. However, 
·til . 

little or real-physical significance may be ·attached to the distance 

of closest approach derived from J
170

• 

171 171 Fuoss in 1975 praposea a new conductance eqqation. He 

subsequently put forward another conductance equation in 1978. which 

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

tions in one of the three categories : (i) those which find an ion 

of opposite charge in the first shell of nearest neighbours {contact 
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pairs) with rij = a t (ii) those with overlapping Gurney c-J-spheres 

(solvent separated pairs); and (iii) t~ose which find no other 

unpaired ion in a surrounding sphere of radius R. where R is the 

' diameter of the co-sphere (unpaired ions). 

Thennal motion and forces establish a steady state, repre-

sented by the equilibria~ 

( + - . + 
A • • •••••. B ) ~ A B- ___,. AB 

~ 

solvent-separated contact pair 
pair · 

Neutral 
molecule 

Contact pairs of ionogens may rearrange to neutral molecules 

(90) 

e. g. and CH3coo- • Let ~ be fraction of solute 

present as unpaired (r > R) ions. The concentration of unpaired ion 
i 

is c.) • If oC. be the fraction of pa.ired ions (r ~ R), the concentra-

tion of solvent-separated pair is c (1 - ,_; ) (1 - oC. ) and that of 

contact pair is oC c (1 - oC. ). 

The equilibrium cvnstant for (90) are 

KR :: {1 - oC) (1 - Y )/c -i 2
£

2 (91) 

K = oC I ( 1 - cC ) = exp (-E /kT) = e E s s 
(92) 

where KR describes formation and separation of solvent-separated 

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

and can be calculated by ~ontinuurr, theory; K
5 

is the constant 
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describing the specific short-range ion~solvent and ion-ion 
I 
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interactions by which contact pairs form and dissociate; E is the 
s 

difference in energy between a pair ii+ the states (r = R) and 

(r =·a); f is Es measured in units of ki'. F.rom (92), 

1 - c( = 1/ (1 + K~) (93) 
.:> 

Substitution in (91) gives the canductometric pairing constant 

KA -- (1. - -' )c _\ 2£ 2 K I (1 _,..) K (1 ) o 3 = R ~ "'- - R + Ks (94) 

which dE!!termines the concentration c ~ of active ions, • active• 

in the sense that t: .ey produce the long-range ·interionic effects. 

The contact pairs behave like electrical dipoles to an external 

field x, contributing only tc charging currenta Both contact pairs 

and solvent-separated pairs are left as virtual dipoles by unpaired 

ions, their interaction with unpaired ions is therefore neglected 

in calculating lon~-range ~ffects. The vario.us patterns can be 

reproduced by theoretical functions of the form 

A~ p[S (1+AXjX:) -t Al\e) (95) 

. (96) 

where Rx and EL a+e relaxation ano hydrbdyn.gmic terms respectively. 

The quantity p is the fraction of solute which contributes to 

conductance current and is given.by 
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p = 1 - o( (1 - .; ) (97) 

In case of ionogens or for icnophores in solvents of low dielectric 
~ 

constant, oC is very near to unity ·(-E
5
/kT ~ 1) and the equation 

becomes 

'(98) 

The equilibrium constant for the effective reaction 

(99) 

bee ause K
8 
» 1 

The parameters and ·the va.J;:"iables ar.e related by the set of 

equatiqns 

~ = 1 - Kc ~ 2£
2 

(100) 

(101) 

(102) 

The details of the calculations are presented in t!l.e 1978 paper. 

The short ccmings ·of the previous equations have been rectified 

.) in the present set of equations which are more general than the 

previous equations and can be '4Sed in th~ higher concentration 

regions (0.1 N in aqueous solutions). 
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The limiting equivalent conductance of an electrolyte can 

l5e easily determined from the theoretical equations and experimental 

observations. At infinite dilution, the motion of an ion is limited 

solely by tile interactions with surrounding solvent molecules as the 

ions are infinitely apart. Under these conditions, the validity of 

Kohlrausch' s law o"' independent migration of ions is almost axiomatic. 

Thus 

0 '\0 '\0 
A .:.... /\;. -~ /\- (103) 

At present~ the limiting equi.valent conductance is the only function 

which can be divided into ionic components usinc;, experimen-tally 

determined transport number o~ ions, .i.e., 

~- :::; t_ (\0 

Thus from the accurate v~ues of t of ions, it is possible to 
+ -

(104) 

separate the contributions due to ~ations and anions in the solute

solvent interactions172 ~ HoweveJ;, accurate transference number 

determinations ere J,.imited to fe_w solvents only. Spiro173 and more 

174· recently Krumgalz - have made extensive reviews on this subject. 

In the absence of experiment-ally measured transference 
- . 

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

the limiting ionic equivalent conductances in organic ;::;olvents for 
I 
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which ex~erimental transference numbers are not yat available. 

The '.Tlethods have been summarized by Krumgal.z 174a) and some 

important points are mentioned be :i.<X-r: 

175 (i) .walden equation 

( Ao± )25 
acetone 1o acetone 

175,176 

X )25 = ( '! water 

(ii) X ~0 = o. 267 
·Pic · 

0 "() = o. 2$16 
XEt~+ lo 

} based on A Et N Pic= 
4 

(105) 

0.563 

(106) 

Walden considered the products to be ind~pe:ndent of ·tempera

ture and solvent. However, the 1\ Et NPic values used by walden 
4 . 

~ere f0und to differ consideraply from the data of subsequent more 

precise studies and the. yalues of (ii) are considerably different 

for different solvents. 

(107) 

(this equality holds good in nitrobenzene and its mixtures with 

cc14 but is not realized in methanol, acetonitrile and nitromethane). 

"\ 0 + '\0 
- 1 7 8 (iv) /\ 25 (Bu 4N ) = /\ 25 (Bu 4B ) 

1 

(108) 



The method appears to be $0lii'ld as the negative charge on boron 

in Bu4B- ion is completely shielded by four invert butyl groups 
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as in the Bu4N+ ion while this phenomenon was not observed in case 

of Ph
4
B-. But the methoe coule not be checked du~ to lack of accurate 

transference-data 

(109) 

where z and r
1 

are the charge an~ crystallographic radius of the 

proper ion; \_
0
and t 0 are the viscos{ty and dielectric constant of 

0 
the medium; ry is an adjustable parameter ta}~en equal to o. 85 A 

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

and other associated solvent~. 

However, large discrepancies were observed between the 

. ~ 17 4a) 17 4b) 
experimental and calculatea values • In a recent paper · 

Krumgalz examined G.ill' s approach more cr·i tic ally using conductance 

values in many solvents and found the method to oe reliable in 

three solvents e.g., 1-butanol, acetonitrile and nitramethane. 

rt has been found from transference measurements that the 

(110) 

).,0 

5 
(i-l>.m BuN+) and ).,

0 

25 
(Ph

4
B-) values differ from one another by 

2 3 . 

le Ol /\
0 

(i-Am B ... \l8l . 25 . 4 ,/ (111) 
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The equality is found to be true for various organic solvents. 

174a) 
Krurngalz suggested a method for determining the limiting 

ion conductances in .·ganic solvents or organic mixtures. The method 

is based on tne fact that the large tetraalkyl (aryl} onium ions 

are not solvated in organic solvents in the· kinetic sense due to 

the extremely weak electrostatic iriteractions between the solvent 

molecules and the large ions with low surface charge density. The 

phenomenon of non-solvation is confirmed by N. M. R. measurements 

and i::> utilised as a sui table model for appo..ctioning /\0 values 
! . . 

into ionic components for non-aqueous electrolytic solutions.· 

Considering th~ motion of a solvated ion in an electrostatic 

ffeld as a whole, it is po5sibl~ to ca.lculate the radius of the 

m·oving particle by the Stokes equation 

\ziF2 
(112) 

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

sticking) to 4. (in th~ cas~ o~ perfect slipping). 

since, the r values, the real dimension of the non-solvated s 

tetraalkyl (aryl) oniuro ions, must be constant, we have 
I 

A0

:!: 10 = Constan,t (113) 
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This relation has been verified using A~ values determined witq 

precise tran~ference_ numbers. The product becomes constant and 

independent of the chemical nature of the organic -solvents for the 

- + -i-·Am4B 1 Ph4As and Ph4B ~ons and for tetracil.kyla.rrmonitml .cations 

starting from Et4N+. The relationship can oe well utilised to 

determine Ao:t values of ions in other organic solven·ts from the 

determined /\. . values • 

we have used Bu4NBPh4 as the •reference ~lectrolyte•, but 

instead of equal division, we divided the Ao values using the 

method similar to that proposed by Krumgalz119 for division of 

B-values 

)~(Bu4N.+) -
5.35 

(114) 

~a(Ph4B-) 

The r values have been ~aken from the works of Gill et ~ 1821183 •· 

Though nothing can be said definitely regarding the accuracy 

of the method, some indirect evidences regarding the reliability 

of the values may be provided. The value of the ratio ').." (BPh4 )/ 

A0 (Bu4~l+) 
r(BPh~ ) 

becomes 1.06 if we choose r(Bu 4N+) = 3.85 ~ 
·° K l 119,184 = 4. 08 A as suggested by rurt"ga ~ • 

und 

Fuoss ~ ~185-188 assumed, from extensive measurements of 

R NBPh salts in various mixed organic solvents, that the limiting 4 4 . 
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transference number of Bu4N+ in Bu4NBPh4 is 0.519 and independent 

of the solvent (this is claimed to be valid within ± 1%). This gives 

1.079 for A0 

(Bu4N+) I X (Ph
4
B-) which is close to 1.07. 

. 188 
D 1 Ap~ano and Fuoss used Bu4NBPh4 to calculate singel-ion 

conductance in mixed organic solvents applying the relations 

'\0 + 
/\ (Bu4N ) = o. 213/1)

0 
and which means 

.::\e(Bu4N+) I A0 (Ph4l3-) = 1.06. 

Moreover, since the charge is equal to the number of ions, 

the equivalent conductances of these ions depend on their mobilities, 

. j the divisions may· be in terms of the reciprocal of their van der 

waals' volume i.e. 

A"(Bu
4
N+) 

·- = 
186.8 

= 1.04 (115) 

A(~h4B-) 179.1 

The van der waals volume have been taken from the works of Lawrence 

107 anP, Sacco • However, the ratio comes out to be slightly lower than 

the usual. 

In absence of accurate transference data in binary mixtures 

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

values and to test the ~alidity of equation (114), but the val~es 

calculated by this method appear to be correct in different organic 

or mixed organic solvents. However, in aqueous binary mixtures the 
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solvation pattern m·<F be different and the validity of this methoC 

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

said conclusively. 

Recently, Gill et a1
189 

proposed the following equation 

= (116) --------·--
5. 00 - (0. 01()3 Ea + ry ) 

·and the ratio is 1. 07 as used by us. 

§21yation number172 

If the limiting conduc~ance of the ion i of charge zi is 

known, the ~ffective radius o~ the solvated ion can easily be deter-

mined from the stokes• law. The volume of the solvation shell 1 Vs 

can be written as 

= 3 ) - r c (11 7) 

where, r ·is the crystallographic radius of the ion. The solvation 
c 

number, n , would then be obtained from s 

(118) 

Assuming stokes' relation to hold, tne ionic solvated volume should 

be obtainP.d, bee ause of packing effects190 , from 
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V
o 3 
5 

= 4.35 r
5 (119) 

when V
0 

is expressed in mol/~mole and r in an·gstroms. How.ever, s . s 

this method of determination of solvation numbers is not applicable 

to ions of medium si~e though a number of empericalS8,SJ,144 and 

theoretica)- CorrectionslSl-19_ 4 h b t d ave .een sugges e in order to apply 

it to most of the ions. 

The limiting conductance A0 
i of a spherical ion of radius 

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

according to Stokes• hydrodynamics, as 

= (120) 

where, ~o , the macroscopic viscosity of the solvent, is expressed 

in poise and Ri in angstroms, If the radius Ri is assumed to be 

the .. same in ever:y organic solvent, as would be the case of bulky 

organic ions, we get 

0.,819 \Zi\ 

Ri 
x.n 

1. (o = = constant (121) 

This is known as walden rule195• The effective radii obtained using 

this equation can be used to estimate the solvati·on numbers. The 

failure of the stokes• radii to give the effective size of the 

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

bility of stokes 1 law to molecular rnotion. 
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Robinson and Stokes144
, N ightingale113 and others196- 198 

I 

have suggested a method of correcting the radii. The tetraalkyl-

ammonium ions were assumed to be not soJvated and by plotting the 

Stokes• radii against the crystal radii of these large ions, a 

calibration curve was obtained for each solvent. This approach, 

hoWever, suffers from one serious fl~w. The basic assumption on 

which this approach +~st~ is that the Halden product is invariant 

. th t t ,;...:, . t ", lt 162 . . . t th t h. w~ · empera ure, ""'"""'per~rren !=1.!. resu · s ~nel~ca e a ~s assump-

tion is incor.cect and that the resu.lting solvation numbers obtained 

from t_his type of correction. to stokes• law· are meaningless. The 
. . 199 200,201 

idea of microscopic v~scos~ty was invoked withcut much success 

but it has been found that 

"'0. n"P = A .. 1 Constant (122) 

where pis usually 0.7 for alkali metal or halide ions and p = 1 

i 
202,203 

for the large ons • 

Attempts to explain the change in Stokes • . radius Ri have 

been made. The apparent incr8ase in the reaJ radius r has been 

attributed to ion-dipole :9olarisation and the effect of dielectric 

saturation on R. Fuoss204 noticed the depenaence of the Walden 

product, J\0 1o , on ~he dielectric constant and considered the 

effect of electrostatic forc~s on the hydrodynamics of the system. 

He proposed that the dielectric relaxati0n in the solvent caused by 

ion motion leads to excess frictional resistance. He proposed the 

·relation 
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= 
Fe \zi\ 

----------~~~------ (123) 

from which the classical stokes• radius, may be deriv8d as 

(124) 

where· R
00
is the hydrodynamic radius of the ion in a hypothetical 

medium of dielectric constant where all electrostatic forces vanisn 

arid A is an ef!lPirical constant. 

In ·1961, Boyd192 0ave the expre::;sion 

(125) 

considering the effect of dielec;::t.ric relaxation on ionic motion; 

tf is the r:ebye I:elax.ation time for the solvent diples. 

zwanzig193 treateq the ion as a rigid sphere of radius r. 
~ 

moving with a steady velocity Vi through a viscous incompressible 

dielectric continuum. The conductance equation suggested by Zwanzig 

' 
is 

.Zi.eF 
(126) 
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are the static and l.i.mi ting high frequency (optical:) 

dieleptr~c constants ·res.pectively1 · Av == 6 and AD = 3/8 for perfect 

s~~Gking and Av == 4 and An = 3/4 for perfect slipping. The above 

, equation c.ari be written as 

,M'l!_·,j.:,. f:rlJ1,,! . : • ,;~. ;r: . 
Ai: Ar

3 I 4 B) = -~ (ri, + (127 ). 

'"1 

:\ Tpe theory p.red,icts20~ thc:ct A0 
.i passas. through a maximum of 27!..i/4B~ 

. k ' . . . . 
1 ,~;,.at r 1 == (3Bj\, The phenomenon of maximum copdtictance is well known. 

· The, relationsh;i.p holds gooo ~o a reasonable exte'nt for cations in · · 
j 

I 

aprot:.ic solvents but fails in case of anions. The conductal}ce, 

;i.,·~· ·; :i'- however, falls of:f: ra'fihe:r
1
. JnCire rapidly than predicted with increasing 

. " I j 
1

: radius. 
!"; 

·{I· 
;j 

. \ . . Fo.c comparfson of .the results in different. solvents, equation 

·:·! (126) can be rearranged as206 

1 2 
Z..: eF _ AvTI"l\ + Ao4t 
"' o n - r:\.' /\t I o 

(128) 

* . j/ 1 ~ 
I . A n- .,..- (.A~ .zi r~ ) p 
1-= V'l·1 1. "I "' 

(129) 

In order to test Zwanzig' s theory, the equation (129) was 

applied to methanol, ethanol, acetonitrile, butariOl and pentanol 

solutions where acc-urate cc·nductance and transference qata are 

t available205 .. 210• Ail t:p.e plots were found to be linear. But the 

·-:: ·, ·.: { 
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radif calculated from the intercepts and slopes are far· apart f·rom 
; 

equal 9xcept in some cases vThere moderate success· is noted. It is 

n~ted that the relaxation effect is not the predominant factor in 

affecting ionic mobilities and that these mobility diff0rences could 

, ·.be explained_ qua)..itatively if the .microscopJ_c properties of the 

solvent, dipole moment and free electron pairs ,.,ere considered 'th~ 

I 172 ; predominant factors in the deviation from stokes• law • 

. It is noted that thl:il Zwanzig theory is successful for large 

·.'organic cations in· aprotic media where solva-tion is likely to be 

minima and where viscoUs friction predominates over that caused by 

dielectric relaxation. The theory breaks down whenever the d'ie-

lectric relaxation term becc...l"ll8s larg(~ i.e., for solvents of high 

., p'*' and for ions of. small J;i' Like any continuum theory,· Zwanzig 

theory has the inherent we<.<kness ot its ability to account for the 
' 

ij structural features 211 e.g., 
I 
I 

j l I . 
I l ~ ' 
'.•It 

(l) It .does not allow £.or any correlation in t.he reorientation of 

the solven:t molecules as tne ion passes by and this nay be the 

reason why the equation dces not -apply to hydrogen-bonded solvents212 • 

. .. 
(2) 'I'he ~heory does not distingL..;.sh between positively and negatively 

charged ions and t~erefore can not explain why certain anions in 

dipolar aprottic medi·a po~sess cori.siderably higher molar· conductances 
... 211 

·! thari the faster catJ.ons • 
:I 
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The walden products in case of mixed solvents does not show 

any constancy but i~ passes through a maximum in case of DMF-H
2

o·and 

DMA -.i H20 m~xtures2l3~215 d ·th b' 216-219 ... an o .e·r aqueous ~nary mixtures • 

TQ derive expressions· for the variation· o.:..· th~ walden products with 

the comp.osition of rnixed p6lc:.r solvents, various attempts have been 

mad·e192 , 193·,"2 20 with different d 1 f. · 1 · ' mo e s . or ~on-so vent interactions 1 

but' no satis.factory expression has been derived taking into account 

:all types of ion-·solvent interactions becau3ea 

.. !· , .. 

(1)- it is diff;f,cult to i!,.n¢1\ide all types of interactions between 

i9rls as well as soivent~ ip a single mathematical expression; 

.(2) it is not, possible t6 account :!;or some· specific properties of 

different kinds of ions and solvent molecule~ 213 • rons moving in 

1f;.i a dielectric medium exper.:i,ence a frictional.forc.e. due to dielectric 
1!·''' 

J ~ 
1·1.·· 
'' 

. J. 

loss- arising from ion•solvent interactions with the hydrodynamic 

force. zwanzig's expression though accounts for a chan;e in ·Walden 

product with solv~nt composition, does not account for the maxima. 

221 Herrunes suggested that the major dev.;i.ations in the Walden product 

are due to the variation of the electrochemical equilibrium between 

ions and solvent rnoleC'L' les with the composi.tion" cf rr.ixed polar 
I . . 

solvents. In cases where more than one type of solvated complexes 
• ' 6 • ' ,, 

are formed, there. should be. a maxiiTnlm and/or a minimum in the walden 
I 

product. This is suppo~ed by experimental 'observations. Hubbard 

and onsager222 have. developed the kinetic theory of ion-solvent 

interaction within· the framework of continuum mechanics where ·the 
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concept of ~petic ~qlarisq~ion deficiency has been introduced. 

However, ~ap~i~9-t.ive expression .is st~ll awai-ted. Further 
! b- :_ 

irnprovetnents2231 224 
naturally mu~t l:;>e in terms of (1) sophisticated 

. . 

treatment of dielectric saturati.on, and (2) specific structural 

effects !Evolving ion-solvent interactions • 

. Propylene Carbonate <P6) 

.Propylene'carbonat~ (PC) or 4-methyl-1,3-dioxolan-2-one 
' 

~~- has drawn the first c.ttention of physical cheiJ1L:;t.s in early 1960s. 
I 

PC is knOwn to be ~ structure1ess dielectric ( E = 64.40 at 25°c;225 

with little if. any, or no self-association present226• It is 
I 

dipolar aprotic and i!lert (resistant to cperr.ical attack) in nature. 

It has beep extensively used in h~gh energy batteries227 'and various 

'other elect~ochemical studies228 related to it.- PC is actually a 

·j cyclic organic ester and has the following structure; 

cH·.,...3---'--C~-2--o--l ======o 
Propylene carbonate 

Simple consideration of the molecular structure indicates that PC 

molecu.les in general, lack a well-develope.d· centre of positive 

charge· and 1;-h\ls, ;lt ;!.s expeote.d .that the interactions with onions 
,. 

would be weak in nat.ure. Moreover, the positive centres in PC 
229 

molecule are much le~s accessibl~ to ion~. Yeager and his co-workers 
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have reported the electron den~ity distributi~n in PC molecule by 

using a semiempirical molec~lar orbitql calculstion assuming it to 

possess. a planar structure having the double bond in th~ plane of 
~ 

the ring 

Fig. 1 Ele~tron d~hs~~y distribution of the propylene 
carbonate molecule 

From tl'le above fig:Ure, . ~t ·is obs~rved that the interaction of 

~;f< cativns \<Tith PC is not restricted to the carbonyl oxygen ·alone and 

,may also have extensive ring interactions. It is further observed 

that the positive centre is not easily accessible to anions· and 

hence it is· expected 'to·act as a. poor anion solvator. 

Coim!endable works in pure PC l:lave already been reported in 

, t~e literature. Of these, studies on the dielectric pro~rties226 
225,230 

at varlous temperatth:·es (220.1.5 - 293.1;> K) of PC, solubilities I 
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partial molar volumes of different electrolytes231- 233 , solvation 

e~thalp;t~s31 1 2 ~ 4' 235 
$d othe.J:' thermodynamic properties· i'1cluding 

,. -

:transfer fpnctiOn.$~ ~ and 

, nbteworthy. l(ay ~ ,u~37 

' . .236 ,. 
err,f st'l,ld;Le,s ·· of alkali metal- salts are 

i 

have made an extensiye. study on the ionic 

volumes. bf a number. of electroJyt~s from d~nsity~ ultrasonic vibra-
/ 

· tion'potential and ~ransference number measurements in PC at 25°C. 
238 . ' 

F_uoss and Hirsch have reported the limiting equivalent condu~-
o ' 

tance of tetrabutylammonium tetra},.ihe~ylborate in PC at 2? c. 

Mukherjee et a1239! 240 . and Yeager and his co-workers 241·, 242 have 
~~ • > 

made some studies on the viscosity and conductance behaviour of 

1 some common halides, per.chlorates and trifluoroacetates etc. in 
' 

Ptjat 25°c. Yeager229 further made so~ ,spectro~cGpic studies on 
. " 

ionic solv.atio~ ~y usin,g IR ~d NMR tec~·lfliques. Takeda ~ ~ 243 

.~ave reported sto}tes rad,ii of some corr.mon ic·ns in PC by using con-

244 ductometry. Grigo arid his <;JO-workers . have attempted ion.;.solvent 

interaction of some ions in PC from theoretical point of view. 

Notably enough, r~latively very few studies have been 

reported in binary mixed sulvents of PC. propylene carbonate. and 
' 

water are not miscible at all proportions, a separation of phase 

has been observed between o. 036 and o. 7 mole fractions of PC245 • But 
l 

hbwever, PC is· misc.i.ble with most of the orgc-nic solvents. studies-

on the fupdamental physico-chemical properties like density, 

vi.$~osity and d,ial~ctric constant for pc ... ac.etonitrile and PC

isopropanol binary mixtur~s over the entire 'composition range at 

different _temperatures have been reported by Ritzoulis
246, 247 

and. 
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I . 

observed no specific . .tnt~r9-otion or a~sociation cumplex· between 

the two unlike moleoples. :J?C-1,2-din:tethoxyethane mixture at a . . . 

~ .. \J:., p~ar.:ticular .composition was tested for . use in high energy batteries 

. ·.u r" .by; Matsuda.'~ ~~48 ~ Few other no~J.-aqueo~s binary solvent systems 

'I. 

.. 
·of PC were ~lso investigated from the same view point249- 251 • 

Pawlak and his co-worke~s 252 have studied the solvent effects of 

.:;. PC-methanol I'ni~tures on the dissociation constants of some phenols 

an~ car:Poxylic acids. Howev~r, the t~ansport .properties in binary · 

solvent mixtures o:e prbpyle:ne carbcnate have .S·o 'tar not been studied 
• " 'I' 

barring a few248* 250·~ ~n, fC-methanol· mixtures, the dielectric constant 

ari¢1 densit:y are fou~~ to jncreas~ monotonically wi t.h increasing PC 
l • . 2 52 . 253 

content iri' ~e mixture · • Butler and n~s as·sociates have 

investigated the selective solvation of some ions by water in 

·propylene carbonate from proton magnetic resonance (.::hemical shift) 

measurements. co~ ~ ~30 have reported' free energies, entropies 
. . 

,, and enthalpies of transfer fqr s·ome alkali metal and silver halides 

;ji ';• 
" ' 

I 

fran PC to ·pc-dirnethylsulphoxide mixtures at 25°c. 
. I 

i' Binp.'l::'y mixed organic solvent systems like PC-DME248 , 

PC-~aF2 ~4 at a partidul~ oamposit.ton have been tested and recommen

. ded for use in high energy l?atte~y technology. But their physico-

chemical properties have so far not been studied over the entire 

composition range . at different temperatures. For. that reason, an 
. . 

attempt.has been made here to investigate .the solvent~solvent 

interactions from. their physico,..chemical properties at different 

temperatures. Again the knowledge of ion-solvent interactions of 
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different solutes in the.solvent is capable of indicating the 

potential usefulness of PC in various technologies. Transport 'pr'?'"" 

parties of electrolyte soh.1tions such as ionic conductance and 

I 

virc~sity can provide information conce·rning th~ nc:ture of kinetic 

·entities from. which the ion-solvent in Leraction can be inferred. . . ., ' / . 

Infbl;':'mation on these interac~ioris can also be had from the thermo

dynamic prOperties such: a~ solubilities, free energies of ·solution 

and othe.;- th~rmodyr,t~ic transfer funct~ions. solubility technique 

fi~ds uniqU.e appjic.ation for understanding ion-solvent .interactions 

·i in a solvent when the electrolytes under investigation are not 
I 
I 

soluble enough so that the more ccnventional methods like conducto-

,. metry anC. viscometry can hardly be applied • 
. I 

. It· 'r . 

:. ; r~ ... 

we have,. therefore, devoted our attent:ion to t.he studies 

on the. thermodynan,ic, spectroscopic and t.rans"t)o·rt properties of 

sQna electrolytes in rc and its bin~y mixtures with methanol •. 

The resulta have been described in subseq"Jent chapters • 
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CHAPTER-II 



EXPERIMENTAL ~ION 

(Materials and Methods) 

Chemicals 

Alkali metal chlorides and bromides· (Fluka, purum or puriss) 

were dried in vacuo for a long time immediately prior to use and 

' were used without further purification. 

Li·:=.hium perchlorate (Liclo4 ; Fluka, ) 99% pure) was 

recrystallized thz:ee times from deionised distilled water and 

dried under v·acuum fo~· several days1 • Sodium perchlorate (Naclo
4

; 

AR, E. Merck, Germany) was recrystallized several times from water + 

methanol mixtures and dried in vacuo at 423 K for 96 hours. other 

alkali metal perchlorates were prepared by mixing equimolar sohl

tiops of corresponding. alkali metal chloride·ana.sodium perchlorate, 

washed with 1:1 methanol-water mixtu.re and" thel\recrystallized 

thrice from water and dried in vacuum at 473 K over calcium chloride 

2 and silica gel for. several days • · 

TetraalkylaiTmonium bromides (Fluka, purum or puriss) were 

purifie-d in the manner given in the literature3 ,. 4 • General·ly, these 

salts were purified by recrystallization. Higher.tetraalkyl 

. h·omologues were recrystallized second titre· to ensure the highest 



i· 
I 

purity. The crystallized salts were dried in vacuum and 3tored 

in glass battles in darkenecl. dessicator over fused cac1
2

• 

Te~ramethylammonium•bromide (Me4NBr) was recrystallized 

84 

.. 1 from a 1:1 mixture of methanol-water and dr~e<;l at 363 K fer 48 

'I 

4 hours • 

Tet.raet.hylammopiurr, bron.ide (Et4NBr) was recrystallized .from 

met,hanol and dried at 363 K for 24 hours. 

0 

Tetrapropylammonium bromide (Pr4NBr) was taken in a· minim~ 

yolume of methanol, reprecipiated from dry· ether and dried at 

363K fo~ 48 hours. 

Tetrabutylammonium bromide·(Bu4NBr) was taken in a minimum 

volurr~ of acetone. Ether was added to the solution till the commence-

ment. of precipita~j_on. T~e solution was then cooled and the result

ing crystals were filtered. ~fter a preliminary drying, the salt 

was finally ground· in a manter and dried at '333 K for 48 hours. 

Tetrapentyl8Imlonium bromide (Pen 4NBr) was recrystallized 

from acetone + et}1er mixtur8s and dried in vacuo at 333 R fo:r 48 

hours. 
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Tetrahexy~c.rnmonium bromide (Hex4NBr) ar).d tetraheptylammonium 

bromide (Hep4NBr) were washed with ether and dried in vacuo at 

room temperature for. 48 hours. 

Lithium tetrafluoroborate (LiBF 4 ; Fluka) was dried under 
/ 

vacuum at high temperatures for 48 hours and was used without 

further purification,. 

3odium tetraphenylQorate (NaBPh4 ; Fluka, puriss) was 
.. 

recl:jyst_allized three times £rom acetone and dried in vacuum at 

353 K for 72 hours. 

Tetrabutylammonium tetrabutylborate (Bu4NBBu4 , Alfa 

products) w.as'diss0lved in methanol, repracipiated from \vater and. 

dried .L"'l vacuum ·at 343 . ~5• 

Tetrabutylammonium tetraphenylborate (Bu4NBPh4) wns prepared 
! 

by precipitation from Eu4NBr and NaBPh4 in w~ter ·and .the precipitate 

was washed 5 times by vlat.er. The bulky ~hite precipitate was dried 

: and recrystallized four times from la3 water-acetone and finally 

dried £or several days at 313 'K under vacuum6• 

Tetraphenylarsonium chloride (Ph4AsCl, Fluka) was 

recrystallized from absolute ethanol solution by dry ether twice 

and' dried in vacuum7• 
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Tetraphenylphosphonium bromide (Ph
4
PBr; Fluka, purum) was 

dissolved in ethanol, reprecipitated by the addition of dry ether 
i " 

and vacuum dried at 37~ K7• 

~~ 

Propylene carbonate (PC) (E~ Merck, Germany; > 99% pure) 

was dried. over freshly ign.ited quicklime for several hours8 and 

then distilled three times under reduced pressure under. nitrogen~ 

the middle fraction being tdken each time. 'Ine purified sample had 

a density 1.19883 g cm-3 , a coefficient of .viscosity 2.471 cP 

and a specific conductance 0.73 x 10-6 s cm-1 at 25°C;-these values 

are in good agreement with the literature values9 , which are 

-3' 7 1 .· 
1.19965 g ern , 2~48 cP and.10- s ern- respectively. 

Methanol (E.· Merck, India, uvasol grade) we.s dried over 

3A molecular sieves and cHs-+:ille.d fractionally. Middle fraction 

. 10 . 
was taken and further distilled • Physical properties of the 

0 . -3 
purified s.ample at 25 c ( p = o. 78663 gem ) and ~ = o. 5437 cP) 

11 agr.t-!e ·..rell with the literatt.:re values which are :f.= o. 78664 

-3 gem ;;mO: ~ = 0. 54 45 cF.. 

2-methoxyethanol (ME) (G. R. E. Merck) was distilled· in an 

all glass apparatus. The physical properties at 25°c of ·purified 

1 ME were : density o.96bo2 gcm"!"3 . and visc'osity 1.5414.cP. The 

visco·sity and density values 'cu:e in reasonable agreement with th~ 

.li t.erature values11 which are lo 60 cP and o. 96204 gcrn-3 respectively. 
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1, 2-dimethoxyethane (DME) (Fluka, purum) was shaken well 

·with Feso
4

. ·(AR, BDH) for 1-2 hours, decanted and distilled. 1'he 

·distillate was refl:uxed for 12 hours and redi3tilled over metallic 

sodium12• Th~ boiling point (84.5°C) and density {0.86132 gcm-3 

a:t 25°C} compared fairly well with the corresponding literature· 

. 13 0 -3 values , which are 85 C and o, 86120 gem respectively. 

Tetrahydrofuran (THF) (E. Merck, India) was kept over KOH, 
' . 14 

refluxed for 24 hours and distilled over LiAIH 4 • The density 

(0.88~72 gcm-3 ) and viscosity (0.4630 cP) at 25°c of the purified 

s~le are in good conf'ormity with the lite;r:-ature values15 , 0.8811 
I . . . 

gcm-3 and 0.46 cP respectively. 

i ~iXed Solvents 

The'·mixeCl solvents cont.aining 0 .. 10, o. 20, .o. 40 and o. 60 

i.cle fractionS of PC were pre_pared by mixing ·the requislte amounts 

·of me:th~mol and PG by_ weight. solvent properties of PC +·Methanol 
d . • 

· mixtures at 25 C ere given in Table .L• 
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Table·l. Sol~nt propertie$ of (PC+ rrethanol) mixtures at 25°c. 

' Mole fraction E %:-3 
_j/cP Sp. conductance· 

of PC g m .Scm-1 

- -- ---- a 
0 32.a64 0.78663 0.5437 0.15 X 10-6 · 

0.10 39.20 0.86928 o. ~264 1.52 X 10-~ 
.0~ 20 44,.10 0.93460 0.7192 1.81 x· 10-6 

. ,~. 

I . ' 
10-6 0.40 51.30 1~03274 o. 9747, 2.25-x 

b.60 57 .'30 1.10363 
.. 

1. 2972 ' 2. 42 ·x 10-6 

1.oo 64.40 I 1~19883 2. 4712 0.73 X 10-6 

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

A stock solution for each salt in PC as well as in different 
l 

mixed solvents was prepared by weight and the working solutions·· 

.were obtained by weight dilution. The molar concentration of the 

solutions were calculated from molality.and density values • 

. Methods~ 

The densities were mea~ured with an Ostwald-SprenQel 

type pycnometer paving a bulb·, volume of 25 cm
3 

and .an internal . 
diameter. of the capillary of about 1 Tm'l. The pycnometer was 

calibrated at 25, 35 and 45°C with doubly distilled water. The

precision of the density measurements was ± 3 x 10-S gcm-3 ~ The 

meal3uremeh.ts-were made in an oil btith maintained with an accuracy 
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0 
of ±0• 005 C of the desj red temperature by me ens of a mercury 

' in-glass thermoregulator and absolute temperature was determined 

by a platinUJTl resistance thermometer and Muller bridge16 •. 
~ ; 

~) Viscosity ~~E~~ 

The kinematic visco~Uties 1·rere measured by means of a 

17 . suspended-level. Ubbelohd~ · · viscometer with a f let-T time of . about 

53.9 s for distilled water. at 25°c. The time of efflux was measured 

with a stop watch capable of recording . 0.1 s. The viscometer was 

always kept in a vertical position in. a water thermostat. The ·visco-

meter needed no.correction for kinetic energy. The kinematic 

viscosity. ( )} ) and the absolute viscos:lty ( ~ ) are given by the 

following equations: 

lJ =. Ct - K/t (1} 

(2) .. 

where, t is' the erflux tlme, P is the del)sity and c and K are 

the characteristic constants of the viscometer. The values of the 

constants c and K, determined by using water and benzene as the 

0 
calibration liquids at 25, 35 and 45 c, were found ·to be 

-5 2 -2 2 h . . 1. 648 x 10 em s . and -0.02331647 em respectively. T e prec~s~on 

of the viscosity measurements was± o.o~~. In all cases, the 

experiments were performed ·at least in five replicates and the 

tesu·lts weJ:e·· averaged. 
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Relative viscosities ( ~r ) were obtained using equation 

J . 
(3): 

'.~ 

·It 
fo to 

(3) 

where and t, t
0 

are the absolute viscosities, 

densities and' flow -times for the solui;.ion ahd solve-nt respectively. 

The me~surements were carried out in a thermostatic bath 

0 . 18 
· maintained with an accuracy of +_ c. 01 C of the desired temperature • li 

A 60W heating elem~nt and a toluene-mercury thermoregulator were 

used to maintain the temperature of the experimental thermostat 

which was placed in a hot-cum-cold thermostat. The temperature of 

th~ hot-c~cold thermostat was ·preset at the desired temperature 

using a contact thermometer and relay system. The absolute tempera

ture was determined by a' Calibrated platinum resistance thermcmeter 

and Muller bri~ge. 

(c) Conductance measurements 

COnductance me asurerncnts were ccrried out on a Phi1ips 
' 

_Pye-Unicam PW 9509 conductivity meter with an accuracy of ± 0.1%. 

A 2000 Hz cr:ycle was used. The cell constar..t (0~ 751 .crn-1 ) ·o£ the 

dip-type conductance cell was accurately d'=termined ·using standard 
I 

KCl solutions. Conductivity cell was sealed to the -side of 500 

' 3 
em conical flask closed by a ground glass cap fitted with a side 

arm tbrough which dry and pure nitrogen was passed to prevent the 
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admission of air into the cell when solvent or solution was added. 
' 

.. ij The measurements were made in an oil bath maintained at 25 +. -0 . . . o.oos C as described earlier under density measurements. All data 

were corrected with the specific conductance of the solve'nt. 

,) 
i 
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'· 

solubilities of some Alkali Metal Salts, Tetraphenyla~sonium 

Chloride and Tetraphenylphosphonium Bromide in Propylene 

Carb
1
onate at 25°C Using. the Ion Selective Electrode ~echniqu€ 

solubility offers one of the most obvious ways of studying 

-
iortic solvatipn: and ion-solvent interactions and it finds ·unique 

i 

appliCRtion particularly for .those electrolYtes which are poorly 
I 

soluble in a solvent rnediu~ so that the other more conventional 

methods like viscometrY' and conduct"ometry can hardly be applied, 

but ·in PC these values in general are not available, ex.cept of 

very few alkali metal haJ.ioes 1 ' 
2 • It is therefore desirable to 

obtain the useful solubility data particularly for the salts 

·containing l?h 4As+ or r>h 4P+ ions ,and thus to have an idea of solute

solvent interactions in this non-aqueous medium. 

Here, tie have measured the solubilities of a number of 1:1 

electrolytes in PC at 25°C using the ion selective electrode technique 
' ' 

and from these, the· solubility products and free energies of s.olution 

for the salts have 'been determined. The free_ energies of transfer 

of
1
the electrolytes from water to 

·activity coeffic~ents, ·my s, have 

PC or the corresponding transfer ., 

been evaluated and compared with 

: 3 
the pre"'Tious. values obtained mainly from e. m. f. me asureme:nts ., 



Experimental 

Propylene carbonate (E. Merck, Germany:1 ) 99% pure') was 

purified as reported in Chapters I I and VI. 
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All salts were of Fluka's either purum or puriss grade ·and 

were purified as described in chapter II. 

saturated solutions were prep~ed by shaking the solid with 

t;1e 
1 
solvent in a glass-stoppered bottle at 27·

0
c :or 24 hoB.rs. The 

., 
:bottle was then p~aced in a thermostatic bath for further t\'/O days 

maintained at 25. ± ,oo 01 °Co F:i..nally, th~ solution 1t1as transferred 

4 to a Campbell solubility apparatus fitted with a sintered .disc 
. . . 0 

' and fine tube and allowed t:.o equilibrate at 25 c. At regular 

intervals, the solut~ons were filtered by inverting 'the apparatus 

(while keeping it within the thermostat), appropriately diluted 

with the solvent (if necessary) and then the concentration was 
t 

measured by using an Orion Ion Analyzer (Model EA 920) having an 

accuracy of + 0.1% o A solution ·was considered saturated when two 

successive ana~ysis at 2-3 days intervals indicated no change in 

concentration. Thus the concentrations of Cl-, Br- and ClO~ io~s 

were determined by using specific Orion ion-selective electrodes. 
,. _, 

A double junction reference electrode was used with each of el-

and ClO~ · ion electrode. However, for measuring ClO~ ion concentra

tions, the outer chamber of the reference electrode was filled with 
. '' 

;. 

(NH
4

,
2
so

4 
solution as S\;lg'gested in the brochure. A single junction 
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· ref~rence electrodo was used in conjunction with the Br- ion 

electrode. Each ion ::;elective elect·rode was tested for Nernstien 

rftsponse. In order to check the correctness of the data, known 

concentrat.ion of the sample solution was measur~d by usirlg the 

specific ion selective electrode and the ~S\..1lts were corqpared. 

At least two trials were given for all the solutions which were 

under study. 

Results and Discussion -
solubility oata for the electrolytes in PO at 2S 0c (molar 

· scale ) are reported in T ~ le 1 .. 

The st.andard free energy of· solution for a solute on the 

molar ·scale is usually· <!Jiven by t.he relation,. 

b.G0 , · - -RT ln K 
• 1 Solution 

(1) 

where, K is the equilibrium constant for tte reaction, MX~ M+ + x-. 

upon introduction of ·the Debye-HUckel expression for the mean 

activity coefficient, one abtains
5 s 

In equation (2), d
0 

is the density of PC, ~v is the Debye~Huckel 
. 

limiting slope,· ')) is the total number of ions and the other symbols 
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have their usual significance. 

we hav:e applied equation (2) to obtain the· standard free 

en~rgies of s0lut.ion; further these were combined with the free 

'J' energies of formation of the respective crystalline salts6 to 

obtain the corresponding standard free energies of formation for 

lj the alkali metal salts. Results of these calculations· have been 

listed in Tables 1 and 2o 

'•.' .j' 

The transfer activity coefficient~· i~-.r'ere calculated from the 

. soltbility products_ by using the relationship 

log m i .i 
' 2 

= log m1 
' ± 

= log K - log K · 
·W S · S S 

(3) 

where, m~ ~i~ the trans:fier activity coefficient (medium effect) 

:j , and subscript· w and s de:::1ote _aqUeous and non-aqueous- solvent 

·respectively.; The .values have been gj_ven in Table 2. The standai:d 

f~ee energies. of solution in water, ·L).G~01~ (H2 o), except_for the 

tetraphenyl salt-s, have been taken from the' literature3 ' 7 • we have 

measured the so_lubiliti~s of Ph4AsCl and _Ph 4PBr in water at 25°C 

(0. SlM and o. 047M for Ph4AsCl and J?h 4PBr respectively). Abraham 

et' a18 h~ve reported the free energies of solution for the tetra

phenyl salts (3. 48 and 4.38 for ~h4AsCl and Ph4PBr respectively) 

based on the osmotic pressure and activity coefficient uata of 
. 9 . 

Kalfoglou and Bowen , which on comparison with the values reported 

in Table 2 would seem to be in error. 
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Single ion 'free energie;s of transfer from water tc PC based 

on Ph4AsBPh 4 convention have :Oeen ·reported in T.able 3. The· .6.G~ 

values for Phi~s+ .. and Ph4P+ ions from w-ater t;.o PC have been taken 
~: . 3 

f~o1n th~ li tera~ure .o Ionic transfer free ~nergy values t:ogether 

i !with :ionic transfer e.ctlvity c.oefficients have been reported in 
'T . . 

Table 3 •. Foliowing Latimer, Pitzer· and sian~ky10 ~ we have. also 
' 

calculated the single· ion free energies of sulvation by the modified 

' ' Born equation, 

o . N a. '2. 
AGshlv=- z e 

2. 
(4) 

t ki c = 0• 8 SA 0 and a ng oc ?, a = 1. 00 A 
0 

as taken by Criss et al in 
. s· 

. DMF medium • The values thus cbtained have been reported in Table 3. 

An examination. of the solubilities of the alkali metal salts 

. (Table l) show that most electrolytes are much less soluble in 
3 . 

·propylene carbonate than in water and also in some other dipolar 
I 

aprotic solvent~ llke DMS0
2 

and.DMF
2

'
5

• Lithiu~ salts are found 

to be more soluble in PC ccmpared tc c.ther alkali metal salts, 

notable exception being Naclo4, which is more soluble in PC than 

LiCl04• Als.o with the ex::::eption of lithium, other alkal'i !1\etal 

~alides appear to be sparingly soluble and the solubilities are 

usually in the order : Cl-<. Br- <. c104 as in water and other dipolar · 

aprotic solvents. The poor solubility of these salts in such a 

;I high dielectric media may be due to the dipolar aprotic nature of· 

this solvent medium. The perchlorates, we see, have a much higher 
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i 
· solubility than the halide ~es. This inC"tic ates that c1o4 ion 

tends to increase the PC liquid structure more so than does Cl-
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or Br- ion. Further,· salts having .iarge or highly polarizable groups 

viz • .i?h4AsCl and Ph4PBr are found tc be reasonably soluble in this 

medium. However, Ph4AsCl_ is found to .be much more soluble than 

·Ph4PBr. Thi~ shows ·that Ph
4
As+ is more polarizable than Ph4P+ 

and' is p~eferentially solvated, most probably through. a combination 

of dispersion and i,on-dipole interacticns. 

·From Table 2 we see that in general, the standard £ree 

ene:l:·gies of transfer, · AG~ , of the electrolytes from water to 

PC are positive and ·so the transfer proces·s. is not· favourable. 

Notable except.ion .is Ph4PBr~· The negative sign reflects the f net 

that the distribution of it.'s ions favours the non-aqueous phase, 

compared to the positive medium effects for most, electrolytes. cox 
. . I . 

. ancJ. his coworkers3 have pies·ented AG0 values of s.ome common 
t 

salts from water -to·pc· by taking the basic data from the literature. 

0 ' -
Our reported L::::.. Gt ·values for the q.lkali metal halides are found 

·to be in good agreeme~t with.theirs. This nvoids the· ~,certainties 

in the solubil~ty method due to ion pairing and activity coefficient 
. i 

measurements. Salomon1 has also reported AG~ values of LiCl 

aild LlBr fran water to PC as ·14. 7 4 and 12.98 K Cal mol-l from 

potentiometric study, whereas we have found it to be 14.47 and 

12.89 K cal mol~1 respectively from direct solubility measuren;ents. 

Ionic transfer ·free energies and ionic transfer activity 

coefficie-nts are very important parameters in non-aqueous s'olution 
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Chemistry. These two terms actually determine how the equilibrium 

constant and rate preperties change with the nature of ·solvents. 

Ionic· f.ree energies of transfer from water to PC at 25°c have been 

repor~ed in Table 3. ~G~ values of the ions have been calculated 

taking Ph4A~BPh4 ~s ,the •reference electrolyte• 3 • An attempt was 
' ' ' ' 0 

made ~o .calculate· .6-Gt value o£ Ph4AsBPh4 from water to PC by 

measuring the solubilities of Ph4AsCl, NaC1 and NaBPh
4 

in PC. 'But 

NaBPh 4 was found to be highly soluble in PC and to avoid the 
' ' 
~x~rimental error we discarded the idea. From the table we see 

. that among the cations·, Li+, Na+ and K+ ions have a positive value 

··of !transfer. tree energy, whereas Rb+,· C.s+, :Ph
4

As+ 

got negative .6G~ _·values. The po~itive values of 

and Ph4P+ have 

.6G0 and 
t 

log rn -;) i indicate that these ions are more favourably solvated 

by the reference medium (water).than by the non-aqueous medium 

(PC) to which it is transferred. For negative values of ..6G~ , it 

is just the reverse. The 4G~. values of alkali metal ions 

decrease· in the order Li+> Na+ > K+ > Rb+> cs+. As the size of the 

anion increases, its free energies of transfer from water. to PC 

decre~ses (Cl04 < Br- <. cl- ). On transferring ci- or· Br- ion ·from 

water· to PC, there. is a large in.crease in free energy and this 
r· 

increase in fre~ energy is the cause. behihd the 1ncreased reactivity 

of these ions in this so~vent medium. For example, the transfer 

activity coefficient of Cl~ ion in PC is 6.7 (Tabie 3), which meqns 

that· a solution cf Cl- ion iii PC has .an activi·ty .of 106• 7 times 
I ,. 

greater ~han a .sol~tiod of the same Cl- ion concentratior. in water. 

And this· causes.majpr changes .in the rate and equilibrium.constants 



of chemical reactions {involving Cl- ion) in PC, compared to that 

in· aqueous medium. ·Solvatioa of small cations is general'ly deter-
• , I 

·:1 ! ' 

·f ·~ined by the relative basicity of ·the solvents i.e. by their donor 
,, 

· ; ·ability.- Dipolar. aprotic · solv~nts containing oxyg.:en, at.oms with 
I . 

localized negative charge e.g. DMSO, solvate cations better than 

water as evidenced from the negative values of free ene.t"gies of 
. 3 

transfer. from water to DMSO • DMSO is regarded to be more basic 

'than pc12 , 13 • PC has got weakly basic oxygen and so cations are 

poorly" solvated in this medium· than DMSO resulting, in ·positive 

·\ .6G0 va,lues (Table 3)o Hm·rever, for Rb+ and cs+ ions, the D..G 0 
1 t t 

values are negative in PC. From this evidence we may CamE to the 

conclusion that the .transfer of Rb+ and cs+ ions from water to PC 

is more fav9urab~e compared to other alkali metal cat~ons. 

'· .. 

. ,. ;· 

'·' .. 'J 

j 

' 

I 
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Table 1. Solubilities (S~ mol lit-
1

), standard Free Energi.es of 
. I o -1 
Solution ( ..6G Jni kJ mol ) and 

sor.~ 
·. ( 6.G~ 1 .kJ mol- ). and solvation 

. 0 
.. E_:lectrolytes. in PC· at 25 C 

Standard Free En"ergies of Formation 

( .6G 0 

1 
, kJ mol-l) of the 

so v .. 

--
Salt s ~Go· ·o -~Go -.68 so ln. f solv • 

.........__ 

LiCl o.·ol9 +. ·o. oo2 19.12 364.55 824o 79 

NaCl o. 00017 + o. 00002 42.97 341.08 726.47 

KCl o.ooo58 + o. 00004 36.82 371.50 667.,35 

RbCl o·. oo33 + o. 0006 28.07 376.94 653.08 

csci o. 0076 + o.ooo7 23.85 380.33 633.88 

Ph4AsCl 0.50 + o. 02 1.51 ----- ------
LiBr 1.10 + o. 008 -2.97 3.42.71 802.11 

NaEr 0.0036 + 0.0010 27 0 66 320.03 706.94 

I<Br o. 0030 + 0.0006 ~8.58 350.62 643.79: 

RbBr 0.0099 + o. 000.5 22.51 3·SSo. 6~ 634'.,80 
I 

CsBr o. 00.98 +. o. 0007 22.,55 36o. 1·o 610.07 

·Ph4P~r 0.120 + o. 003 9. 97,..... ------ -----
. LiCl04 1.40 + 0., 03 -4.35 -~--- -----

r:.laclo4 
2. 5Q + o.o8 -7.70 264.60 -----

K~_, 1-.,-40-+-G-.-03 '-;4-.-3-5 . ----- -----.\ 
'· 

N-aC;~0-4/ 2-.-.:.so-+--o.-oa J -:-7--.-70- 2-64-.60 ------~'!!- "" 
:~Cl:o4 o. 017 +' o. 001 19.71 284.47 -----
: RbCl04 . o. 02'5 + 10.002 17. 70· 288.53 -----

CsClo4 
·o. os2 1 + 6. oo3 . 13.85 292.7 5 -----
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Table 2. Free Energ;i..es of. Transfer ( .6G~) c:md Transfer Activity 

Coef·ficients (log m ·,; ) .of the E~ectrolytes from .water to PC 
I . 

at ,25°C 

s~.lt ·~Go ln (H2o) 
. 0 

leg mi AGt 
I so • . ·-1 .. . -1 · kJ rr.ol 

kJ mol· . 
I 

_........._ _ _;__ 

:iicl -41o 42 60.54 10.61 

:Nacl -~ .. 79 51.76 9. 07, 

KCl .. _~. 02 41.84 ·;. 33 
' 

~Cl -8.37 36.44 6.39 

CsCl. -9.20 33.05 5. 79 

Ph
4
AsC1. -0.59 2.09 0.37 

LiBr -56o90 53.93 9.45 

NaBr -17.15 44.81 7.85 

KBr -5.86 . 3 4. 43 6.04 

.RbBr -6.69 29.20 5.12 

CsBr -1.67 24.23 4. 25 

Ph4:i?Br .14. 64 -5.27 -0.92 

LiC104 
very soluble ----- -----

NaC104 
.. very soluble ----- ~-:o---

KC104 
11.30 8.41 o.s2 

RbCl04 
14.23 3. 4,7 0.61 

. · ~sc1o4 1.3. 81 0.04 0.007 
I 
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Table 3 •. 

T1ransfer 

and Free 

Ions in 

Ion 

Li+ 

Na+ 

K+ 

Rb+ 

c~+ 
t '· + .. Ph4As 

·Ph p+ 
4 

Cl-

Br- a 
c104 

104 

C.z:ystallographic Radius (r , A
0
), Free Energies of. . c . 

( ~Gt0' lW mol-l); Transfer Activity Coefficients (log my.) 
1 . ~ 

Energies of Solvation ( AG0 

1 
, kJ mol- ) of. Sinale . so v. . . ~ 

PC at 25°C 

---
rc AG 0 log m i . - D.Go 

t ~ solv. 

---
. o. 6cfJ 22.47 3.94 .471.58 

o.~sb 13.68 2o 40 379.87 

1.33b 3.77 0.66 313. 63 
1.48b -lo 63 -0.29 293.47 

1.69b -5.02 -0.88 269.20 

6. 40c -35.98 -6.31 94.31 

6~ 30c -35.98 -6.31 95.65 

1.81b '38. 07 6. 67 243 0 3 4 
1

0 
95b · 30.71 5.38 231o 79 

2 i61:;> .0 s.o6 0.89 216.40 

-------------------------------------------·--------
a o - o Calculated by using the relation, .b..Gt (Clo4 ) = ~Gt ·(csclo

4
) -

~G~(cs+) 

b L.Pauling, The Nature. of the Chemical Bond, Cornell University 

. Pres~, Ithaca, N .• Y., _2nd edn., pp. 3 46,. 3 so, 1 ~40. 

0 c. v. Krishnan and. H. L. Friedma~, J. · Phys. Chern., 11.• 3934, 1969. 
i' 
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PART A 

Electric-al conductances for Some Tetraalkylammoniurr, 13romides, . 
Lithium Tetra£ luoroborate.; T~trabutylammo~d~ Tet.rabutyl-

borate. and Tetrabutylarnrnohium.Tetraphenylborate in Propylene 

C~bonate at 2·s 0 c 

Propylene carbonat~ (PC, 4-methyl 1 1 3-dioxolan-2-one) has 

drawn much attention in recent years as a solvent medium for various 
. 1 2 . 

electrochemical studie~ ' relating to high energy batteries3 ' 4 

and free radica·l species5• It is a stable solvent of· moc;lerately 
. 6 . 0 . 

hiSh d,ielectric constant (64.-40 at 25 C) and has good solvent 

7 8 properties ' for a variety of organic dl1d inorganic salts. Hence, 

it is of much interest to study the behaviour of electrolytes in 

such solvent medium. The conductometric method is also well known9 

to give valuable info~ation regarding the ion-solvent interactions 

of electrolytes in non-aqueous and mixed solvents. 

In this part an attempt has been made by us to understand 

the nature of ion-solvent interactions of ·some tetraalkylammonium 

bromides, R4NBr _(R =methyl to heptyl), LiBF 4 and two reference 

electrolytes, viz. Bu~NBBu4 and Bu4NBPh 4 in PC by using conducto

metric method. Single ion conductivities have been evaluated by 

using two r~ference electrolytes in an effort to provide reliable 
. . 

. . 10 
values of ionic mobilities. conductance measurements on Bu4NBr , 

1~ . 12' 
Bu

4
NBBu

4 
and Bu4NBPh4 though earlier have been reported by 
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different authors but these have fu~ther been investigated by us 

in order to maintain the internal consistency amongst the derived 

values with these electrolytes • 

. Exper ime!!:!: al 

.: I 
·I· .i. .. ,: I 1:; •;, ;li:; ! 

Propylene car:bonate (E· .. Merck Germany,. ) 99% pure) was 'dried~ 

: · : :.over freshly ignite~ 
] ; 

. ' . 13 . . 
quicklime f.or several hours and then distilled 

' ' . 

,. 
\ 

j: 
I 

'l 

;· 

. ! 

I. 
I 

i 

I 
I' I. 

' . . I 
'thric·e under reduced pre sstire .;in nitrogen gas atmosphere, the middle 

~ract'ion .being taken ~ach time. The purified sample had a density 
·-3 I . . . . 

,·of 1.1988 gem , viscosity of 2o471 cP and a specific conductance 

. of ca. 0. 73 X io-G S cm-1 at 25°C; th~se values are in good agree.::. 

ment with the literature values10, 14
o 

~etraalkylammonium bromides were of Fluka•s puram or puriss 
. . 1 . 

grade arid were· purified as d~scribed in tl1e lit~rature S, 16 and 

also described .earlier in Chapter•II. The salts were purified by 

recrystallization cmd the higher homolog11es were recrystallized 

twice tq ·ensure maxiiTRlm :purity. ·rhe recrystq.llized s al~s were dried 

in vacuo at elevated temperatures for 12 h. 

Lithium tetrafluoroborate (F luka, puriss) was dried under 

vacuum at high temperature for around 48 hrs immediately prior to 

use and was.used without further purification. 

. ) .' 

•.:..' ~: ·' 
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Tetrabutylammonium tetrabutylborate (Alfa Products) was 

purified as suggested by Lawrence et· a117 • Tetrabutylamrrion.ium 

tetraphenylborat~ was prE7pared by mixing equimclar qu·antities 

of NaBPh4 and Bu4NBr. It was purified by recrystallization from 

1:3 water-acetone mixture and dried under vacuum at 4o 0 c18• 

Conductance measurements were. made by a Pye-U:1icar,1 PW 9509 

conductivity meter at a freqUency of 2. 000 Hz using a dip-type 
. . -1 

irranersion cell of .ce 11 constant o. 7 51 em and. having an accuracy 

of ± 0.1%. "The cell constant ·was determined frequently using the 
I 

standard KCl solutions~ Measurements.were made in an oil bath 

(~~ntained at 25 ± o. 005°c. The details of exp~rim~ntal procedure 

. have been described in Chapter - II. Several independent solutions 

were prepared and measurements were made with each of these to 

ensure the reproducibility of the results. All data were corrected 

with the specific C7onductance of the solvent. The .corrected values 

were analysed by means of Fuoss conductance equation191 20 • 

Results 

The· measured equivalent conductances and the·corresponding 

concentrations, c, in molarities are given in Table. 1 •. The data 

19 20 were analyzed with the Fuoss conductance equation ' which can 

I be expressed as, 

(1) 
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P = [ t -.oe c 1.:. l) ] 
(2) 

where Rx aod EL ar~ relaxation and hydrodynamic terms, respectively, 

as derived by Fuoss, and the other terms have their usual signi-.:. I . . . 
'fiqance. The parameters /\ 0 , KA and R were obtained by solving the 

· above equations. :rnitial/\o values for the iteraction procedure 
. . . 

. we.Iie obtained from Shedlovsky extrapolation of the data. 

In practice, ·calculations were made by finding the values . . . 

of Ao and· oC. which minimize for a sequence 6f R .... values,· and then 

plotting (J% = 1009 0" I 1\o against R;' the best fit R corresponds to 

. /2. 0" 2 
_;, r [ 1\j ~calc)- Aj Cobs)] cn-2.) · 

j . 

(6) 

a ~inimurn of the ()% vs R curve. First ap,proxima:t;e runs. over a 

fai~ly wide range of R values were made to ·locate the .minimum and 
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then a fj_ne scan around the minimum was made. Finally, with .this 

1 minimized value of R, the corresponding 1\~ and oC were calculated. 

The values of l\o 1 KA and R obtained by this procedure are 

record~d in Table 2. The limiting ionic conductances based .on the 
- . 

vJalues of Bu4NBBu4 and Bu4NBPh4 are given i;n Table 3o The limiting 

· ion conductance value f.or Li+ .i.on was taken from the· literat"..lre1 O 
~ 4 - ~ ' 

.\ 
; 

·j •. . , r 

. ;i 

to Cc;ilcula-t.e the single ion mobility for BF'4 ion, assuming that 

the rule of additivity holds ·coo in this case. 

Discussion 

Table 2 shows that the limiting equivalent conductances ( 1\o) 

of the tetraalkylammon·ium bromides O.ec:;::rease as the alkyl chain

'ie~gth increases. This is found to be in absolute agreement with 

. ~arlier findings ·for tetraalkylamrnoniurn bromides in other aprotic 

. . 21 . . . 
··solvents •. The size and structure forming effect decrease as ~he 

alkyl chain-length increases and consequently the mobility is in the 

reverse order. The Ao value of Bu4NBr was earlier reported by Jansen 

and Yeager10 
o A comparison. of the limiting ~qui valent conductance 

. 10 
value for Bu

4
NBr as obtaineQ. by us with tha-t of Jansen and Yeager 

shows a difference of ca. Oo4%, indicating the closeness of our 

values with theirs. Also, a comparison of the reported. 1\c value of 

Bu4NBB~u4 by Taked~ et a111 with ours shows .a difference of ca., 1%. 

W.hile .Takeda e't a111 took the 1\o value directly from the .extr-apolation 

of ./\ vs o rc plots, on' the other hand we have. calculated 1t by 
I 
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.I 
20 Fuoss method- and hence the· observed difference. rt is most l.:i.kely 

that for similar reasons, our reported /\o value for Bu
4
NBPh4 is 

. 12 
6.&/o larger than the reported value (17.14) • 

The association constant values in Table 2 show that the 

salts studied by us are essentially unassociated with the minor 

lj exception· of LiBF 4• Presumably this salt indicates slight ion-:

pairing though the association constant is much less than that of 

LiCl? and LiBr7 • It may be due to the very large size of tetra-

I 
I. 

£ luoroborate ion which has a lower ·affinity for the lithium ;Lon 

tha~ the smaller Cl_-· and :Br- ions. This decrease 'in the. :association· 

constant as the anion size incrE!.ases also agrees .. with the general 

contention of the theories of Denison and R~sey~ 2 ~ and GilJ~erson~3 .. 

The gr13ater /\ ... VC~lue of LiBF 4 than that of LiCl and LiBr also· 

corroborates the above·view point. HOWever, for R~+ ions, the 

.general d13crease in the assoCiation const.ant as· the cation. size 
' . . . . 

increases is in agreement with tne charge density values of these 

ions. ' . 

The sing.le ion c<;mductances have been evaluated from the 
17,24 

division of 1\o value 'of Bu4NBBu 4 ·using the fol;Lowihg relationship 

(7) 

The reason .behind the· choice of Bu4NBBu 4 as the reference electrolyte 

is in the fact that the· cation and anion in this case- are symmetrical 
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in·shape and have alsomost equal ·van d8r waals volume. 

:Bu4NBPh4 has also been utilized b.t various authors12 , 25 to 

calculate limiting ion conductances assuming that A.o values of its 

constituent-ions viz. Bu4N+ and BPh~ are equal. But the validity 
• I 

o~- this assumption has been questioned in .several solvents owing 

.tcJthe unec;iual size of the cation and anion and a aiso to the unequal 

. electronic envir<!lnment Of the positive charge on the nit.J;Ogen atom 

·and the negative charge on the boron atom. Instead of equal division, 

we have divided the. 1\o values using the method similar to that 

26 prcposed by Krumgalz for division of viscosity E-values 

A.,(Bu4N+-) · r(BPh4~ 5 0 35 
1 •. 07 (8) = = = --

_A..(BPh~ ) r(Bu
4
N+) 5~00 

The r-values have been taken from the works of Gillet al24
, 27 • 

C' 

The ;x.ovalues obtained by using the above. :two ~thods ·have 

been presented in Table 3o It can be readily .seen that the limiting 

ionic conductances· obtairled· from the above bliO methods are in Very 

close ag~eement. with each other. This suggests that .either of the' 

t~o methods tcc;m b.e used to calculate the limiting ionic conductances 
. I . . 8 

} . i.n 'organic solvents. Kay cmd coworkers previously ~a lysed the 
'I 'I' 

,I ,I 

conduc-t.ance data of' several workers and calculated the best estimate 
• i ' .. 0 

of limiting ion conductances in PC at 25 c. Comparison of our 
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results with theirs reve·als that in the case of· 11e
4

N+., Et
4
N+ and 

+ . ' . . 
Pr4N ions, the A0 Values obtained by us are·1-11% lower and for 

Bu4N+, the value is SOlo higher than the values propose.d by Kay 
~ 8 10',11~13,28 
~ ~ • This discrepancy is due to the· different procedures 

J adopted for the calculation of 1\ovalues· and also on the choice of 

the 'reference electrolyte• 8 ~ 10 , which was also different for 

calqulating the limiting ion conductal)ces in non-aqueous solvents. 

The ;'/alden products ( >---'! rp and Stokes radi.i (r~) o£ the 
"" 

ions are reported in Table 3. The walden product values are usually 

employed to discuss the ion-solvent interactions of the ions. with 

the solvent medium. From the table, we see that f~r large R
4
N+ ' 

: "\'% 
·.' fo~s, /\ 0 ~0 is larger,. the smaller is the size o£ the cation and for 

the electrol¥1=-er taken as a whole, ~t follO''.rlS the same sequence 

(Tab].e 2) •.. It therefore le.ads to tha £act. that electrostatic ion-

solvent interaction, is very weak in these cases. On the other hand, 

the alkali metal ions are small enough to possess the higp electro

static charge density on them resulting in strong ion-solvent 

interactions10• From Table 3, we also see,that Stokes radii increase 

with the increasing size. of the tetr~alkylammonium ions and this is 

most likel~ due to less ionic mobilities of these cations. For Li+ 

ion, however, the.stokes radius is much greater than its crystallo-, 

gr.aphic radius (00 93. ~) 29 . indicating it to be .substantially solvatec 

in this solvent medium. on the other h2nd, the higher mobility of 

~~- 'ion than the cations relative to its crystpllogra?hic size 

(1. 80 ~)29 indicates that it is poorly solvated in this medium. The 
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slight difference in limiting ionic conductance values of Br- ana 

BF4 ions seem to indicate that the effective sizes of .these anions 

in PC are almost the same and thus very lLttle solvation, if· any, 
, 

is involved·in these cases. On the other hand, very low mobility 

f. of the tet:abutyOoride ion has been .attributed to its much larger 

size. Thus~ from the result it appears that the large size of R
4

N+ 

ions, its low charge den~ity and high dielectri~ constant of PC 

render these ions to be free, unassociated arid almost unsolvated in 

this medium. 
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Tagle •1. Equivalent con6uctances and corres:tJonding molarities of 

the tetraalkylam:nonium br·.Jmides, tetrabuty1ammonium tetrabutyl

borate, lithium tet·rafltiorobotate .and tetrabutylammoniurn tetra

phenylborate in propylene carbonate at 25°c 

------------------
131•702 

100.094. 

84.861 

. 60.056 

so. 047 

40. 037 

24.760 

10.536 

'444. 47 4 

37 s. 533 

300.067 

226!' 398 

159.916 

100.621 

7 s. 466 

so. 059 

25.155 

519.858 

348.87.5 

1·99. 27 9 

100e 506 

90.109 

74.513 

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

27.18 

27.67 

27. 97 

28.44 

28~73 

28.95 

29.40 

29.99 

2:l. 85 

23.31 

23.84 

24.·54 

25.04 

. 25. 79 

26.10 

26.49 

27.07 

19.30 

20.19 

21.29 

22.11 

22.33 

22.61 

90.445 

73.080 

62.226 

44.137 

36.540 

29.304 

18.089 

622.737 

498 .. 190 

400.628 

298.914 

201.3 52 

100.261 

79.874 

60.1S6 
40.104 

. 20.052 

506. 84~ 

349.720 

199 •. 357 

99.679 

89~ 542 

74., 337 

26.67 

27.03 

27.26 

27.71 

27.89 

28.12 

28.53 

20.51 

21.3~ 

21. ~9 

22.7 5 

23.'54 

24.74 

25.04 

25.35 
'2.5. '7 G 
26.28 

18 .. 63 

19. 54 

20.63 

21.69 

21.85 

22.16 

contd •• 
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Table 1 (Contd •• ) 

60.3 04 22.82 60.097 22.16 
45.027 23.10 45.073 22.50 
30.152 23.45 30.048 22.80 . 

10.016 23.36 

r:ep4NBr LiEF. 

'* 523. 988 18.12 529. 63 5 19.64 
399.977 18.68 398.992 ~w. 73 t . 

I 3 oo. 450 19~ 05 . 3'00.127 21.70 
J 200.862 19~73 199~ 496 23.06 

99.558 .20. 51 100~631 24.66 I . 
75.105 20.93 90.038 24.;90 

60.084 21.00 74~ 149 . 25. 21 

45.063 21.55 60. 02 5 25.59 

30~ 042 21~80 45.019 26.01 

30. 013 26.39 

I' 
I 10.004 27 •. 39 

Bu4NBBu4 Bu4NBPh4 

206.727 15.38 217.489 14. 52. 

149.532 15.85 187 .·~50 14.79 

120 .• 591 .16. 17, 158.174 15.10 

89.582 ·16. 48 138.402.: 15.31 

74.422 16 .. 64, 118.630 15.50 

60.364 16.85 98.859. 15.73 

39.692 17.18 79.087 16.00 

24.807 17.54 59.315 16.28 

9.923 18.00 3 9. 543 16.65 

- ---------.. -
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Table 2. Conductance parameters of· tetiaalkylammonium bromides, lLthium tetrafluorobG:>rate 

tetrabutylarrmonium tetrabutylborate a~d tetrabutylammonium. tetraphenylborate· in PC at '2.5°c 

--- 1 -~A"om3mol-1 -~-_,~lden -cr-----
Salts 1\o/S cm2mol- R/~. 

product 
-

Me4NBr 31.09(t0.02) 6. 82 C±0.11) 0.768 14.00 

.Et4NBr 29. 94 (+0. 01) .. 8.15(±0.10) o. 740 17.00 - . 
J?r_4NBr 28.57 <±0.02) 4.·20 f±O• 07) a·. 7,06 13.30 

Bu4NBr 27.68(±0.01) 5. oo· <±o· 04) · o.6a4 12.30 

Pen4NBr 25.10 (+0. 03) 3 •. 92 (±Oo 12) 0.620 8 .. 30 -
Hex 4NBr 24.38 <±o· 03) 4. 71. (+0.16) o. 602 . 1,3.00 

Hep 4NBr 23.41(±0.03) 3. 65 (±0.1 0) o. 578 10.50 

Bu
4
NBBu4 18.88 <±o· 01) 5.79(±0.12) 0.467 13.10 

Bu
4

NBPh 4 
18.30 <:t.O. 02) 8.16 <±0.12) o. 452 ·18~20 

LiBF 4 
28.48 <±o .. o2) . 10~09(±0.11) o. 7 01.- 13.20 

-----------------
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() 

o. 06 

o. 03 

0.12 

.. o. 07• 

o. 20 

0.27 

0.19 

Oo 10 

o. 08 

· o.-15 
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Table 3. Limfting ic~ic conductances, ~valcl.en prcducts and 

stokes radii of the ions in PC at 25-0c 

--
Ion :>-.± xc A:1oa :XJ; a 

0 0 rs 

--- --
MeN+ 

4 
i2.85a 12.87 0.319 Oo319· 2.56 

. + 
Et4N 11o 70a 11 .. 72 o. 2_90 0.291 2.82 

Pr N+ 
4. 

10.33a . 10 •. 35 o·. 2ss 0.257 3.21 

Bu
4

N+ 
a 

9. 44· . 9. 46 0.234 o .• 235 3.49 

Pen
4

N+ 6.86a 6.,88' 0.170 0 .. 171. . ·4.81 

Hex N+ 
4 

6.14a · 6.16 0.152 O.:i..53 5.38 

Hep
4

N+· $.17~. 5.19 0.128 0.129 6.39 

Li+ 8.89b ----- o.22o ----- 3.72 

- . . a 
18 .. 22 0.452 o .. 450 . 1.81 Br 18.2-4 

BBU~ 9.44a_. 9. 42 o. 234 0.234 3.49 

BPh~ s.86a 8.84 0.219 o.21s 3.,74 

BF~ 19.59 ----- 0.486 1.68 

a . Calculations based on Bu4NBBu4 

b )( of Li+ ion taken from ref.· 10 

c Calculations based on Bu4NBPh4 
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r c 
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2. 56 

2.81. 

3~18 

3. 48 

4.78 

s. 35 

' 
6.34 

.. 

·1.82 

3.50 

. 3. 7 5 
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PART - B 

Viscosity B Coefficient's of Some Tetraalkylammonium Bromides,. 

Lithium Tet..rafluoroborate and Tetrabutylammonium Tetraphenyl 

borate in Propylene. Carbonate. at 25, 35 and 45°c . 
,, 

I ~ 

studie~ on .'th~ transport properties of electrolytes in 

different solvents are of great importanc~ to obtain information 

on the behaviour of ions in solutions. Recent years have therefore 

witnessed increased interest in this topic as are ~videnced from 

numerous publ~cation:s 9• 21 " 30-33 in this field. ·One method employed 

for these investigatio~s is to study solution viscosity. Viscomet~y 

is one of the. ·importan-t: tools for the determination of ion-solvent. 

· interactions ~hich are the controlling forces in dilute solutions 

where ion-ion. interactions are absent26
• The variations of solva-

tional properties are reflected in the viscosity.B~coefficients 

of ions. 

In Part-A of the present chapter, we have studied ion-

solvent interactions of some .tetraalky1ammop.ium bromides·, R4NBr 
. ' .. ·. ' . 0 
arid a few other salts in PC at 25 c from conductance measurements. 

we have now extended this work to study the viscometric behaviour 

of these electrolytes at dj_fferent temperatures to obtain more 

iftformation about specific ion-solvent interactions iri this solvent. 

Ionic· B values have been derived on the basis of the reference 

electrolyte •au
4
NBPh4 • and the transition-state treatment hav~ been 

applied to analyse. the re su-1 ts. 



:. : I 

' 
.I 

i 
! ' 

120 

Ex!?!::rimental 

Propylene Carbonate• (E. Merck Germany, > 99% pure) was 

purified according to the procedure described earlier in Chapter

LI.and ·also.i~ Pa~-A of th~ present chapter. The solvent proper

ties have been recor¢ied in .Table 1. 

The purification of tetraalkylammonium bromides, LiBF 
4 

and Bu
4
NB.Ph4 have been reported earlier in Chapter· - li~ 

The concentration~ of the salts generally variep in the 

-3 . 
ra.I\ge of o. 01-0.08 mol dm which were prepare<] by .·weight dilution 

of the stock solution (ca. Oo 1 mol kg-1 ). The conversion of the " 

molality into mol.arity was done by using the density valu2s. The 

kinematic viscosities were measured at tre desired temperature 
.. 0 

(accuracy ± Oo 01 C) us~ng a suspended Ubbelohde-type ·viscometer. 

The densities were measured using an Ostwald-Sprengel type 

pycnaneter (25 mli calibrated with distilled water. The details 

.of the experimental procedure have been described previously in , I . . . " 
~· c:hapter-II. ~he accuracies of viscosity and <lensity measurements 

-5 -3 were 0.05% and± 3 x 10 gem respect.ively. Viscosity measurement. 

·for.Me
4
NBr iD PC could not be performed owing to its poor solubility 

in this solvent medium. 
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Results 

The density ( f } and viscosity ( fl. ) data fur the electrolytes 

in the molarity range 0.01-0.08 mol dm-3 at temperatures 25, 35 and 

4s0 c have been reported in Table 2o 

The experimental data have been analysed by the Jones-Dole 
' 34 

·, · equation 

I 

(1 /l')o.:.. 1:y'.JC = A + B '1/C (1) 

·where·'l'l and l'l
0 

are the viscosities of the solution and solvent, l I I 

·r( ·re,spectively, c is the molar concentration and the other terms 

'I. have their usual ·si.gnificance. 

·I 

I '. 

The plots of ( '1/~0-l} I ...ra ·against . -Vci · (Figure. 1) for the 

electrolytes are -linear and the experimental A values at 25, 35 and 

4Sc::>c have been calculated ··using the least squares me~hod. The A 

0 ' 
coefficients were also calculated theoretically at 25 c from the 

physical properties of the solvent and the 'limit·ing ionic equivalent 
~ 

conductance by usirig the Falkemh.agen and Ven1on equation~ 5 ~ 

Atheo ·.= 
O. 2577/\o 

· '!o (E:T~ li A: ·Ao 
(2) 
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I 
i Tlile conductance data required in the above calculations were take:o 

. ·from Part-A of the present chapter. These A values have been used 
.. ' 

·f<ir ·analysis of the viscosity data. In view of the weak temperature 

dependence of the ~ coefficients, .the A values at 25°C he.ve been 

utilized at ·~e other two temperatures. Theoretic.al A coefficients 

obtained.from eqn. 2 along with ~he experimental A values are 

reported in Table .3. 

Viscosity B coefficients obtained at various temper·atures 

using the least squares method have been present,ed in Table 4. 

:· 
Viscosity datq. hav~ also .been analysed on the basis of 

! 
the transition-~tate treatment of the relative viscosity of electrO-

lyte solution~. as suggested_ by Feakins et a136 

B = v0
- vo 1 2 + (3) 

1000 1000 

In the above equation vf and v~ ace the partia~ m.olar 
~ 

volumes of solvent and solute respectively. 6~ , the contribution 

per mole ·of solute to the free-energy of activation for viscous 

flow of the solution, has been determined-from the ~ove relation
#~ 

·ship and reported in Table 4. L:l/ 1 , the free energy of activation 

per mole of the pure solvent is given by the equation
37 

: 
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(4) 

Discussion· 

The ·A coefficients shawri in Table 3 are fourid to be smal'l 

and positive for all .the electrolyt~s an.d the. experimental resul t"s 

0 . ' 
at 25 C agree we111 with the theoretical ones within 20'/o for the 

'quarternary ammonium qalts. This error in the ~mall A values 
' )i . . 

'e c'orresponds· to the experimental uncertainty of o. 05% in the 

',! 

viscosity data.·~imilar results have been found earlier also in 
. 38 

oth~r systems • 

The viscos·i ty B coefficients. (Table 4) are lar.ge and 

positive and the values increase in PC as we go from tetraethyl-
. . . . . . 'i 

ammonium to tetrabeptylammonium bromide. Our reported viscosity . . I 
B coefficient (1. 043) at 25°c for Bu4-NBr is slightly greater than 

the B. value (0.960) reported previ*usly by'Boden·e~ a17 ~y simply 

plotting relative viscosity againsJ c~ncerit:r-atio.n of Jones-Dol~ . . \ . ' 

equation. The B value of lithium t~traflu.o'roborate is found to be· 

ap~roxirnately equal·to that. of ·Pen4NBr. The· :8 coefficients show a 
. , 

.·moderate. or weak temperature. depen.dence and· the. yalues· decrease 

with increase. of temperature as 'observed earlier i.n some dipolar 

ci.pro~ic .solvents like acetonitrile38 ' 39 , sulfolane 40 and DMsJ- 6 , 41 • 

j, 
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·Further, from T~le 4 we see that althoug_h dB/dT is small but it 

is negative in sign for all the _electrolytes, indicating that .they 

b.ehave*as structur~ makers in this solvent medium~ 

.The ionic B values were calculated 9Y eqr;t •. 6 using Bu
4
NBPh

4 

as the 1 reference etectrolyt~' 42• 43 ~. 

. 'i ": J:' 
!·: 

B (Boq 4~l3Ph4) :: B·(l3u
4
N+) + B (BPh4. ' (5) . 

' 

. ' ,• 

i. •· 
3 

BPh~~- ( 
5.35 } = 

BBu Nt 5~ 00 
4 

(6) 

uo:f: 
The icnic B values along with the ionic b.! 2. data' obtained 

- ' 
from the above relat;i.onships have been recorded in Tqble 5 •. Table 

5 'shoWs that the v.iscC!sit.y B co·efficients for· cat.ion.s and anions 

are all positive and. also very. high. Ionic B value for Li+ at 25°C 

was ci.J.culated from the reported viscosity B value of L:Br7 in PC / 

with the help of additivity rule. The observed order of B 
+ 

. ·+ + + + + + coefficients, HeP 4N ) ·Hex 4N ) pen4N ) Bu4N ) Pr4N > ·Et4N , shows 

that the .obstruction to solvent vi.scous flow increases with decrease 
! 

of ion charge density and with the decrease of the size of hydro-.. . . . . 

' idynamic entity by solvation~ ]'or anions, the .,B··vo.lue is seen to be 
·~ . 

in the order BPh'4) Br-)BF; • The dB+/dT values of cations and 
-

anions are generally found tci be negative (structure-rpaking). This. 
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behaviour of· tetraalkylarrunonium ions in PC, arising mainly from 

the interactions .of alkyl groups ana solvent molecules is similar 

to that as observed .earlier in sulfolane by Sacco ·and coworkers 40 , 44 • 
' ~ ! 

0¢. 
The values of 6-fz. for tetraalkylanrrnonium ions decrease 

i'n the order : Hep4N+) Hex
4
N+ > Pen

4
N+) Bu

4
N+ > Pr

4
N+> Et

4
N+ and for 

anions BPh4 ) Br-. li&wever, these ·values are f ou,nd to be positive 

and thus the formation of transition-state is less favourable in 

the presence of these ions • 

. Ionic B+ coefficients have also been analysed on the basis 

f • t • I - t' 45 o Elns eln s equa lOn • 

where R~ is the radius at ·the ion assumed as the· rigid sphere 
-

{7) 

. moving· in a continuum and'·2.5 is the shape ':):actor for a sphere. 

The number of .. sQlvent molecules . (n
5

) bound to the ion in the prin1ary 

·sphere of so.lvation can be calculated by combination of the Jones-

1 ti . • t' th t f ' t •. I 46 
Do e equa on Wl n a o · ElnS eln s o 

(8) 

where ·vi repz;-esen·ts the bare ion molar volurr.e and is related to 

the crystallographic radius, r~, of the ions. V is the solvent s 

mola,r volume. The values of R+ and n
5 

are shown in Table 6., 
-



,, 
.i 
•' 

'/' 

/' 

f·, 
I 

:I 
'= .• r· 

l• ' ~ , I 

·i 

I 

126 

The R+ values for tetraalkylammonium ions are· found' 'to be -
in reasonable agreement with the stckes and c.r:ystallogi·aphic radii. 

" . 

' The resu;t.ts inoicate that th~se ions are· scarcely solvated in PC 

and behave as spheiical entities. However, R+ · val.ue .of Li+ ion is 
-

~c.h higher than its crystallogral hie radius, indicating that it. is 

·highly solvated .·in 'pc by ion-dipole interactions. Similur results 

hav~ b~en. obtained by condu.ctcmetric rneasurements33 v-rhich shows 

that Li+ is higply sol?ated in this medium. Thus, it· appears that 

the large_ size o:E R4N+ ions, their low charge density and the high 

dielectric constknt of PC render .these ions. to be free, unassociated 

Jand almost_ unsolvateo. in this medium. 
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Table 1. solvent properties of propylene carbonate 

----------------·--------------------------------
Teinpterature 

(oc' 
Density 

(gcm-3 ) 

Viscosity 

(cP) 

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

25 
'i 

35 ' 

45 

a from ref. 6 

1~ 19883 

1.189?0 

1.17796 

2.4712 

2. 0476 

:1..7234 

Dielectric 
Constant 

· 64. 40a 

63o41b 

60. 92C 

b from G. RitzouLts, can. J. Chern.,. 67, 1105, 1989 

a f~om G. Mournouzias, I;l.K. · Panopoulos and G. Ritzoulis, 

J. Chern. Eng. Data, ~, 20, 1991. 
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Table 2. Cqncentration, c/(rnol dm-3 ), density_, P /{gcm-3 ) and relative viscosity, 'lr of 

tetraalkylammoniurn bromides, LiBF 4 and Bu4NBPh4 in PC at 25, 35 and 45°c 

128 

------------------··--------------------- --------- ~------------------------------------ -------------~--------------------------------------~------· 
.C 

.o. 01002 

o. 01.644 

o. 02506 

o. 03509 

0.0451~· 

o •. o5.514 

0.01015 

0;,01999 

o.o3076 

0 .• 05014 

0;,05998 

o. 07997 

p 
· Et4NBr 

1.19000 

1. i9910 

1•19925 

1•19941 

1•19957 

1.i9973 

~:tt4NBr 

·1 • .1,9~37 

1;,19792 

1.1.9743 

1.19654 

1;,19609 

1.1951T 

"lr 
·25°C 

25°C 

1 0 0081 

1.0130 

. 1. 0193. 

.1;,0266 

1;, 0343 

1o0418 

1. 01'16 

1. 0224 

1.0337 

1. 0538 

.1. 0642 

1. 0871 

c 

·-0. 00995 

o. 02020 

0.03015 

o. 05005 

o. 06001 

o. 08020 

o. 00990 

· -o. 02011 

. o. 03001 

0;,05011 

o. 06002 

o. 08012 

p "l:r 
. -----------------·---------------------------------------------------

Pr
4
NBr 25°c 

1.19870 1.0096 

1.19856 1.0188-

1.19843 1.0351 

1.19816 

1o19803 

1.19776 

Pen
4
NBr 25°c 

1.19817 

h 19749 

1.19682 

1.19547 

1.19480 

1.19343 

1.0452 

1.0540 

1.0716 

1.0130 

1.0253 

1.0382 

le0619 

lo 0750 

1. 0991 

contd ••. 
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Table 2. (~ontd •• ) 

Hex
4
NBr 25°C Jt~:~4NBr 25°c J 

.. 
0.00999 1.19779 -1.0149 o.o1091 ,,1~19150 1;, Oi59 

o. 02498' 1.19621 1•0368 0;. 03002 1.19485 1. 0458 

o. 03991 1.19464 i;. o583 o; o4oo9 1;.19351 1•0606 
<• 

0.04996 1.19359 1. 0715 0~"04996 1.l92i9 1 .. 0761 

0.06994 1.19149 1.1017 0~-06003 1o19084 1.0904 

LiBF 4 
25°C Bu4NBPh4 

25°c 

0;.01031 1.19937 1. 0:!:34 0;, 00998 .1o19796 1;, 0149 
' o. 02508 1.20013 J .03.11 o.· 01997 ·1. !'9708 '· 1. 0293 

0.04020 
(). 

1. 2 0091 1. Q503 0;.02995 -1;;19620' 1;,0418 

0;. 05017 1.20142 1. 0623 0;, 045.02 1.19487 1;,0513 

o. 06013 1o.20193 . 1..- 0784 o. 0599'0 1.19356 1.0844 

o. 08007 1.20294 ·1_. 0975 

Contd •• 

·' . 
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Table 2._ (Contd •• j 
··-

Et4NBr 35°C - Pr4NBr 35°C 

- -· . 
0.00995 -1.18992 1 0 0077 -- Q.00988 . 1.18955 1 .. 0089" 

o. 01632 1.19006 - 1" •. 0119 -- 0.02004 . 1~ 18938 1.0175-

0 •. 02487 1e_19Q25 1.0186 Oo.02992 1.18923 1;. 0255 

0.03483 1.19047 1._0248 0~04967· 1;.18891 1•0425 

o. 04478 . 1•19069 1.0326 o. 05954 1.18~75 . 1;. 0499 

o. 05473 1.19091 1o 0391···- --- - o.o?-958 1.18843 _3..0676 

Bu4NBr 35°C Pen~Br 35°C 

0.01007 1c.18898 1. 0113 .0.00982 1.18799 .: 1. 0125 
' 

0~·01983 1.18828 1.0215 e. 01992 -1;.18622 le0244 

o. 03050 f.-18751 lo0325 Oe. 02918 1.18460 1c.0361 

1.18612 1.0523 0· 04·956 
v 

1 •. 18101 o. 04970 • 0 
1.·0587 

0.05945 1.1854.2 1.0625 o. 05931 1.17929 1o0716 

o. 07923 1.18398 1 •. 0828 o. 07968 1.17570 1.0949 

Contd •• 
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Hex4NBr 35°C He~4NBr. 35°c 

"' 
0.00991 1.18808 1-.0145 0.00999" 1.f8803 ·1.0155 

o. 02475. 1.18563 -1.0352 . o. 02976 1.1847"2 1e0446 
·-

o. 03958 1.18318 1~ 0558 Oo 03974 - 1..18303 1.~t0584 
. 

o. 04945- 1.18155 1.0693 Oo04951 1~·18138 1e0730 

0.06917 '1.17827 1.0961 e. 05947 · 1.--17969 i.0879 
.. 

·, ---

LiBF 4 35°C ·BU NBPh 4 . 4 "35°c 

.. 

o. 0102·2 1.19025 1e0125 o. 00906 "1.188.73 1e0141 

o. 02487. 1.19104 1.0295 00 01944 . 1.1.8762 1;e0277 

o. 03987 1 0 19184 1.0424 o. 02971 1.18"651 -1. 0411 

().04976 1.19237 1.0572 ·Oc. 04464 1;.18490 - 1· 0621 
', •.;, . 

.. 

0.05966 1.19290 1o. 0683 0.05939 1.18331 -1. oaoe 

o. 07947 1.19396 1.0909 

" Con.td •• 
'. 

.. 
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Table 2 • (Contdo •) 
.. .. 

Et4NBr 45°C Pr
4
.NBr 45°C 

0.00985 io17827 1. 0071 0.00977 . 1.17785 1.0077 
.. 

o. 01616 -1.17847 1. 0117 o. 01985 ·1;.17773 1;. 0161 

0.02463 1.17873 1. 0174 0.02963 1.17761 
-

1.0241 

o. 03449 1.17904 1. 0243 o. 04919 1;.17737 1.0401 

0.04435 1.17935 1.0310 o. 05897 1;.17725 1. 0401 . 

0.05421 1.17965 1. 0374 o. 07881 ·1.17701 1c. 0480 

1.0640 

Bu4NBr 45°C ·Pen4NBr 45°C 

. o. 00998 1.17707 1•0108 00 00972 1.17541 1e0120 

o. 01966 1.17621 1. 0200 0..,01969 1;.17279 1;.0235-

o. 03025 1. i7526 1.0315 o. 02935 1.17026 1. 0354 

o. 04933 1,.17355 1.0500 o. 04885 1.16514 1.0574 

0.05903 1.17267 . 1. 0601 o. 05840 ·1.16263 i.0679 

o. 07875 ·1.17089 1. 0798 o. 07911 1.15719 1._0912 

Contd •• 
.. 

· . . . 
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Table· 2. (Contdo .) 

•·-. 

Hex4NBr. 45°C- Hep~Br 45°c 

-
0.00981 1.17568 1.0147 o. 0'0990 1 •. 17598 ~0 015~ ·-

. o. 02452 1.17226 1~ 0~47 0.02951 1.17206 1.0435 

o. 03921 1.16884 1.0546 -- o. 03942· 1.17007 1.0585 -
o. 04899 1.16657 1.0678 -0· 04913 1.16813 l. 0711 

o. 06853 1.16202 1.0940 o. 05762 . 1.16643 1. 0836 

LiBF4 
45°C Bu4NBPh4, 45°C 

o. 01012 1.17877 1. 0117 Oo 00980 - 1.17681 1. 0141 

o. 02463 1.17992 1.0272 o. 01926 1.17570 1. 0272 

0.03951 1o18110 lo 0435· . o. 02943 1.17451 ·1.0406 

o. 04932 1•18187 lo 0538 Oe04423- 1.17277 1.0597 
" 
-o. 05915 1.18265 1.0636 -o.o5886. 1.17105 1. 0787 

0.07882 1.18420 1.0839 

----------- ----------- ----- ---------

' . 
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Table 3. Theo;eticai A v~ues and exp~rimental A Coefficients, 

:··A, /;(d.m3/2rnol~\ at 25, 35.·and 4s0 c 
· obs . 1 

----- ---- --
·Salts Atheo ~obs 

25°C 35°C 45°C 
-

Et41-fBr o. 010~ 0.0082 . o.· oo89 o. 0066 

Pr4l'J'Br . o. 0108 o. 0104 .o. 0080 .o. 0080 

Bu4NBr 0~ 0113 0.0093 o. 0109 Oo 0083 

Pen4NBr 0~ 0130 o. 0106 o. 0117 o. 0138 

Hex4NBr o. 0136 0.0079 o. 0125. o. 0189 

Hep
4
NBr 0.0147 0.0115 o. 0128 o. 0139 

LiBF4 o. 03.14 o. 0072 
1 

0 0 0095 0.0152 

;su4NBPh4 o. 0176. o. 0135 o. 0198 0.0237 
~ 

~ I 
:, 

---
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· I 3 -1 ) J\ f c -1 ) Table 4. Viscosity B coefficients,-. B (dm mol and .w 2.· kJ mol values in ·propylene· 

carbonate at different temperatures 

Salts 

Et4NBr. 

Pr4NBr 

Bu4NBr 

Pen 4NBr 

Hex4NBr 

Hep4N:Sr 

LiBF 4 
. Bu

4
NBPh

4 

-----
25°C 

B )(¢ b. 2. 

0.716+0;.004 38.56 

o. 855±0· 001 44.70 

l. 043± o. 012 52.31 

1.194+0. 007 58.59 

1. 385±0· 019 66.43 . 

1. 454±0· 009 70.45 

1• 203-:tO• 036 49.05 

1.302+0.061 66.68 -

- -
B 

o. 67 4+0. 009 

0.810+0. 007 

1. 005±0· 001 

1.145+0. 01·0 

1;, 339+0;. 002 -
1 0 416+0. 010 

1.105+0. 032 

1.283+0.013 
0 

--
35°C 4S<?c --- --- )fr-· )A.."i-D. 2. B . A 2-

------ ---
37;.86 o. 653+0. 003 ·37. 57 -
44.26 . o. 788+0. 001 44.24 -. 52.89. o. 97 5+0 ... 007 53.41 -
61.04 1. 1 06+0. 006 63.36 -
67.98 1. 315+0. 008. 70;,41 -
71.73 1. 3 91+0. 015 73.34 -
47.00 1. 021+0;, 006 44o.52 - . 

68.08 1. 2 56+0. 002 68.92 -
--- - _.;.._ __ ~ 
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Tables. Ionic B coefficients, B /(dm3mol-
1

) and ionic ~f4z/(kJ mol-
1

) values in pc· at . . + 
different temperatures -

Ion· 

Et N+ 4 . 

Pr N+ 
4 

Bu N+ 
4 

Pen N+ 
4 

Hex N+ 
4 

HeP.jl+ 

Li+ 

Br 
BF-

4 
BPh-

4 

B+ ----
0.258 

o. 397 

o.s8s 

o. 736 

0.927. 

o. 996 

o. 792 

o. 458 

o. 411 

0 •. 717 

25°C 

fj,Jrt: 

16.22 

22.36 

29o 97 

36.25 

44.09 

48.11 

----~ 

22.34 

-----
36.71 

. B. 
+ -

o. 246 

o. 382 

o. 577 

·0. 717 

0.911 

0.988 

-----
o. 428 

-----
o. 706 

- '--- -----
35°C 

~----
4·s0 c 

~O:J; -~ 2.:. B 
+ 

6./ia* 
--

15.57 o. 242 15. 1'3 

21.97 o. 377 21.80 

. '30. 60 Q.564 30.97 

'38. 75 0.695 40.92 

45.69 0.904 47.97 

49.44 . o. 980 . so. 9 0 

----- ----- -----
22.29 o. 411 22 •. 44 

..;,. ____ ----- - -----
37.48 o. 692 37.95 

----------
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T.able 6. Ionic radii, R+/( ~ ) and solvation number, ns' of ions in PC at 25°C 

- ----
Ion rc r· s R+ ns· 

(~) c.R) c~) 
- - ---

+ Et4N 4.00 2~_82 3.45 -1.94 

Pr N+ · 
4 4. 52 3. 21 3.-98 -2.68 

BuN+ 
4 . 4. 94· 3.49 4. 53 -3.18 

Pen
4
N+ 5. 29 4.81 4.89 -3~82 

Hex
4
N+ 5.59 s.·38 50 28 -4.24 

Hep
4
N+ 5ot;38 6.39 So 41 -5.32 

Li+ o.6o 3;.72 s. 01 3c.71 

Br- 1;.,95 1.81 4;17 1o78 
BF-
. 4 

2. 01 1.68 4.02 1. 53 

BPh~ 4.20 3.76 4.84 -0.. 28 

----- -- - ---.--------
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Fig. 1. Representative plot of ( TJ.r-1)/v'c against Vc. for some electrolytes 
in PC at zs ·c 
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CHAPTER-V 



A stuc1y on the Ion-solvent Iht.eractions of 'l'etraphenyl

arsoni'l,lm, 'l'et.raphenylphosphonium ancl some Com.tnon Ions 

from Vipcosity and conductmlce Data 

The v.iscosi ty me a .sure men ts ha~.Te been wide>ly used1~4 as an 

ii!Ipbr"t:.ant ~:;.cpe~·fmen,tal tool to provi·1e itifopmation on t.he natu:re 

ot iortA·~oiv~nt. intt'lractions and tpe structvral modifications of. 

of solventp by ions in solution. Although for a. long time much 

~ attentiOn h~s beeh paid to the viscosity B co-efficient.s of iori.s 

in aqueous solution.s 1 measurements cf B co-efficients in non

aqueous sol'qtioqfi are sti 1:\. sc arce5 • Similarly, conductnnce data· 

also provides us valuable i~fcrmation regardipg the ion-solvent 

1
1 interactions o;!: electrolytesq in aqueous, non-aqueous and mixed 

solvents. The potentiality of propylene carbonate (PC) as a solvent 

fer a variety of applic3tiohs of technological importance has · 

already been mentioned in Chapters r and III. Moreover, the salts 

such as Ph
4
AsCl; Ph 4PBr containing tetraphenyl ions play a very 

important role in Solution Chemi s·tr.t and &~ oft.cn recommended as 

2 7~10 
r!3ference electrolytes ' • Thus, in the present chapte.c an atte1npt 

has bE:!cn made to rGveal the nature of ioq-solvent interactions of 

?h4~sC11 Pq~P~t and ~9-B?h4 in propyi<:.p!3 catl:lon?tc (¥'C) from their 

V~sC9pity qria conductance data. the Vi3COsities hav~ been measured 

a-t;. thre~ different temperatures while conduc.taqce measurements were 

done at 25°c only. As the electrolytes are found to be unassociated 

ih this riledi.tini; the viscosity data have been analysed using the Jones-
• I, . 
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:pole equation in the fo~m of unassociat.ed electrolytes and the· 

viscosity B co-ef~~cients have been evalpated~ runic B values have 

beeri derive:d on the basis of the refer~nc$ electrolyte 'BU:
4
NB.Ph

4
'. 

The conductance data are analysed by the· Fuoss ·(197B) conductance 

equation an~ the limiting equivalent conduct$nces have been evaluated. 

The single ion conductances have been derived by using two reference 

eiectrolytes 1 Bu4.NBBu4 • and • Bu4NBPh4' and the results have been 

compared. 

The purifications of thP electrolytes have been described 

~n Olf<;:~.pters ·r.:t and IV.t Freshly distill!3d solvent was always used 

for each experirreh.t ~oivent properties of propylene carbonate (PC) 

¢.1:. 25~ 3~ op~ 45Po 1!-av~ peen .~en-t-.ioned earlier (Chapter - IV, 

pa~ - B). 

For viscometrJ.c study, the concentrat·ions of the salt 

solutions generally varied in the r;m'ge 0., 01-o. 08 mol dm ... 3 and the 

soiu-t;:.ions wer.e p~epared by we~ght dilution of the stock solution 

(ca 0~ 1 I'\101 dm- 3 ). The kinem:~.tic viscosities were measured at the 

.Q.e$,_ired tem::--erature (accuracy ±0• 01 °C) using a suspended Ubbelo'~Q.e..,. 

type viscometer. Dcmsities were measured using a'1 Ostwald~Spreng~ 

t:yp~ :pJdJ1bJneter haying a bulb volume of about 2 5 cm3 • Tpe precisions 

· +3x1o~5 - 3 d 5 of deifsi ty ·and viscosity measurements were _. gem an 0., 0 % 

respectively~ 
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For cond1-1ctance mea~urem~~ts, ten to ttd.~eeh solutions 

of different cbq<;:eptrat~ions .ranging from o. os ... o. 005 mol dm-·3 were 

p~epared for each sal·:.. Tl1e ~lectr.tcal conductances were measured 

at 25°c wit-h a Pye tJnicam PN 9509 conductivity m?.ter at a freqtJency 

of 200d H~· i'he details of e*per;lmental procedure have been given in 

Chaptet13 II ~0. IV .. 

The density ~nd viscosity data for the electrolytes at 25, 
0 . . 

~5 [anQ. 45·c have been recordl(::d. iri Table 1. ~ 

The expe~~~eqta~ vi~GOSity qata have been analysed by the 
. 11 

,Jones-Dole equqtipn 

(1) 

whe.t:e, 'Y) and 'floar~ the visr:::osities of the solution and the solvent 
t, 

·.JI respectively, c is the rnolar concentration and the other terms have 

their 'l:lsual significance. 

The plots of .(1'1/~ 0-·1~/ JC a,gainst -f'c for the electrolytes 

are linear (Fig. 1) and the experimental A·values at 25, 35 and 

4s0 c have been calculated ,using the l~ast square~::;· method. The A 
. . 0 

co-efficiepts were also calculated theoretically at 25 C +rom the 
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·f phy~ical P+cipertie$ of the solvent and the lim;i.tipg ionic, equ.;lvahmt 

12 .. . cond:qctances by using the F al1cenqq.gen ahd vernon equao!;.ion · : 

·:J~I~ 
' . . ,.,. 
~~-:; 

(,l ·.i, ' ·r· 

I ,, 

l ', 

t·. 

Th$Se Atheq values have be¢n used fo+ analysis of the ViSCO~ity 
, .I . 
qata.. In vi¢w of the weak telnpetatur~ dep~ndence of the A co-. 

:efficicrnt.s aficl hb~~-ava.:f.labil:l:. ty of limi t.ip.g ion-conductance values 

at ~ffe+ent temperatures. Atheo values at 25°C hav~ been utilized 

at the other two te~~eratures also.· Theoretical A co-efficients 

obt~ined from 'eqn. 2 along with the ~xperimen.tal A values are 

rep9rte9- in Table 2 i 

Viscosity B co-efficients obtained at 25, 35 and 45°C by 

u~ing the lea$t squqres method have been recorded in Table 2. · 

Viscos~ty data have also been Qfialysed on the basis.of the 

transitioQ state treatment of the relative ~isco.sJty o:= electrolyte· 

$Olbtit:ms as suggest$d by r·eakins et a113 

~ vo yo 
( /:;~*~ 4/.~ 1 B :'1 ~ 2 1 = + 

,. 1000 1000 RT ) 

(3) 
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-o an· _, V0 In th~ qpovt;~ equat~ion, v1 u . 2 are the partial molar· 

volumes of propyli3ne catbonat~ and ~olute respectively. 4/.,~, the 
l ' ... 
! 

cont..rj_bi:J.t.:Lon pe.t· mol~ of solute to the free energy' of acti~ration 

£of.' v.i.sc.;ous flow of the solution, has been de·term.ined from the -above . I . 
•' ~~ 

··. tel~J"~ionsh.ip· a11d the. values have been reported in Table 3. AI 1' is 

. 14 
·th~ :1:r~e en¢rgy of activation per mole of pure solvent ~ 

U".;t 
Iop;J.~ B co-cfffcients along with the ionic b. J 2. values at 

thl:ee t:l.lffe.rent ~emperature.s a1.e presented in Table 4. 

';t'~l::U¢ B deai$ with th$ .tonic radii apd solvation numbers 

.-; of l,on:n at "25C?q. 

The ~ea$ti.red equ~val.ent. conductance~ arid the qorrespo::1ding 

-~ 

:si The Cbhd~d:ance qqtp, we.:.:-e analysed with the help of the Fuoss 

con~Ucta:p.ce ¢qt1ation15 ~ 16 as pescriped eariier (Chp.pter - IV}. 

The ''alues of 1\o 1 KA. and R are recordeq in Table 7o 

' ±. 
'!'~e lir:t.1.t.ing ionic cooductapces ( Xoi ·based on the ref~rence 

eiec;t;.·:olytes viz+ Bu4NBBu4 aqd Bu4NBPh4 ( 1\o values taken from 

Ch~pt.3.t;:" - l:V) ar~ given in Table $, t}fe ;\~vp.lw~ of Cl- i.on wa8 

.: tdket. :P;roin th~ l;Lterature17• The Walden product"s and stokes radii 

c£ ·tr•rls are a.iso; recorded in Table s~ 
c. •·,.·- ... • • ! . 
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tih$ A c6eff:icients rep9r:te9. +n •rable 2 are found to be small 

~d posi{:ive for alJ. the electrolytes and the observed A coefficients 

for Ph4AsC-l. ~nd Nai?~h4 at 25°q agree Vf?.ry v-:ell with the theoretical 

onef!o~ For Ph:'4~B~, the. experimen·tal A coeffi.cient at 25°C differs 

from t~~ "t'-pepretical A v~l1Je. S.ttrlilar d:i.fterE:!nc~s between theoretical 

a,nd ~xperi~ntal A coiafficieri"I:.Sf however, have been observed in other 

$Y$tem~1 also. 

\tisco~:d.ty ':B coefficients (Ti;ilile 3) are large and posi·tive 

B(Ph4Pat)~ ·vis9osit~ B coefficients for Ph4AsCl and Ph4PBr in 

PC are greate~ than thos~ ~n water (i.o8 and Q.98 for Ph4AsCl and 

1.05 anq 0.95 for ~h4fBr at 2~ end 35°C respect!vely) 4 •. viscosity 

l3 value. for Ph4P~r in PC ~t 2S and 3 5°C are .smaller than the 

ce>rJ:e.ppopdiilg vq.lues in D.Hso7 (viz. 1.356 c¢ld 1.270 at 25 and 

35°c respectively). With the. rise of temperature, tne B values 

decr~ase in general (though it has a very we;ak temperature depE:m

dence); indicating that the tetraphenyl salts behave as structure 

m·akers ih the solvemt• Th.is behaviour is similar to those observed ,. . I , . 

in ·aq:ueous ~y;:q:.ern4 and ih other d~pol&r aprotic solvents like 

~cetonitri1e5 ' 18 ; dimethylsulphoxide7 '
19 

and .3Ulf~lane20 • 
' . ' 

The ionic B VC9.1Ues were calculated py eqn. (4) using 

1 .L . 8 9 
~~4~a1?,1 4 $.~ "¢-he 'tefere11ce e J ectrolyte ~ 

., 
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B (B'J,4~BPh4j = B (B-q.
4
N+) B (Ph B-) + 4 .. (4) 

3 
ai?h a- c·35 ) . 4 

.~ =::: (5) 

Bi3u N+ 5.00 
. 4 

Ien.:i.c B coe:l=ficiep-t::3 o:Ptained frorn t:.he above relationships 

have peen tecotded in Table 4~ Viscosity B coefficient for the 

referehce electro.+yt¢~ Bu4NB~h4 , has been taken from Chapter· - IV. 

Ai1 attempt was made to tneasure the B coef;f:i¢ient of Ph4AsBPh
4 

in 

PC so that th~ internal consistency could be' maintained for ionic, 

: B valuepe But owing to the poor solubility of Ph 4AsBPh
4 

in PC, the 

il experiment could no·t be performed. For this reason, ionic B va,.lue 

of Cl- ion at 25°c was calculated by taking the B value of Et
4
N+ 

ion (B+ = 0.258) from Cqapter - IV and that of Et4Ncl (B = 0.51) 

trom the lite.ta,.ture21 asSuming that the r;Jle of additivity also 

holds tqo ip this case. Table 4 shows that the ionic B values 

deq.tea$e in the order : Pn4As+ > Ph4P+ )Na+ and Ph
4

B- '7 .Br-> cl- • 

With ~he increa~e 0f temperature the B+ values de=rease in general 

indicating that these ions behave as structure mak~rs in this 
' 
so~y$.n,t-~ J:PI)ic free ~ne+g:i es of activation, of v,:l.scous flow based on 

M'¥ 
t.i11'3. 9-iy~~:l.on of B~4NBFh4 ha,.ve also been P!esentcd in Table 4. 6 J 2-

£6~ P~4~$+· arid Cl~ ~pns could not be calculated owing to the non

aVailab:l.lity pf ionic coht.:.ributions of any one of these two. ions. . to:f. 
values of b. i :t:or the pther ions are in the ·order : for cations, 

P. h. p+) Na+ d f . . Ph B- - Mo* , 4 . an or anHms .. 4 ) B.r • It may be noted that 6. J 2. 
' . 
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values for all the ioh$ are positive and thus the formation of 

trans~tioq ~tate ~$ less fqvourable ~n the presence of these ions. 

Ionic E+ co-efficients have ~lso been analysed on the basis 

- 22 
of Einstein's equation 

3 
R+ N -B+ - 2 • 5 4- -rr · 3 'l --rooo (6) 

where the terms have. their usual significance. 'l'he number of sol vent 

molecules (ns) bOuhd to the iori .:!..n the primary region can be cal~ 

culated by the combination of the Jones-Dole equation with that 

c;:>f E!instein23 

= . 2 5 ___ t.,.:;_ 

·iorio 
(7) 

. where, vi :represeq·ts the bare ion mplar volufrie and ~s re;Lated 

t'o tq,~ cry91:-allqgraphic r~d.tus t c of the ion. · y s is the s<?lvent 

molar volume. 'l'he valur:s of R and n ·are shown in Table s. It can ., ' ' . + s -
.be seen that for cations; ~+ values are ii+ the order z Ph4AS+) 

'+ ' ·+ ~h4l?' y~a • Compar~son with '):heir ioriic ~aQ.ii indicates that the 

tet,ra:phepyl iops are scarcely solvated in propylene carbonate • 

. fiQ'f{ev~r, R+ value for Na+· ions is about four times of its crystallo

graphiC radi~s indiCating that this ion is h.tghly solvated in this 

fn~di.~' i>Jnopgst the apions, although the ionic radius of BPh~ ion 

i9 larger than its crystallographic radius by a small amount but 

tne ionic radii for Cl- and Br- ions are much greater than their 

"· 
crystallogi:"Rphic rad.;i.i indicating tho.t these t\'/0 ions are. solvated 
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in this meQ.iun1. Similar observation for solvation of Br- ion in 

PC has been reported by Yeager et a124 from spectroscopic studies. 

I.t should be noted. that from cunductance studies of Br- ion in PC 

(Chapter - IV) poor solvation was predicted.· However, similar 

observation -was al.~o made by others17 • 

. . 

Table 7 shovrs that tl1e limiting equivalent conductance ( 1\o) 

ot the tetraphen::t·l s<;:tlts decrease in the order Ph4P:er > Ph4AsCl > 
f\taBPh4-~ $ipce;· ion.:Lc radii of Ph4P+ ~q Ph4As+ at;e close to e.ach 

other ~4 both o£ "!:;.h~ITI a.te .large enough, it appeac.-s that th~ higher 

mob.:LlJty of B+"':' io.a ~orr(pared to Cl- ion is primarily responpible · 

:t;o.t th~ large#' (\<> va~p~ of :ph 4PB,t. 

The ass"Jciation coi:1Stant.s (KA) in TaJ:'le 7 shaw that these 

·salts are almost unassociat~P, (KA ( 10 ) in this solver:>t medium. This 

is qtiite expected ow.ing tc thP- high dielectric constant of PC, very 

~arge size of the tetrapheq.yl salts and their lew charge density 

valu;ep• 

Tq~ :;;i:p.gle ·ion conductanc~s were CC3.lculated on the ba~is of 

7.25 26 
ref$~e~ce ei~ctro~yt~$ yiz~ Bu~NBBu4 and B~ 4NBPh4 by using the 

following relatiopsh~ps: 

(8) 
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= 1.07 (9) 
5.,00 

· The r¢ as on behj_nd the choice o£ Bu4NBB'IJ.
4 

as the reference electrolyte 

lies in the fact that: the cation and anion in this electrolyte are 

symmetrical in shape apd have almost equ?ll van der waals volume. 

The· 1\o value +=.ot ~u4~BBu,~ wa~ taken from our earlier work (Chapter -
. + . I 

~V) and the /-.-;, val\.ies trrqs calculated are presented in Table B. The 

:).irrd.ting ion cond~ctar:j.ces based on eqn. (9) have also been recorded 

in ~ab.+~ 8. +~ c~ readily be seen that the limiting ionic conduq

tpndci~ o~tained from the· above relationships are in very close 

agr¢~mept wj_tp each ot:,h~r, SUQgeo?ting that either Of the above two 

reference elebtrolytei:l m~y :Pe used for the division of 1\o values 

:into ;!.onic do{iip~ents fn this tneditirn. We also ·:made an attempt to 

meas4r~ the l~rnitihg equivalent cond~ctance of ~h4AsBPh4 so that the 

·ionic .A.o valu,e9 for all. the ions could be exclusiv'=lY evaluated 

from the experimental ~esul ts. However~ due to the poor solubility 

of P}14AsBF>h 4; the idea was discarded. The limitin~ ionic equivalent 

conductance for 1-'h 4]\~+ ion was calculated l;>y taking Ao.value of Cl

ion (i5c~90) from t.he lj_te+ature:l-7 • Tcble 8 shows that the )\ .. values 

for the ~bns deere ase in the order : Ph4A.S+) Ph4P+) Na+ and 

1i Br-) ci-) Ph
4
B-. The >..: values for Na+ and Br- ions obtained by 

us ~e in good. agreement with the values reported by Takeda et al 

L Ao (Na+) 10.,45 and A
0
(Br-) 17 

Results = -- 18.70 _7 • indicate that 

the ~OPility ·of Br~ ion is .greater than that of Cl- ion. 
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±· 
The walden p:):'od;uct ( A .. "1 .. ) &nd Stokes radii (r ) of the s 

·ions have alsb be;en given .:Ln Table e. From the table we can see 

~that t-h~ stokes ra<;l.ii ·of tetraphenyl ions are much less than the 

corresponding cryst.allographic radii (Table 5) and this shows that 

these io:1s· a+e scar!:e1y solvated in this solvent system. However, 

for N?-+ ion, the stoke$ ,t'adi-qs is much greater than its crystallo
.. 0 

graphic radius {0.95 A) indicatin~ that this ion is substantially 

solvated in this $olvent medium. This is also in consistent with. 

the result obtained from the present viscometric study. Moreover, 

the stokes radius of Na+ ion in PC obtained by us (3.09 R) i~ in 

excellent agreemen·t with the literature value C-3.10 ~)17 • 'l'able"' 8 

further shows that ·the Br- ioh hc.s the l:ighest ionic mobility 

amcngst. the anions. The 1ov.,rer rnobili ty of Cl- ion than Br- ion may 

be d.p~ to its enhanced ior.-i')olvent interactions in this medium which 

'eff~~ti:t.(ely_increa$e$ tne s~.ze of thip i.on in· solution. Larger 
,, . 

$t6K.Fs ~at!.i~~ o:j: ci !"l' ;f. on compa+ed to :i3t- ioh al~o supports the above 

vi~w point.· Ph tpe .oi:h~:r hand it appears that large sizes of tetra

phenyl ions~ their lOW Charge density values and the high relative 

permittivi~¥ of PC re~cer these ions t9 be free, ~masscciated and 

ali"n()st unsolvated ip thls solvent medimti. 
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Table 1. Concentration, c/(mol dm_-
3 ), dens±ty, P /(gcm-3 ) and relative viscosity, 'Y'I 

- o \r 
of Ph

4
AsCl, Ph4.PBr· and NaBPh4 in PC at 25, 35 and 45 C 

-
c p "'lr c p YJr -- - -

Ph
4

Asc·l 25°C Ph
4
PBr 2s 0 c 

0.02.374 L 19953 1. 0.174 o. 01512 1.19967 1.0195 

0.02762 1.20.023 1.034-8 o. 03001 1. 20049 1. 0373 

o. 03 255 1. L.U04& 1.0404 o. 03993 1.20104 1.0492 

0 •. 03753 1.20074 1.0465 Oo OS506 1.20188 1.0666 

0.04249 1. 20099 1. 0523 o. 06994 1.20270 1.0841 

o. 05260 1.20150 1.0644 

NaBPh4 25°C Ph4AsCl 35°c 

o.u:oo3 1.19896 1. 0134 o. 012 63 1.19019 1.0168 

0.02506 1. L! 915 l. 03 42 0.02740 1.19069 1. 0334 

0.04010 .:...19936 1.0505 o. 03 229 1.19087 1. 03 94 

0. 05013 1. FJ946 1.0625 c. 037 23 1.19105 1.0452 

0.05982 1. Ll958 1.0744 0.04214 1.19123 1. 051'0 

o. 0802.0 1.1::982 1.0988 .0.05217 1.19159 1. 0631 
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Table 1 (Contd •• ) 

Ph
4

PBr 35°C Na3Ph
4 

35°c 

o. 0~501 1.-19041 1.0180 o. 01044 1.18998 1. 0104 

0.02977 1.191.11 1. 03 46 J. 02832 1..-1; 040 1. 03 08 

o. 03962 1.19158 1 .• 0455 Oo 0454i 1.19081 1.0485 

0.05462 1.19228 1o 0621 o. 05702 1.19109 1.0605 

o. 0693.8 1.19298 1. 0786. Oo 06790 1o19135 1. 07.17 

0.09133 1.19191 1.0957 

Pb
4
AsCl 45°C Ph

4
PBr 45°C 

o. 012· so 1.17825 ~.0164 0.01486 1.17857 l. 0170 

o. 02712 1 •. 17854 1.CJ325 u. 02948 1.17917 1. 0329 

0.03196 1.17665 1.0382 o. 03 922 1.17957 1. 0433 

o. 03684 1.17875 1. 0438 o. 05406 1.18018 1.Q5S3 

0.04171 1.17886 1.o~:;15 0.06867 1.18078 1. 07 50 

0.05162 1. j 7 907 1. 0614 
Contd •• 
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0.00985 

o. 02464 

0.03943 

o. 04930 

0,05885 

o .. 07893 

';t---
1' 

(Con to •• ) 

NaBFh4 

1.17832 

1.:1.7886 

1.1793 9 

1.17915 

1.18010 

1.18083 

45°c 

1.0121 

1.0297 

1.0469 

1. 0584 

1.0696 

1. 0930 

----------------------------· 

'" \ 
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Table 2. Theoretical A values and experimental A co-efficients, A b /dm3/2molj~ at 
0 . . 0 s . 

:;:5, 35 ~d 45 c 

salts 

Ph4AsCl 

J?h 4PBr 

NaBPh 4 

Atheo 

(25°C) 

o .. 0112 

0.0106 

0.0154 

-------------A~o~b~s~-------------------------------
2.5°C 35°c 45°c 

----------- --------------------------·---------·--------------

o. 011 J o. 0066 o. 0066 

o.o~o7 o. 0149 o. 0126 

o. 0166 0.0134 o .. 0081 

·--------:-------------~------------- ------------·------

v 



Table 3 o Viscosity B co-efficients, B/dm
3
mol-

1 
and LJ..fz'Jy_J mol-l values in prOpylene 

carbonate at different temperatures 

Salts 25°C 35°C _45°c 

B j,"t-
.6 2. B /":j; 

A z. . B 
_... 

~--

Ph
4
AsCl 1.176+0o007 56.22 1.166+0. 003 57.42 1.146+0.003 - - -

Ph4PBr 1.150+0. 003 55./8 1. 087;-0. 001 55.25 1. 04S+Oo OC1 -
NaBPh4 1.175±0· 001 550 31 1o 158+0. 004 550 46 1.130+0. 002 

156 

. ~"$ 
~ 2. 

--
58.27 

55.28 

55.41 

·----·-------- -~------·----- -------------------·-----------
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Ta?le 4. Ionic B co-efficientsa, B+/dm3mol-l and ionic ~f:~/kJ mol-l values in PC at 

different temperatures -

--- -- --------
Ion 25°C -so ..) c 45°C 

B /0* B ~0~ B hD_.t 
+ b. 2. + L:l. 2. + D. 2 

---
Ph AS+ 

4 
0.924 

Ph P+ 
4 

0.692 33.44 0.659 32.95 Oo638 32o84 

Na+ o.458 18.60 o. 452 17.98 o. 438 17.46 

Cl- 0.252 - - - -
Br - 0 0 458 22.34 0.428 22.29 o. 411 22.44 

BPh4- 0.717 36.71 o. 706 37.48 0.692 37 .. 95 

-
a Division on the basis of Bu~NBPh4 



Table 5. R I R and solvation nurrber (n ) cf ions in PC at 25°c 
+ s 

-- -------
Ion * I ,R R+ n rc s 

---- ---
Ph

4
As+ 6.40a 5.27 -8.55 

Ph p+ 
4 

6. 30a 4. 79 -9.05 

Na+ b 4.18 2.12 1.17 

Cl- 1. 64b 3. 42 0.89 

- 1.8Gb 4.17 1.78 Br 

BPh4 4.20c 4.84 -0.28 

~----------------------------
* r
0 

= crystallographic radii 

a c·.v. Krishnan and H.L. Friedme.n, J. Phys. Chern., 73, 3934, 1969. 

B BoS. Gourary and F •.. J. · Adrian, ·solid State i.llJ:-.{s., .lQ' 127, 1960. 

0 R.A. Robinson and R.H. Stokes, Electrolyte solutions, 2nd ed., 
Butterworths, Londch, 1959. 



159 

Table 6. Equivalent conductances and corresponding molarities 

of the salts in PC at 25°C 

-----------------.....,.---
- 4 3 2 -1-
10 c/rnol dm- I\ /S ern mol 

---------------------------------------
526.010 

424.854 

375.326 

3 25.538 

276.169 

226.221 

175.895 

125.065 

90.716 

51.498 

495. 579 

426.918 

380.736 

351.022 

298.843 

271.135 

239.549 

210.876 

189.741 

155.893 

125.704 

90.385 

~2 .179 

NaBPh4, 

----

20.95 

21.54 

21.85 

22.21 

22.63 

22.98 

23.42 

23.98 

24.46 

25.03 

13.66 

14.08 

14.36 

14.58 

'14.92 

15.16 

15.41 

15.65 

15.83 

16.21 

16.51 

16.94 

17.53 

-Ph
4
PBr 

503.161 22.01 

425.378 22.56 

390.417 - 22.81 

352.436 23.11 

300.803 23.49 

271. 034 23.74 

240._035 24.06 

210 .. 937 24.30 

191.420 24.53 

152.793 24.97 

127.613 25.27 

80.867 26.03 

51.653 26.63 

---
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Table 7. Conductance parameters of the electrolytes in PC at 25°c 
,._.-

--------- --
Salts 1\.,/ 2 -1 KJ!dm3mol-1 

Walden R/ ~ scm mol 
product <r 

------
l?h4AsCl 27.21±0.02 4. 57+0. 07 . 0.672 11.20 0.10 -
l?h4l?Br 29 0 01±0• 02 s. 52+0. 05 0.717 9.30 o. 07 -

~- NaBPh4 19. 58+0.:02 7. 7 5+0. 08 0.~84 14.00 o. 09 

-----

'I 

.. 



Tlbl-e a. Limiting ionic c;onduct-an.ce-s., Walden proaucts and stokes rad·i~i of the . .ion'S' .in 

PC at 2:5°c 

Ion A :t a;: 2 -l 
a Scm mol. A.:r-b 2 -1 

.. /scm. mol A1a 2 -1 
o ... /Scm mol .P >~Jb 2 -1 •o /Scm mol, P r:/ R 

..;.._ 

....... 
11 ... 31. 0.,_279 ·ph4--AS. --- -- 2.o 93 

Ph .p+ 
4 

10-.77 10.79 0..:2:66 0.--2-67 3..,.03 

N:a+ 10 .. 72 10.. 7-4 0.255 0 •. 2-65 3-,.__09 

Cl- lr g·oc 
-~-- : - o.-.3:'93 --- 2_c> _ __o-g 

B.r-- 18 ... 2.4 18_..,;;:2c 0-.ASl o ... 4.50. L.B1. 

.Ph43 - 8 .• 86 a._aA 0 • .219 0,._2-18 .3.74 

,. 

a Calculaticns based on B~4NBBu_4, -b Calculations ·based on Bu
4
NBPh

4
,_ c fr:om Ee'f. !:7 

:1?61. 

b 0 
rs, I A 

3.06 

3. 09 

L.82 
. .il 

3_.:75 



0·48 ~----------------------------·------------------------------~ 

0·3 

0·1 .. 
0- Ph4 AsCL 

b.- Ph4 PBr 

o- Na8Ph 4 

0·0~------------~--------------~------------~----------~ 
0·0 0·1 0·2 

c)'z 
O·J 0·38 

F~g .1. Representat1ve plot of ("fl.r-1)/C~ against c/'z for some electrolytes 

in P·c at 25 •c 
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CHAPTER-VI 



~x~~$s Prbp~rties for Rin~y M~•tures of Propylene Carbonate 
' 

W:i~h 2-Hethoxyethanoi~ 1, ~"'\"Dirpettwxye~hane; '!'et.ra.hydrofur.an 

apd Methatiol at 25, 35 and 45°c 

Recent ye.ars havFl witnessed odps.:l,.der~Lle iriterest1- 5 in the 

tper~Qdynamic excess p~operties of b1pary tlquid mixtures. These 

ptoperties have been very helpful-to obtain ip~ormation on the 

int.ermo.leculer interactions and geometrical effects .in these 

systcms4 • ~he potept.:l..ality of propylene carbonate (PC) as solvent 

for a variety of applications particularly in high energy batteries 

pa~ been mentioned earlier (Chapters .I i:lild III). Solvents like 

2-rnethoxyethanol (ME; Ipe·thyl cellosolve), 1 1 2-Qimethaxyethane (DME), 

t~tt'Cl.hydrofuran (THF) aPd ~thanol t::::>o find a "fide range of appli-

cations of technol:>gical importance namely, al3 solvents and solubi

l.i,zing agent~ fri o.r:ganic syntheses6 , reaction kinetics and electro

chem.:f.cal studies6 ; 7 , However, barring a few8 ' 9 ; the binary liquid 

;:;y~t.er11s of propyleme c a.J.)::>oriate with pther :qop- aqueous sol vents 

In the present study, densities anq v~$Cbsities·have been 

measured fo1::' four binary liquid miXtures of PC + ME, ·PC + DME, 

PG t THF and PC + Methpriol at di:t::fetent tempe.r atures. The excess 

molar volumes cvEJ, excess viscosities ('\_E) and excess molar free 

(G*E) c1 f eneroies of activation of flow have ber-~n, determine · or these 
- I I ., 

J:.iqo.r.y systems pver th'~ entire range of tneif ~ornpositjons at' 25, 

35 an<.l 45°c. Attempts pav~ bee::.-1 macie to explaip the behaviotlr of 
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t:.he H.c;[1..lid mixtures on . the pasis ot ~ign and magnitude of these 

. p~oper~ie~. ~cAJ.lifi~~r er:;{Uai.·.,ion.10 ha$ also :Peen used to calculate 

~116. .U~teraction pacamet~.t~ ( ).) ij), frotn the ki.petnatic viscosity 

dcit~. . ' . 

Exi;>erj meh tal 
. • I 

.Propylene carbonat\3 (E. Merqk, G~rman.y; ·). 99% pure) was 
. • I 

purifieq as ~ascribed earlier (Chapter ~ II)• 

~;;.~etho.Xyethano~ (''f!IE_,.7 (G•R• E• Merck) was distilled in 

ap 1e,11-giass distillation ?.Pparat.\is befb,te t,Ise. The phyr;ical 

properties at 25°C ~f pu.r ified MEl \i~?re ; densi·t:y Oe 96002 gcm ... 3 

and viscosity ~-. 5414 cl?. The viscos~.ty apd 6.ensity va.lues are in 

re~sonab~e c:i.greemeni,: with t}+e repqrted iiterci,ture values:1 whi.ch 

are 1;, 6d c:P ~d o. 960f't gcm+3 resp\:!ct;.ivrel:r~ 

l,;211-q;tmethpxyetl:)ari¢ CDM'ti.~7 (f.l.i.~ka, purum) wa13 shaken· well 

with Feso
4 

(AR, BDH) fo~ 1•2 h, decan~¢d ~d distil-led. The 

·distillate was .teftuxed for 12 h qrid redistilleq over metallic 

sodium12 • The boiling poiqt ts4, 5°0) apd cienoity (0" 86132 gcm-3 

at. 25°c) compareq fairly well with tn~? c.or:ce~pondJng literature 
3 . _j 

value~1 which are 85°~ and 0,8q120 ·QCID re9P~?Ctively. 
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Tetrahydrofuran ~THF_7 (~. Merck, India) was kept over 

KQd, refluxed for 24 h ~nd distilled over LiAlH4
14 • ~he density 

(O.l;18072 gcm~3 ) and .viscosity (O. 463Q cq?) c).t ~5°c of the purified 

Sampl~ are in good confO+mity w~th tp$ litet~ture·values15 

( 
. -3 

P ·= o. 8~11 _ g:cm , \ = o, 46; c? ) .. 

Methanol (E. Merck, Ipdia, Uvasdl g~ade) was dried over 3A 
... I, . ' 

~oleciuJ ar s.:J_eves and dis·t.:!.ll~d fracrtior1a,lly~ Mii:ld~f.:! fraction was· 

tCl)<eh and further disti .l.led1Q ~ fhys;!.c a.l pr9?.ef~ies of purified 

tne~hailo1 at 25°0 CP = o. 78663 gqrq-
3 Md '\_ = o, .5437 cP) ag.reed well 

w:J.th ~he 1i -t;erat.ure vqlues11 wh;J.ch arE? - (J = 0·7~664 qcm-3 and 

\ *! Q.5445 ctP. 

Fre:;;hly, disti lied .col vent~ we.te al1rrays 'L'isE:d for the prepara-

tion of f..Olvent mixtures. All solutions ,,.,ere prepared by weight and 

~pecial air-tight bottles w~re us~d for mixtubb preparation. When 

once the mixtures were made, al J. me asurernents were done on the same 

d~Y to avoid vapour loss, moisture absorption, cont-amination and 

oxidation 9f ~he mix~ut~s, 

Den~ities were measured with an Ostwald~$prengal type / 
3 Q . 

pycnometer having a bt.:lb volume of 25 em 9Jld an internal diameter 

of capillary of. about 1 mm. T~e pychoJTteter was calibrated at 25, 35 

a:nd 45°c v{ith doubly Q.istill~d deioniz~u water. 'l·he temperature 

QQO'tl!Pl hp.d an accuracy Of :!:0• Oi 0 d. Tl+e precision of density 

measurement ·was ±3 x 10-5 gcm~3 • 
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Kinematic viscosities were measured 9-t the desired ·c~mpera-

o ture (accuracy ±0.01 C) by U?ing a suspe~dep Ubbelohde-type visco-

met~~. The precision of viscopi~y ~~~purements was ±0.0~/o. The 

kipematic vipcosities were copverted into tn~ obso+ute viscosities 
,• . 

by roMltiply!ng the former with dens~ty. 

Ih all the capes, tqe experiments w¢~e performed in three 

rep+ic ates f.ur each composition E\l"l<;i at. ~aeh temperature and the 

~ef!U.J,ts wer$ averaged •. 

Results an~ CalPuletiPhs 
~--. ~~.~~~ 

The experimental results of deqsity ~d viDcosity measure-. 

ments at various mole fractions are repo.t:t~d in Table 1. 

The ~nematic v.iscosity data have b¢e:1 analyzed by means 
. 10 . 

q~ Mc~llister equa~ion · : 

ln-ll = x.~ ln Y1 M1 + x.: ln ·)\M, .... in (x.1M; + :)C.l M2.) -r 

a~:.: X2ln i>1~ ( z ~i; M;) + 3~~ :lc.1111 ,)2.! (~M, ~ Mj_) (1) 

Whe inte.l:'ac~tion para'!l6ta.r~ ~ ij a.long with t~19 kinematic viscosity 

data at <#ffer~nt terh:f>eratu:...-e~ Clte .plso ~porteq in Table 1. 
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~he excess functions have been calculated by the following 

equations, 

13) 

(4) 

· whe~f. x 1 at1d x 2 a.t:e the mole ~raotiohs qf components 1 and 2 

r~fipe~~ivel~f t:V 1 Vl and V~ are th~ mo.l,.c;t;" ~'OllJ.lne~ ai!d 1 1 \') 1 and 

~2 a:te the ~asured co-·~ftic~ents off vi~cosity b£ the mixture, 

. cbqrt.popent 1 a'1.d PC respectively, Tli!;:l s~,.t~)$Cf',tpt ~ refers· either 

to.~ or DME ·or THF. or Qi30H iri -che ¢opc~rp~d :Pinary mixture. The 

moic;tr vol~me v is defined by the re+ationsnip 

(5) 

where, ·M1 and M2 are th'9 molecular weignts of qomponent 1 and 2 

,J:"e~p~ctively and P is the density of the m.:i,xture. The excess 

properties of the binary mixtures at diffe~ent t~mperatures have 

been recorded in Table: 2o 

Graphical representations o~ vl!+ an.d '\_~ as functions. of "the 

mole fraction of pure component in the biz+qry m.i.xtures are given in 

" 
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the figures lA to lp cm4 2A to 2p respectiv$+Y• 

The excess ·functiops have been £4-·t.t~ci 1:o R~dlich-Kister 

equ~tion17 , 

(6) 

where r- is vE or ~ E and ~0, ~, A~,- • •••• • •• et:a. are the 

adju~table paramete=s. 1he~e par~eters wer~ e,valuated by the 

m~thc;xl of least squares" rrhe value~ of thes~ par~eters along with 

the standard deviations; (f cr) ojf .~ as defined by 

. o. 5 o) 

= [tcX:xp1;~:!~~J~ ] . 
N ""'M 

(7) 

are recorded in Table 3o In equat.iOQ (7), N is the total nunioer 

of experimental "90ints and M is t.lJe htJ$ber of adjustab~e parameters. 

Tqe results obtainep. ~+om the correl~~ion ~qU4tioh (eq. 6) are 

quite satisfactory for m~jority of the systems investigated with 

the possible exception of ~ values for PO + ~ bina.i:y mixture. 

~ing to th~ unsymmetrical nature of the va+.iation of ~ with 

r.esp~ct to mole fraction in this mixtu~e, higher ~~vE)s are_ 
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Discussion --· . 

K~ematic viscosity data-for th~ b!natY Qolvent mixtures 

were ct:<;>rrelatecli wi1;h, M~~i~.tster ec;tt:~at~op.10 ot three :bbdy inte~ac

-;ion,~. In all the $tudied binary mixt\,lre~ vi~~ PC + ME# PC + DME, 

~C + tHF and PC + CH3 Pi, the values o:l: ).)ij ··ar.e found to ch~ge 

with temperat't)re. Frop1 Table 1, it is observed that in PC+ ME 

jnixtures, values of )) 12 are slightly c,;Jreater tpan the corresponding 

")) 21 values at; eacll. tempe~atpre. In :pc + ME binary system, ).) 
12 

and ')) 21 refer to the interactions of types ME~r1E-fC and PC-PC-ME 

respectively. ~owever, for the other three :bin9Iy sol,,ent systems, 

th~ values of ·y 12 are less than the correspo:q.d,tng ))
21 

values •. 

It ~ndicates that 'the interaction par9ffieters resulting from the 

.:l.P,terac1:,ions· of PC-PC-DME, PC-PC-THF ahd P.~PG-CH3 0ij t:ypes are 

greater than the parameters origj_nating from the corresponding 

DMri-n~E~rc, THF-THF-PC and CH3 0H - GH3CM - PO interactions in 

~C + D~, PO + TBF and ~C + CH30H sclveqt m,txtures respectively. 

Further, the values Of vij and ))j~ d~c:;reape with increase of 

temperature in gener~l,' for ail the system$. ~.1.Inilar results have 
' 18 

also been observed, in other non-aqu~ous-non-aqueou,s solvent mixtures. 

It is well known19 that the sign and magnitude of VE give 

a good estimate of the strength of unlike interactions in the binary 

mixtures. ~arge positive vE v~lues are takep as indicative of weak 

intermolecular interactions, wherea.s1 large negative values of vE 
ere at·tributed to different sizes of molecul~s or to the. dipdle-
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FJ;Ofll Fig;, lA, it is obs~rved tpat in PC + ME solvent 

mi~t~res, the e~c~ss ·mol~ volume var~es with tqe mole fraction 

of pure component in an unsymmetrica,l f &~?llion. I~ studies20 • 21 on 

2-methoxyethanol indicate that tha predoniinant configuration of . 

ME moleduJ_e is the gauche form and .:Lt faviJUrs the intramolecular 

~ydrogen bonding in ME. The unsymmetrical nature of vE vs mole 

fraction curves of i?C + ME m.i.xture.e;, appf,:ars to be due to the 

steri~ factors arising from a change in th~ proportion of the 

different geometr~c forms of ME molecules with change in its mole 

fraction• Similar Uns~etrical variatiop of vE has been reported 

for THF + p-dioxape binary E!ystem j.p the liter·ature22 • 

From Fig. 1B, we se~ that the vE. values of PC + DME binarY 

m~~ures are neg~tive ov~r the entite com~osltion range and.become 
l· . 

mor~ ~egative as the 'temperat~re ~i~es. This can be explained in 

terms of like and· up1ilce J~t~rmol~cu;Lar ;J..Qteraotic;>ns. Sl;:.udies on 

the dielectric 'and s~ct+osei:opio propert·ies otr liquid propylene 

, carbonat~23 indicate that it beha,ves as a normal polar liquid 

with strong dipole-dipole interEI,qtions 1i{ith little Or ·nO specific 

interaction present. It appears that tn~ intermolecular interac-

tions between PC and DME ~qlecules in tne wi~~ure predominate over 

the intermolecula.I;" interactions betweeq like ~olecules. Another 

effect which may result for negative values of VE in binary solven· 
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mixtu~~ having cumponents of dif±Brent ~iz~~ is the accommodation 

, of Qne component into the structure of tl)e bcher'!' :Sy conside.ring 

the molal: volumes of PC cmd DHE (85t 1($ azld 104• 63 ~rn3 mol-l respec

tiv~l¥"), the interstitial accommoCI,ation of One component inte> the 

otn~r seems not to be eas¥ in th~a fuiXt~re. Thu~, it appears that 

th~ ~ipolar forces betwe~n the different ki~d~ of molecules cause 

the dec+ease in volume of this mi.J{ture. This model ~s also in 

accordan.ce with Prigogine theory19 , which attributes the negative 

~ values to different sizes of molecules or t0 the dipole-dipole 

interactions between them. 

In PC f· ~HF solvent mixtures; the excess molar volumes at 

different temperatures are n~ga~ive oyer th~ whole range of com

positions (Fig.lC). The ~agnitude of vE increases w.i.th increas:e 

in temperatut'e. The minima of VE appenr at a moie· fraction o£ o. s. 

several effects may cont.t:ibute to the vEi values and out of these, 

thl~ee may be considered as being impo:::::-taLt ~ ~a) break-up of 

intetmol·ecular dipo1ar ·interactions i~ PC. {b) d.;lpole-dipole 

inte.tactions. between unlike molecule:? and (c) inte.;:-stitial accornmo-

d,a-t;..;ton of one component into th~ other. It appears that on mixing 

THF with PC, the dipole-dipole interact.iorlls :Oe~ween PC molecules 

become weake:.: and the dipolar interaotionf? bet .. .,een unlike molecules 

predominate, as a result of which a l?harp decrease in volume occurs. 

Again, since the molar volumes of PC and T~ (85.16 and 81.88 cm
3 

-1 ' mol respectively) are not far 6part from eacq other, the third 
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effect -i.e. _the possibiLity of accommodation of one molecule into 

the structure of·the other may be negleptec for this system. 

In PC + CH3 OH binary system, the excess Jllolar volumes are 

negative at eadh temperature. With rise in ternperature, ·the· values 

of ~ decre~se furthe-1:' ann the minima of Jl appear in the ··vicinity 

·of 0.7 mole fraction of CH3 0H, as_ shqwn iri f~g~ lD. In the present 

sys.tem, considerable amount of· positi,ve contributions to VE values 

are expected _from the breqk-up of i~teractions between like mole

cules viz. the disruption, of intermoleculqr hydrogen bonds in 

methanol and loosening of the dipolar inte.t;-actiops bet..,"'een PC 

molecules. Results indicate that the nega·tive contributions pre-

dominate in this mixture. The important source for negative contri-

butions is the. interactions between unlike molecules. However since 

methanol (with a dbner nurri:>e.r 19.1> ;ls a f\tron~er '!:lase and thus 

probably a stronger hydrogen bond accepter tn~ PC (doner number 
~ 

15.1) and ~ has no such desired hydrogen atom, it appears that the 

h¥d::"ogen bond formatio~ between tht::~:ie two u'hl.i_ke molecules is not 

favoured in this system. Another possibility of specific interaction 

lies with. the bonding thro';J.gh hydroxyl gro-qp of CH3 0H •. But there 

i~ a lack of well-developed centre of po3itiv$ charge24 in PC and 

~hus the hydrogen bondi~g between CH3 0H and PC ~ven if occurs, 
I 

appears· to be weak. Considering these factors; we think that the 

contril;>utiotls du~ t.o pc-CH
3 

C!i heteroassociat,ion alone are not 

suffi~ient enough to override the positiv¢ contr.ibu~ions. Simple 

dipole~dipole interactions between .rc an~~ CH3 0H molecules may also 
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oontrip~te to ~he n~gative val~es o£ ~$ However, the most important 

source for negative contributions appe.ars to be, the differeli.ces 

in size ancl shape of the '/'l.lre componen.to in tqe mJxture. The. molar 

vol'llffieS of PC and CH
3

0H at 25 °c ar-e 85~ 16 anel 4Q. 73 cm3 mol-l res.;. 

pectively anP. it might all~ the components to fit ipto each .. other• s 

sttuqture causing the reduction in voiurne of the mixture. 

Val'lJes of the quanti tYI 1'\.. E, which re:fi~r to the deviations 
. 25 

from a rectilinear dependence of the viscosity of the mixture 

on mole fraction, can be discussed from the view point of inter-
. 9 25 
molecular interactions ' • For. systems, wqere dispersion and 

dipolar forces are operating, tha values of '\ E are found to be 

negative, whereas, the existence of charge•t+~s~er and hydrogen 

bond interactions leading to tne f9rrna-t;;i,on of complex species 

between the two components of the binary S:¥.stem m'ake the· values of 
6 

\E positive. For systems where, all types of intermolecular forces 

are operating, the values of ~E will be due to the net effect of 

individual contributions from all t.YPes of .:j.Qt.eractions. 

The system, ·PC + ME shows negative deviations of ~E from 

idea.lity ove::r: the entire mole fraction range and over t.he whole 

range of temperatures (Fig• 2A). The mipima of 'E values correspond 

to ·a.4 mole fraction of ME. As the temperature increases, the 

magnitude.of excess viscosi~y decreases, showing a tendency towards 

ideal behaviour~ The negative deviation of l) E indicates that 
~ . 

m~ing 9f ME with PC tends to loosen the strong dipolar forces 



175 

between PC molecules and int.ermo;tecular dipolar or dispersion 

interact.ions between unlike molecules (PC ~d ME) predominate in 

.the mixture. 

In ~C + D~E binary system, the negative contributions to . 

arising from the intermoleculat· i~te~actions are predominant. 
6 

2B further shows that the .minima of ~E lie at 0.4 mole 

fraction of DME. at each temperature. r-esults indicate that the 

L system lacks heteroassociati,on or speciiic interaction b~tween the 

two different kinds of molecules and the.dispersion and dipolar 

interactions between PC and DME molecules are primarily. respon-~ 

sible for negative·values of excess viscosity. 

The third system i.e. ~C + THF, a~so shows negative excess 

visc?sity values. Like 1?C + ME end PC + DME binary systems, PC + 
1j\ 

THF mixtures also have the same trend of , .... , c.s is evieent from 

E Figs. 2A-20o Negative values of "\ · appeat:' to be due to ·the pre-

d~minant d:i.spersion a:hd dipolar interp.ct,iOnl$ bet.ween the unlike 

mol~culeso 

Binary mixtures of .PC an<!l Cli3 ~ al~o shmr negative values 

of '\.E over.: the ~ntire, composition range cmd over the whole range 

cf temperatures. T}+e .min.iJna of '\E correopond to o. { mole fraction 

of CH~OH at each temperature (Fig. 2D). f.$ this temperature increases, 
.;) 

the magnitude of \ E decreases and a:J,.>proach~s towards the ideal 

' . d 25 t . . f 1'1 E behaviour. According to Fort an Mpor~ t nega ~ve values o · \... 
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occur for sy~tems of different molecu.l,a.t sizes and the dispersion 

forces are primarily responsible for the ipterac~iohc. The molar 

3 -1 0 
volume qf PC (85.16 em mol at 25 C) is much greater than that 

of CH3 OH (40. 73 cm3mol_.1 at 25°c) and it might allow one: component 

to fit. into the structure of the other, resulting in a decrease 

in viscosity of the bina:cy system. HQwever, iilter.molecular. associa-

ti on between PC and CH
3 

OH 

positive contrib~tions to 

moleculesf i:f: prepent; rr·ight have some 

E 
the 1_ valuE:!s. '!'he other possible 

effect i.e. the intermolecular dipolar interactions between unlike 

molecules {PC and CH
3

0H) may al~o have some negative contribution 

to '\E• However in the present systeh1, the interstitial accommo

dation of one component into the structure of the other appears . 

to be predominant ov·er the other effects. 

Another thermodynamic function, wW,.ch. has also been 

investigated, is the excess molar free energy of activation of 

*E *E flow (G ). Values of G have been calculated frOiTI.eqn. (4), 

9 which results from the Eyring equatiop.. of ,viscosity flow modified 

26-
for a binary mixture. ~.ccording to Reed and Taylor and Meyers 

et a127 , the-G*E parameter may be considered as a reliable measure 

to detect the presence of interactions be~ween molecules. Positive 

values of G•E can be seen in binary systems wtiere specific interac

tions between unlike molecules take place.·The binary systems PC+ 

. *E 
ME, PC + DME and PC + THF have distinct negative values of G 

at all compositions over the entire range of temperatures (Table 2). 
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. . *E 
The negative signs of G indicate that the specific interac·cions. 

between unlike molecules even if present, are not predorninant·in 
I " 

~these systems. In fact, mixtures where a $trong specific interac-

tion between unlike molecules is predcminant, are characterized 

by distinct maxiltla in the viscosity vs c~position curves, by 
·~25,28-31 

positive excess viscosities and pos.itive values of G . • 
i 

, E 
The negat ve values of '\ and the absence of any ·maxima in 

viscosity as a function of mole fraction indicate further that the 

intermolecular association between ~like ~olecules is likely to be 

absent in the binary mixtures of J?C + ME; PC + Dt-1E and PC + THF. 

It further supports the viP.w point that the dispersion and dipolar 

forces between unlike molecules are the controlling forces and 

play the major role in the stabilization of these systems. Hev;eve.r, 

fo~ PC+ CH
3

CH mi~tures, signs of (iif[$; are positive and its magni

tudes are small at' each te:.rperatur~. sma.:J-1. positive values of 

G•E along w;f.th negative 'vE and·. \E have ~lso been found for· other 

binary.mixtures9 where a strong dipole-dipol$ and dispersion 

interacti.orls are predominant. A.nalYsis at viscosity, excess molar 

volume and excess viscosity data for l?C-.:$3 o:H rnixtti:::-es reveals 

that t.he system lacks a strong specific ipteraction between unlike 

molecules. Considering all findings, it apJ?e9I'S that the inter

stitial accommodation of one component iQto the structure of the 

other play ~he ma.i or role for the st,:iliiliz qtion of PC-CH3 CH binary 

system. 
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Table 1. ExperimP.nt<D. Density ( f jjgcm-3 , Kinematic Viscosity ( ,) )/St, Absolute Viscosity ( ~ )/cP 

and Interac.tion Parameters (.))_ij) Data for the Binary Hixtures of Propylene Carbonate 25·, 35 and 

45°C 

x1 

o.oooo 
o. 0632 

0.1045 

0.1523 

o. 2117 

0.2527 

0.3050 

o. 3489 

o. 3970 

o. 4547 

o. 4979 

. o. 5531 

·----------------·----- --------------~----------------------· 

~ 

1.19883 

1 • .!.8541 

1.17620 

1.16489 

1.14959 -
1.14;046 

1.1302~ 

1.12-038 

1.10935 

1.09591 

1.08566 

1. 07227 

J) 

2. 0613 

1. 9384 

1.8648 

1.8060 

1o 7 430 

1 0 7097 

1. 6725' 

1.6446 

1. 6170 

1.5923 

1. 5814 

1. 5668 

~ 

1 

PC + ME at 25°C 

2.4711 

2o 2977 

2 .. 1934 

2.1038 

2. 003-7 

1. 94.99 

1. 8.902 

1.8425 

1~.7938 

1.7450 

r. 7169 

1. 6801 

~12 

1. 5363 

}>21 

1. 48.61 

Contd •• 
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Table 1 (Cantd •• ) 

0.5954 · 1.:o611 4 1 •. 5672 1.6640 

0.6954 1. 03576 1. 5636 1.6195 

o. 7346 1.02571 1. 5535 1. !:>934 

0.7959 1.01037 1. 5580 1.5742 

0.8414 0.99902 1. 5701 1.5686 

0.9025 0.98376 1. 570~ 1o5451 

0.9593 0.96905 1. 5941 1.5460 

1. 0000 0.96002 1.6056 1.5414 

PC + ME at 35°C 

o. ooco L1S:9T0 ~- 7-211 2o0476 

o . .-:0632 1~1762.6 1o6267 1o 9134 

0,.1.045 1.167Z2 lo 56-28 ' 1.8241 

0.1523 10 15630 1. 5189 1.7563 

o. 2117 1.14207 1.4699 1o6786 

0.2527 1.13256 1.4429 1.6341 

0.3050 1.12061 1. 4110 1. 5811 

0.3489 1.11060 1.3838 1. 5370 

0.3970 1.09980 1.3596 1o4925 1. 3027 1.2591 

contd •• 
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Table 1 (cantd •• ) 

0.4547 1. 08661 1.3399' 1~4559 

o. 4979 1. 07218 1.3334 1.4296 

0.5954 1.05260 1.3159 . 1.3851 

o. 6388 1.04182 1. 3 064 -1~3610 

0~6954 1.02764 1. 3.053 1.3413 

o. 73 46 1.01770 J.3017 1.3247 

0.7959 1.00234 1.3068 1.3099 

0.8414 o. 99098 1.3084 1.2966 

0~9025 'o. 97570 1.3078 1.2760 

o. 9593 o. 96.228 1.:us6 1.2659 

1 .• 0000 o .• 95356- ~. 3192 1.2579 

' 0 
. PC + ME at 45 C 

~ 

·o.oooo 1.17796 1.4630 ~· 7234 

0.0632 1.16485 1.3841 1.6123 

0.1045 1.15626 1. 3326 1.5409 

o.1523 1.14614 1.2947 1o 4840 

o. 2117 1.13323 1o2557 1.4230 

Contd,.. 
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Table 1 (Contd • • ) 

0.2527 1.12441 1.2278 1.3"813 

0.3050 1.11252 1.2035 1.3389 

o. 3489 1.10261 1. H~5o 
. 1.3065 

o. 3.970 1.09156 1.1662 1.2729. 1.1087 1.0808 

o. 4547 1.07799 1.1352 1.2237 

o. 4979 1.06769 1.J.372 1.2142 

o. 5531 1.05423 1.1;;!25 1.1834· 

0.5954 1o04369 1.1~26 1.1716 

0.6388 1. 03295 1.1100 1.1466 

0.6954 1. 01878 1o1065 1.1273 

0.7346 1. 00883 1.1013 . 1.1110 

0.7959 0.99359 1.1046 1.0976 

0.8414 0 • .98:?36 1.1019 1.082:5 

o. 9025 0.96743 1.1123 1. 076-0 
0 '1.0554 0.9593 0.95418 1.1061 

1.000 Oo94715 1.1080 1.0494 

contd •• 
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Table 1 (Contd •• ) 

PC+ DME at 25°C 

o. 0000 1.19883 2.0613 2. 47,11 

0.0493 1.18024 i.8869 2. 2270 

o. 09"99 1.16206 i.6863 1•9600 

0.1524 1.14235 1. 533.5 1. 7518 

0.1867 1.13033 1.4479 1. 63.66 

o. 2298 1.11468 1.3524 1. 5075 

o. 3128 1. 08643 1.1864 1.2889 

0.3708 1.06594 1.0898 1.1617 

0.403-6 1.05526' 1.0400 1.0974 ·o. 7566 0.96687 

0.4686 1.04097 o. 9318 o. 96-99, 

0.5193 1.01609 o. 8742 0-.88B2 

0.. 6382 o. 97683 0 .. 7444 0 .• 7272 
' 

0.6767 0.96394 o .. 7142 o.6a85 

Oc: 7 589 0.93705 0.6453 Q.6047 

-0.8103 0('92058 ·o. 6071 0.5589 

0.8432 o. 91034 o. 5963 0.5429 

o. 9035 0.89135 0.5466 o .. 4872 

0.9483 0.87695 0.5204 0"4564 

1.0000 0.86132 0.4918 o. 4236 Contd •• 
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Table 1 {Contd •• ) 
PC+ DME at 35°c 

o.oooo 1.18970 1 •. 7211 2. 0476 

o. 0493 1".17117 1. 5653 1·. 8~32 

o. 0999 1.15234. 1. 4396 1 •. 6589 

0.1524 1.13349 1. 31,94 ,1.4955 

0.1867 1.12093 1o 2507 1.4019 

0.2298 1.10559 1.1.727 1.2966 

0~2769 1. 08843 1. 0867 1.1828 

0.3708 1.05560 0.9448 0.9973 0.6214 o. 9.547 

0~4036 1.04482 0.9412 o. 9447 

0 .• 51.93 1.00622 o. 7731 0.7779 

0._5704 o .• 98953 0.7254 0.7178 

o. 6767 0.95613 o. 6385 0.6105 

0.8103 0.91468 o. 5523 0.5052 

0.8432 0.90450 0.5228 0.4728 

o.9035 0.88518 0.4949 
0 0.4381 

0.9483 0.87025 0.4680 0.4073 

1. 0000 0.85129 0.4519 0.3847 contd •• 
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Table 1 (contd •• ) 

PC+ DME at 45°C 

o.oooo 1.17796 1.4631 1.7234 ·" 

c. 0493 1.15999 1.3460 1~5614 

0.0999 1.14185 1.2406 1~4166 

0.1524 1.12302 1.1368 1._2766 

o. 2298 1.09638 1.0152 1.113 0 

0.3128 1.06819 Co9058 0.9676 

"' 0.3708 1. 04842 0.8403 0.8810 0.5700 0.8230 

o. 4036 1. 03767 o. 7972 0.8272 

0.5193 Oo99856 o. 6837 0.6827 

o.s704 0.98137 0.6510 o. 6389 

0.6382 0.95858 0.5976 0.5728 

().6161 0.94547 . ·o. 5763 0.5449 

o. 7589 0.91810 o. 5.209 0.4782 

_0 .. 8103 o. 90116 0.5073 o. 4S71 

o. 8432 0.89078 0.4913 b. 43'/6 

o. 9035 o.a7144 0.4555 o. 3 970 

0.9483 0.85667 0.4378 o. 3750 

1. 0000 b. 84076 0.4158 0.3496 
contd •• 
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Table 1 (Contdo.) 

PC+ THF at 25°c 

o.oooo 1.19883 2~0613 2~4711 
-

0.0524 1~18373 1 •. 8813 2; 2270 

0.1036 1~16899 1.7301 2 0 0225 

0.1429· 1.157.43 1.6153 1.8695 

0.2064 1.13888 1 .. 4695 1.6736 

0.2431 1.12777 1.3891 1.5666 

o. 3083 1;10786 1~2576 1.3932 

0.3478 1;09581 1.1894 1. 3034 0.7517 1.1677 

0.4095 1.07679 ~- 0877 1.1712 

0.6094 1.01221 0~8315 0.8417 

0~ 6479 0.99923 o. 'j 842 0.7836 

o. 7082 o. 97900 o. 732·4 Oo-7171 

0.7635 o. 96036 0~6820 o. 6549 

0~8062 0.94620 - o. 6547 0.6195 
l• 

0~8388 o. 93489 o. 6237 0 •. 5831 

0.9035 o. 913 52 0~5864 o~ 5357 

0.9631 0.89326 o. 5430 0~ 48'50 

1~0000 0.88072 o. 5257 o. 4630 
Contd •• 
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PC + ~HF at 35°C 

o. 0000 1.18970 . 1.7211 2. 0476 

0.0524 1o 17480 1.5817 1.8581 

0~1036 1.15960 1.4738 1.7090 

0.1429 1.14834 1.3888 1~ 5948 

0.2064 1.12941 1.2680 1.4321 

0.2431 1.11855 1.2079 1. 3511 

0.3083 1.09884 1. 0993 1. 2080 

0.3478 1.08681 1.0425 1.1330 

0.4095 1~ 06788 0.9595 1. 0247 

0.5098 1~03638 0.8446 0~ 87 53 0.6745 1.0408 

0.5621 1 .. 01955 0.7889- 0.8044 

0.6094 1.00412 o. 7473 o-. 7503 

0.6479 0.991.30 o. 7077. o. 7016 

0.7082 0.97123 o. 6636 0.6445 

o. 7635 0.95253 o. 6257 0.5960 
~ 

0~8388 o. 92667 o. 5786- .. Q •. SB61 

o. 9035 0.90441 o. 5387 0.4872 

0.9631 0.88035 o. 5053 0.4449 

1. 0000 0.87033 0.4914 o. 4277 

contd •• 
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Table 1 (Contd •• ) 

PC + THF at 45°C 

o. 0000 1.17796 1.4630 1.7234 

0.0524 1.16457 1. 3648 1. 58.94 . 

0.1036 1e14998 1.2689 1~4592 

0.1429 1.13889 1.2074 1.3751 

0.2064 1.12024 1.1057 J..2386 

0.2431 1.10988 1 •.. 0516 1.1672 

o. 3083 1.09041 0.9689 1.0565 

o. 3·478 1.07857 o. 9197 0.9920 

o.-so98 1.02837 0.7567 0.7782 o. 5981 0.9404 

o. 5621 
. 

1. 01179 o. 7138 0.7222 

0.6094 0.99665 o. 6742 0.6719 

0.6479 0.98406 0.6446 0 0 6343 

0.7082 0.96425 0.6043 o. 5827 

o. 8062 0.93169 0.5472 0.5098 

0.8388 0.92053 0.5220 o. 48.05 

o. 9035 0.89934 0.4921 0.4425 

0.9631 0.87570 0.4613 0.4040 

1.0000 o. 86.140 o. 4530 0.3902 
Contd •• 
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Table 1 (Contd •• ) 

PC + CH
3
0i at 35°C 

o.oooo 1.18970. 1.7211 2. 0476 

o. 0512 1.17991 1.6062 1.8952 

0.0983 1.17095 1. 5007 1.7572 

0.1406 1.16178 1.4184 1.6479 

0.1883 · lo 15091 1.3323 1.5334 

0.2587 1..13389 1.2147 1.3773 

0.3430 1.11119 1.0915 1.2129 

0~4723 1. 07151 o. 93 51 1. 0020 o. 7847 1.1093 

0.5124 1.€>5738 0.8966. 0.9480 

0.5819 1.03107 0.8390 0.8651 

0.6762 o. 99425 o. 762 5 0.7581 

0.8297 o. 90779 0.6647 o. 6034 

0.8931 0.86530 0.6376 o.ss17 
" 

0.9256 0.84155 0.6277 o. 5282 

0.9495 0.82210 0.6225 0.,5118 

1.0000 0.77718 0.6175 o. 47 99 

Contd ••• 
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-Table 1 {Contd •.• J 

.PC + CH3-~ at 4:5°c. 

o.oooo 1.17796 1.-4630 1.7234 

0.05:12 1.16875 1.3 638~ !.,.-5939 

0.0983 1.15927 1-.2770- 1. ~~04 

0.1~~06 1.1-5085 1.2105 -L.3931 

o •. 1B83 1 .• 14_o s-.o 1-1.:3:6;1_ -~2:958 

0.2587 1.12410 lo 03"98. 1._-1-688 

0.3-43:0· 1 • .10199 D-.::9383 l.c034Q 

0.3-98:6 l.-0859:2 0.-884T 0: •• 96~01- 0.6933 0.9509 
o .• 4723 L-0.6278 0-.lll-7..:0 ,.Oc.B6&3 

o. 5-124 1. OAH79 -0.784-9- 0 .• ,8232 

0. 581"9 1. 0225:1 0.~73133 0,;.7-s4.9 

o. 8297 0 • .8_9905 o. 5874 _Q. 528"1 

0-.-8931 0.856S-8 o. 56:37 o .• AB29 

o. 9256 0~8320'4 0.5554 0-.-4-6'21 

0.9495 0.&1301 o. 55.18. 0 • .4486 
• 

1. 000 0.76720 Do 5495 0.4216 

·-----·----------·--------- ·------------
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't~M:! 2-Exc~s~ Molqr Vo14tn~s (~)/qq?m~l~i, Exce$s Viscosities 

( ~ ~)/(:::P · abp Excess .iv1ola.f Free Epe;tgies, of Activation of Flow 

(G ~}/~ mo+•l for th~ Binaty Mi~ture~ pf Prcpyl~ne Carbonate at 
2 s. j 5 and. 45 qc ' 

I , r ' 

·------~-~--.....--. . . ''lil ~------.--
,.~ G E 

.._ ............ ,, _____ ~...__---
• '. Ei v· X 

': :t ·~ .... ~-· ......... _....._ .... --------~----- - ~---·----· ----------------. . P~ + $.1~1 ~·t J?~0d . .... .. . 

P• PP09 
b. 0~3? 
d i'045 

' 'I~ . I 

0.15:d 

o.~111 

o.~527 

0.3b~b 

0.3489 

0~397Q 

.o. 4547 
I . 

o. 4979 

o~ss:ai 
••. '/ l 

oo~5954 
'I' ' 

0~6954 

0;;7346 

0~7959 
. 0.8414 

0.9045 

·Ot 959~ 

t~ ObOQ 

o. oooo 
-0.0493 

J..0~05~3 

-0!00198 

-:·o~:r079 

,,·Q. 088.2 

-o. q467 

-o. 0156 

-0.0942 

-0.1083 

-0.1103 
I 

... o. 097~ 
·' ..,.q. 0?49 

0· 0529 ! . ' 

o.oe5() 

o. 09,7$ 

p.q975 

0.0~~9 

c. 0476 
' ' 

o. ooop 

o oboo I'~ "'I ••' 

-o~ +146 

~o'i1eo6 

-.o.2257 
'' . 

-0· 2705 1.," II 

'":-0. 2863 

-o. 2973 

-0~3042 

-03082 

;.0.3034 

-.0~~913 

~o-~76~ 

-0.4539 

!'"'0•2Q5:j. 

-0 ... 1947 

-O.J.570 

-0.1203 
~o. o&7 o 

'I 

--0.8332 
'. I' 

0~ oooc 

o.ooo 

-107.381 

-174.24.9 

-220.357 

-267.709 

-.287 •. 659 \ 

-307.290 

-320.060 

-330.692 

-331.990 

-321.707 

-310~ 519 
-~ 

-284.172 

-230. 7'62· 

-.224.200 

-182.515 

-138.324 

-104.823 

-39.408 
o. 000 

Contd •• 
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Tflhlr 2 '(Cqnt¢ •• ) 

r 1-i < 

~t 3Sbo ~c T ~UJ; 

o,.qooo O~QOOO o, OQQO o. 000 

Do 0632 
I 1 •' I 

... o. 03 65 '•· . ' ' 
o!"od.Qa4:3 -95.447 

d .. l.OJiS -o. o463 -0! 14.~.0 -1o6.393 ..... II I • I 

0~1523 -0.!.0297 ~0;,170~ ~203. 002 

o-~~17 o. 032~ o.,O" 2018 -242.583 

Oi2527 '! ,, o. ~H?S ..:.a.2is9 
' . • I -~59.583 

0.13050 
) I' ' 

o.d4a7 ':"'0~2~56 -278.5'59 
• o. ~489 0~ 0369 -o. 2351 -293.377 

o. 3970 o. 0170 -0.24;16 -312.294 

o. 4547 -0.0037 -0~2326 -304.422 

0. 4979 -0.0085 -0.2248 -287.010 

0•5954 o. 0517 .... o.1923 -254.865 

q. 9388 o. 0806 -o.is21 -244.766 

O;p6954 0.1213 •0.1571 r, -210.324 

a. 7346 0.1541 
' ' r 

..,0.142~ ' . . -192.472 

Q.7959 0~ 1796 -.o. Hi92 
' ' 

-144.069 

o.S4+4 0~1936 -o. 0866 -113.333 

o,..9o25 o, ~007 -o. 0589 - 78.091 

0~9593 0,.1318 
'. I 

~:oo. Q241 .; -29.982 

1~0000 0~ 0000 o.oooo o. 000 

contd •• 
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.T~l~ 2 (Oontd •• ) 

PC + Ml!l a~ .45°q 

o.oooo o. 0000 o~ QOOO o.ooo 
o,. 0Ei~2 -o. b362 -o. o6E;35 -93.938 I , I 

O;:!. 04S -o .. 0627 -do.li2i 0 -160.138 ; ' '' 

n.ll5?~ -b~i 0857 ·-0 .• 13 ~8 -197.410 ' . ' 
' I ' 

~o~i'577 0 2117 -Oi0970 -230.428 ,.f!# .,, 

o.,~s~7 -0~ i1 ~i ..;.0+17i8 -255.781 
0 3060 

. I . . 

-0.1789 -268,863 -o. P99~ C! ' '" 
,I 1 I 

o,~489 ..,.o. 0964 ~P,1B17 -275.816 
o• 397o -o· 0~36 -0.1829 -281.165 " I I I' II , 

O;f 4~'1(.7 -0~05+8 ~0~179,~ -308.7 07 
o.4976 -Q. 0~!~2 -0.173q -271.637 
o./5531 01 Q31? -0' 1672 . ' -265.497 

'i 0.5954 0.0862 -0~ 1505 -234.840 
0.;6388 0.13+4 -o.+4o3 -233.680 
0.69?4 0~1964 ":'0+1274 -202.250 
o. 7B46 
' ' 

o. 2476 ~0.1+13 -187.854 
0~79~9 b.~936 io..O~ 089.4 -138.310 
o.$414 Oe~l42 ~o. 073a -114.634 I I' I ! !o I 

Q' ~?f25 o .. 3l,8B -o.-o:B91 -50.573 
I 

+d,o~+4 0.~~93 o.~p93 -29.436 
1~d,po o.oooo d~ QOOO o.ooo I 

Contd •• 



i'aJJie 2 (Contd-. • 
1.' ;, 1•1 ' I 1 

Oo QQQO 
Oi Q493 

H ' 1 

0"d999 ., f '' . 

0~~~~4 
o. iS61 

"l• ' 

Q,~2~8 
o~· 3i~~ 

'011370~ 
' ' o.4036 

01.4686 

o;5193 

0.9382 

0 ~ 6767 

o,1~a9 

QLSi03 I~ I I ', 

I I.. 

q. 8434 

o. 963$ 

Q~9483 

1,000 ,, 

o. 0000 

-o.ii~q 
~o4!g794 

-a. 3 s43 ' ,. 

-0~4qi7 

.. 0~5135 1 •• · 1 r· 

-o~ 1~aa 

-0~7670 

-0; 8514. 

-o; 9143 

-0~9137 

-0.8936 

-0,8284 

-0.6817 

-o. s·14~ 
~o.Si86 

-o;~so1 
-o.i52S 

o.oooo ' ., . 

194 

o,ooqp o. 000 

~0-1432 'I • It' -43:064 

~q~3071J 
' I' ' 

-141 0 124 

··b~ 4o7~~ -189.342. 

-i-Q~452~ -209~345 

+.,d+493;1 ;..224. 9'56 

~a. 5417 
~· . ' -253.969 

-..o·5502 ' . ·~ . -258~ 047 

-0~5473 -257; 480 

-:-0• 5417 -280.171 

-0,.5196 -276.752 

.~q. 4372 -252.925 

~0~3971 -219~ 147 

-0~31i6 -179.513 

~q~ 2$31 -148.521 

~9. 2o1a -76~653 

"":-0~ 1340 -79.307 

~o~- o7s1 -42;577 

o.oooo o. 000 
~ 

contdii• 
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'l'ab.:).e 2 (contd,_.) 

PC + PME qt 35°0 

o·obod 
'I ' 

04t 0000 ().II 0000 o._ooo 
o. 0493 -0"1346 ~p. i4~.4 -7).281 ~~ • t /1 ! '\" ' 

q~: 0~99 -0.2584 -o,?226 ~ -113o 560 ' '! . 

0.1624 
1 ., 1' ..;.0 •. 4d98 ~0~ 2'-J87 -156.343 

',I 

-0.4723 ~o. 3352 o,, ~!3p7 -175.278 '· l I 'r '· 
. ' i ' 

':"'O:.t3E!S9 o .. 2298 -0.5672 -191.986 
o. 2769 ' • >' I ,., ':"'0,p136 ~o~ 4:04~ -225.277 
0~ 3708 ':"'0'!' 73$6 -.b~ 4337 

! !"II' -261.532 
0.4036 

/h 

-..b.4~i8 -0.8173 -261!1649 ' ; '\ 

0.~~93 -0.9361 -0 .. 4062 -266.296 I , 1 1 I I 

b~ 57o4 
' ' I' 

-0+97,83 ... b. 38;l.3 -'254.394 
I ' 

-.1. c:rJeo .... 0~3i18 Qt~7f,7 -217.417 
o*ea.o3 -1o0~00 .... p.1~~o .;.132.844 

'! 
0·· S432 -1. 00~6 ~0.1146 -161.223 ~ ! 

o. 9P35 -:-0.8137 
I 

;:-0, 1071 -95.956 
n. 94j:3.3 .j.Q.5S8~ ':"'Q.06~4 -86.427 
lii 0000 o.oooo Oo~:OOOO o.ooo ' I': ,. ! I 

'• 

Contd •• · 
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r:J:'~l~ 2 Ccontd._.) 

l;>C + :bME: at 4S9o 
I 

d~ 0000 '•r ... o.oooo d.oooc o. 000 
q,.o493 -0.1785 -o.~o9~3 -55.515 

0~ 0999 -O.pS72 +-0.199.6 -102.016 

04!1524 -0.5126 ~0~2374 -157.624 

0:~ ~29~ --o~776p -o~ 2947 -198.377 
;- o~~t?B •1ebi87 

'! 1 I 
~p .~461 -222.836 

. I 

' ~1.1.3 ~2 ~~d~~ 3330 01113708 ..:.228.011 
lit !I' I I 

I I'' 

0'4036 ... 1.2413 ~q. 3417 -257.957 " r , , 

Oib193 -h 312b ... p,.3273 -279.069 ~ 

t- r . I : ' , I' 

0J.p704 · -~.~cas -0.3009 -238.·944 

o.6382 -1.t2319 '!'"o. ~738 -239.719 
-

O.f>767 -1.1432 
' I 

-0 .. ~489 -207.942 

0.75~9 -0~ 9387 .. a. 2026 -202.471 

p~a:).o3 ... o.0172 
'" 

...:.0.1531 -102.429 

II o~a432 -o. 6343 -o.t274 -77.878 
' I 

o. 9035 ~b. 4673 -o. o~52 -77.898 
I 1 I I ' ' 

o.~4~~ -0.2076 ~0~ 0456 -34.839 

tt oqo o. boob o.oooo o.ooo 

contd.-. 



197 

~c + T~iF at 25°c 

li 0·.·0000 Oo OOQO P¥ oopo ~·QOO 

o~.o~24 -o·. Q6S7 -o~1~e9 -.42~·203 

d~l0~6 -0•1435 ~Oi ~40 16 -70.544 
I 

0~ l:~2~ •().18~3 ~0~3146 -103.478' 

d· ~d64 •• .:.o.2731 
J t I 

~P•383o -116o754 

o,2431 ~0··2~f37 ... q:. ~163 -128.896 
: o·.3oa3 -o.l~£36 ~o ... 4588 -150.364 

''I ! tl 
,, . ,· 

0~3478 ~0.3682 ~0 4~93 -152.288 
'II ' ' ' . . .. 

b·. 4695 
• I ' " 

-0.4~51 .-.(). 4776 
(' ~ -162.359 

gt~p94 ~o. 3 486 ~b~ 'tPIP? -149.898 
I,~ ~~79 ., .:.b'3d!23 ~0 .. 3865 -166.051 

l ' .; ' ~ I 1 • 
1 

l 

·q~ 1 b8~2 -o .• 2410 ~.o .. ) 3319 -133.778 

~-· 1~35 i-0. lf327 .o;.o. 283o -127.284 
I .. , I '.~ .' I, .. 

'I ' 
-i-OJ! i 613 .~b, 23 21 -87 ~ 342 q,~d6~ 

,,1 ' 
,., 'I •.• 

Q~S~~fil .:..o·io42 ~ ... 0.2036 
I • 1 ~ 

-100.271 

ril.9635 
, , l I 

.-o~ ~211 -41.677 -O.e9897 
I I.· ' 

d.9b31 ""0~0325 ~a. o;.2i -39.004 
'I , • , r· 

1. 000· 0~ 0000 d. oood o. 000 

Contd •• 
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PC t THF a~ j~t,Pc 
I 

• I ' ' I 
0~ QOOO It,, 9.0000 o~ oooo o.ooo 

o • .o524 
1( 

-o. 09~5 ~b.l046 
ijl ' 'I 

-41.244 

) 0~ 1076 -Q.144(5 .:.0"1 17d8 .-51. 649 . ' . •' 

0.14;*9. -q. 2174 -o. 2213 -73.'237 

0~~064 -0.,2$78 •0.2812 . . I -96o340 
p. 1243·1 . -0.338~ -0• 3027 -99.674 

b~3p83 -0•4040 .-Oo 3402 -12€. 908 

0~~478 -0,4416 -0~ 3912 -13~.739 

QJ4995 -0~4962 -:-0;..3 596 -145.381 

0·· 5098 :"t ... ' ~o.~447 ~d .. 3495 ~148.193 

o·s621 
'.. ·' 

. ' 

-Q. 5453 ~Ooi3~27 j· r I I -154 •. 896 

0~6094 -o. 5326 ~o .. 3i(i)1 -142.894 
I 'I 

o. 6479 ,, I i 
-0.503~ -0.2965 -159.722 

d1• 1o8~ ~0.463~ -.0;25$9 ~ -134 .. 031 

o. 7635 .t.O.t 4,06~. ~0.2~.48 -110.845 
1 H ' f· 

0~~388 •d-~987 .... qq.527 -76 .. 80l1.· 
' I 35 0+~0 -:-0.2083 ... p. dQ6.'3 -59.613 

0 9631 ,t ' ' ' -d· d931 
I' • '• I 

-i-0, 0426 -so. 001 

l~qooo o.oooo O• oooo o. coo 

Contd •• 
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'l'abl~ 't' .,, 
2 (coqtde:.) 

PC at 45°C ' + THF ' 
' 

otqooo o.oooo o.oooo o. 000 

o. 0524 -0.1983 
. ' -0; 0641 -14.108 

q~-103~ ..:.o. 2869 -0.1261 -41.758 
. • I .. 

.... o.l?7a q,11?9, -0• ~ E02 -46.7~6 

QJ20p4 
.. 

-o.~489 ~Q.~096 -76.210 
,-l Q I -40~ Sj 26 ' Jj 2431 -o.2321 -.91.692 

";I r I 

01 .. 3083 ...:.o~ p077 .... o. '2559 " -101.453 
d · ~ ~1a 

' . ' l 

~o•~54~ -.a. 2611 -114.241 ~ . ' ' !, "I 

q ··BO~l8 -0.7495 -d 2655 .. ' -122.773 

o.f162~ -0.761~ ·-b. 2518 -115.342 

p~~q94 -0.7649 ~o\lp 2390 
I I 

-120.456 

00 6479 •0.747~ ~o~ ~253 -121.'133 

9· 7082 -o."1iss 
' I I 

-0.1965 -107.767 

O~S06? ... o. p524 ~d\"t487 -74.093 

q~8388 +-0• 603$ ~0.1446 -101.388 

P+ S)P35 -.;0.4537 
t • )', I 

;.b.d763 -64.853 

ij Q,9631 -o~-2132 ..:.0~ b354 -59.700 

1.0009 o.oooo o.oboo 0.,000 

Cohtd. • 
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PC + Cf13t.H at ~s<:>c 

o,oooo o. odoo o.ooob o.ooo 
I 

0~ 0512 -0.0376 -0.10q2 2. 953 
'• q.t dQ$3 -0.0813 -0.1845 ~ 8o838 

0·· i4b6 
' . I . 

;-0~ 12 i~ -0.24Q2 
'I • 

15. 007 
. • ' . t 

.. (j. i.$9~ ~0•2976 Q~1~8~ 18. 53 2 

q~2887 -oq.~o7 ..,.()~ 3 8.68 24.782 

q~ 3~3 0 -01.2316 .·· .. ,. ~0.39~6 3 4. 2 90 

o.~989 -Q.2728 •o.4o46 
'I ' 

41.120 

0:.4723 -0.;3002 -Pe3sl38 63.392 

0.5124 ":"'0~ 3 241 -Oo~3766 85.104 
I 

p. 5!319 -0.24:).5 -a. 3486 96.33 9 

0~6762 -0.3574 '!""0. 3000 85.373 
I 

o~'7s8o ~a. 3~28 · -o. 23~4 77~899 . 
~~$297 -0.33ei7 -0~1832 40. 97 3 

b.~l256 -0.203~ -:-0:.0~90 27.436 
, I I. 

6~ 9~95 -0~12Q4 -:-O:. Oq05 6.449 .. , ': 

1~ 0000 .· 0~ oooo Q; oooo o.-ooo 
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'i 
Table 2 (Contd.~) 

t>o + CH3 dH: at 35°q 

o. 0000. 
'' 

O·OclOO 
' ~ ' 

o. ppoo o. 000 

Q~ 0512 -0~0449 ~O.Q721 11. 8~n 

q,g983 o+-O;.i236 -0.1363 19.948 . ' l •' ~~ ' 

p,i4b6 -o~ 1466 ~o~ 179~ 31.212 
o,, :tsa:p ..;.·0;. i 735 

t' ' '. 
~q~ ?+9Q 43.169 

p,./2587 
" . ' ·!' 

-d· 2243 
'! ,, ! •• ' ~c .. 2~4.7 53.945 

d" ~430 ... p~,2~7Q ~o. 2970 64.995 

0;4123 ~a.· ~53 9 -D. 3 052 
t ',. ' 

76.156 
. 0;. 5124 ~o• 3618 .... 0 1 2963 86.206 . I. I I I' I • 
o, 5819 -0·3,~74 ·-0,. 2703 109 .• 311 

I 

'o. 6762 ·-P. 4123 ;...0.2294 100.068 

o. 8297 ..-0.3832 -0,143? 46.812 
I ' 

b.89~1 -0,3122 -o. 0958 
I' ' 

21.909 

Oc\9256 -d.2774 -Oo068,3, 11.649 

Q .. ~49S -0.2b13 -0.0473 6.666 

+• oboo o. 0000 OoOOOO- o. 000 

Contd •• 
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Tahte 2 (contd •• ) 

PC + CH3at c:t 45°C 

o~Oooo o.ooob 
'·' o~oqoo o.ooo 

I 0~ 0512 -o. 0~76 -o. 0628 9.166 
0.0983 -0.1294 -0.1150 11.546 
o.14o6 -o. fo35 -0.1473 25.533 

I 

O;;;l883 -0.2637 -0.18~5 30.083 " I 

b~ 2587 -o. 3 5_27 -0~2178 42.819 
o.3430. -0.4268 -0.2429 55.002 
0<! 3 986 -Q.4683 -o. 2438 78.478 
o, 4:7 23 -.0.5499 -00 2403 93.780 
o,$1~4 -.o.5412 ~0~2332 104.599 

o,$~~9 -o. 55~2 ~do.2110 133. 664 

o~¢~~7 :-p. 50~2 '!-'0. ~152 so. 313 
o .. e931 , : I -o. 4159 -o. 0779 18.3 55 

~- 9~56 "!'0i~~J318 
. \ I ' ' 

·-Ot> QS63 6.177 
o. 91195 ";"0~2699 -o. OJ87 2.438 

i.oooo o.oooo (). 0()00 o.ooo 

----·-~----~-~---- ------
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Ta:b'Ie 3. Ceefficients 0~-s:quare Fit by Equati-on (6-) for Excescs Molar VoJl.umes- and Excess 

Viscosities at 25, 35 and 45°c 

Property ·T-emperature 

.zsoc 
vE' 3Scc-

\E 

4:5: oc_ 

0 5C 

TS~0b 
45°e· 

--
-1-. . 

_()'_ :Al 

--~-¥.593' -:U.-2245: 

-a:o.:.a9.:.4A- o~~·e3-2T 

-0.:.040~ -1....107-6 

_;_1---1-~V -,Q.524lS: 

-:a. s=sos. _,o:.:::4-~-9-

-n;;:&'9Ba --O:o"3~1-35 

--
A~ 

2 
PC+ME 

-4o :esJ.:;o: 
1 .• 53.10 

_:0.2-040 

--o:.-4--743 

-C:lo- 2:Q'S:9. 

-0. •. 1750. 

'A3 ~4; 

--1-.~8413 . -o...4.3?4SJ .. 

--2.;:.7296 -n.2:.745_ 

-2.9147 4 .• 3~-o-1- o--

..:. 0..1:1.58: .u .... nxs 
-o_.-o 1 .3.0 -::0~@6:.9, 

-- 0 ... 11..16. - Q.,05.;L6-

o-(~) 

0 .. ~03-9 

o. 020 

o._03:J. 

·o._OD5. 

-0 •. 004 

.0 •. 003. 

contdo. 



.Table- 3 (Con_td._ •. ) 

~ 

\E 

:zs0 c-
35Cic 

45°C 

25°C 

3-5°C 
-o-

A5 C 

-3.625.9 

-3.6537 

- -5.-1634 

-2. 063'9 

-1.6672 

-1 •. 3088 

PC--+ DME 

-Oo 93-44 q. 3058 

1o-6.564 --2_._63,(Y6: 

1. 059S~ Oo 79.86-

-1.1rT1 --Q •. 9847 

-0.6583 o. 0-695 

-0.~527~2- --0-156~0 

2:04 

-0.6430 o. 559-1 o. 026 

3 .• ]0_:_4-1 -2 .• _0226 -o. o2:2 

~--.-13'05 .0~~- 5523 o. '026 

o;.:Lsoo 0_._8T07 0.013 

-0,._2:123 -0.-6540 -o .•. .oo4 

--a.;o:97~9 "-0-.0543 -0 .. _005 

Con-l;:.de .. 



-_Table- 3 (Contd-._.~)_ 

vE 

E .,_ 

,, 

259 c· 
3-5°C 

45°c 

25°c-

35-0 c-

lf5-0 c-

-1. 5753_ -<0._67-10 

-2.i799 -Oo-42U. 

-3 .• O.OA6 no 92~41 

-10 8"582 --0:.-6661 

-1.4198 -0.4::2'5c2. 

-1.0778 -:o .• 3:9z-:0. 

PC+ THF 

1-~03:92-

r.ch:o~o-

-O.A?S:o-

-Oo1·3=9.T 

0, ... 121:::4 

--Q.,.OJ15:7 

o.4801!

-u .. ~02-4U:--

0_._2448" 

-0._11-91 

--0.-098.4-, 

0:.23="45~ 

.:o._6_7-9o 

-1-.2:61-0 

-2-.20:5:9 

--o. 23·1o 

-0.5239 

... ,a. 0852 

O. CJ12 

o._o(J7~ 

o.ol7 

o-. oo4 

_Q._QQ'4_ 

o. '003 

Contd • ., 
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. T·able 3 (contd •• ) 

-pc + CH
3

:-_GH 

_0 2.5 .c. -1..2T6.o· 0.:85~4~0. -1..=.44.n. 0~_2-94~8 a~::-95.3:7 o. 012. 
vE 35.0 c ~l.A1:"92_ n.Boss .. ~u •. -9:.5:93 · ~ .• -3B3'5 -0,. T1:.~4=-1. Q.,CQJ.-:6 

·45-°C -2-.1-56.0 0.6085. 0~00% 1. 840clJ -2.2.453 o. 011 

25°C ~1.:5.6Il -0..£:.4JJ3. ~o..:.1:3:9_4 o..;15=i~U - o-~-o:6T1· o •. or1 
E 

1:: ·3'"s0 c. --L • .J;B-25 -0.~08_5_ -.0 ... 1675 0.1-499 .0."1"057 o. 003 

45-0 C. -0 .• 937"5 -0 •. 3S05 -o·. 2·079 0.1·006 o .• ~07-37 o;..oo2 

----------------------------- -------~----------------~--------·----------------------------·----------------------_. __________________________ _ 
,,~ 
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PC+ THF ml.Xtures .· 



0·0 r-~------------------------------------------------------------, 

- Q·JO 

-0 20 

.--
1 
o-0·30 
E 

r-'l 
E 

~ w 
> 
-0·40 

-O·SO 

- 0·60 

00 

a .. ·::>c -CH OH dt 25°C 
3 

O··· Pc -CHjOH at 35°C 

0· .. Pc- CH 
3

oH at 45°C 

0·1 

· Ficr. 1D. Variation of excess 

o·s 
x(CH 3 0H) 

molar volume 
mixtures 

0 
CH 3 OH for PC+ CH 30H 

.· 

O·G 1'0 

with the mole fraction of 



o·o 

- o·z 

- 0· '3 
• - PC-ME at 25 •c 

· 0- PC-ME aT 45"C 

0- PC-ME aT 35"C 

-0·38~----~~--~----~--~~--~~--~L----~L-----~----~--~ 
0·0 0 2 0·4 0·6 o·s 

. :X:(MEi 
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I . : 

+op;..·polv¢nt Interaction~ :l.p 1>4ix~o ~oh-;f\queotlS Solvents: 

donductanoe M!pasu:tement~ P# ~~ti;~~l~ylamrnohtum Bromides, 
I \ ~ ~ ' . I J ' I 

~~ph4 uh.a f3u4NBPf\4 in. fropy."J.en~ da.t-boh 3te t Methanol 

M~~ture~ at 25°C 

Studi~s on the transpprt properti~~ ot electrolytes in 

diff$rept solvents are o± gr~at impbrtanbe ~o obtain information 

o~ tpe beLaviour ot ions ~n ~olutiop• Recently, attempts have been 

rrlp.d~ to study ion-solvent ihteractiqns in different dipol2r aprotic 

me4ia1~3 having extepsive use as solvents apd solubilizing agents 

in different electtochemical investj gations4
- 7 • These factors have 

also st~mulated some interest for the stu6y of their binary aqueous 

rii4.xtu;r:-ipp3 1 e-9• The t.rahsport properties ,in .p.on.:.ac,._TUeous binary 

tn:J..>\:·~ures h,avi.ng p.ropyl~~1e carbonate (:pcj a~ one .:.o± the components 

stud,ted bcu-ring a few3 'lO-ll (PC and 

1] ' . L . 12 ' I tl . a·c F: • propor~~ons· .J. n .1e prev2ous 

sections Ccnapt~r:s IV and v_7, ~E! itave reported the transport 

propert~es of some t.ettaal~lammohi'-lm brcmider; ;md. tetraphenyl 

salts iri PC from their vi~cosi ty an(, copdut::tance data. 'In the 

present chapter, ~e report th~ behav,iour· of tetraalkylarrrnonium 

bEotnides~ Na.RPh4 apd B.u 4:N~r>P{ in tpe binary mj_xed solvents of PC 

'i with methanol from their condut:tcpb¢ measurements. 
I 1 ' ' I ' ' 

The purificatioqs of propylene oarbunate and m8thanol have 

l:le~n qescribe¢1 in chapters II an;d Vl.t Ssl ts w.e.re purified in 

~cqp~darice with the pfpcedure g~ve~ earli~r (Chapters II and IV). 
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solvent mixtures were prepared. by weight and in practice, 

fo~r sets of solvent mixtures of ciif~eren~ ~ole fractions of PC 

vi~ t, 0~ 10, O. 20, 0;.10 and Q~ pQ wer~ pr~pafed. Ph:yslcal p~operties 

PF }fi~ ~o+veni: mixt4:t~s }iav~ .q~ep. cg~vep 4-n Tq_'.)-1-e 1. Freshly 

tii~~,iil~!~ ~orvent~ w~t~ aJVfctfs u~~d 9PO solveq.t tnixtures w~re 

prepaz~d ~~dia~e.lv P+~Pf ~6 ~~~· 
' ' 1

1 1
''' "'7' I ' 

A stock solution for ¢ach sa+t in the appropriate solvent 

mixture was p:t'epared by weight and th~ working solutions were 

obt9inf=!d :tly weight .diJ.utipn. The rppla.t concentrations of the 

sotutions were calcp+at~d from molalftY &1d density values. 

Vi~cosity and density of ~h~ solvapt ~ixtures we+e determined· in 

the same way as described earlier r.-~hapte~~ II & IV_7. Dielectzic 

ponstapts of mixtures were taken from the l;f..terature13. 

A Pye-Unicam conductivity rpeter (Pvl 9509) was used for 

Jne~1:s~.ring t.he conductc.nces of the soiut:!.ons Cit a frequency of 

2 l~z with a dip-type cell of ce~l con~tCl.!lt, 0~751 cm-:-1 and having 
' I ' . 

afi accura¢y of +del%. ~he me3SUremehtp were Carried OUt in a 
Ill •, . 'I - j· 

the~nnostatic oil bath I'naiht.a.ihed at 25 + 0~ 005°c. Conductance 
,,.,.,_ . . ' . ' ' 'fl ... 

vj:J.:i,.ues Of ail salt soiutibhl:\ we+~ cop:-ect.ed to avoid the contri-

but.ion of the solvent. 



'I 
I 

/ 

R~sults 

The measured equivalent conductances ( 1\ ) of electrolyte 

solutions c;ts a fundtion of molar cqncent.r at.ions (c) have been 

The experimenta+ r~suits hav~ been analysed by the Fuoss 
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a. 978 conductance equa,ti.t:n14 ~n t[).e $arne way 2~1 described previously 

(Cpapter~IV). The values of 

in Table 3. 
' I 

Pi~ou~sion 
!'' ~-

an(3 
; 

have been recorded 

Table ·1 s}1.qws ti'fc.~ y~s~o~~ty o;t: ?C + CH
3 

00 mixtures 

:J..r~qJ.·E:ases with inc.fe.::.s~ .:l.ti J?Q content. cf. tlle mixture. Lensities 

P# th~ oolv~nt mixtti.j:'es also g+='a~u«3).ly .i..nc:r$clse with increase in 

the amount of PC ih the m~xture. +he pre sept observations indicate 

tl+ce possj_ble apsenc~ of any lieteroafisOCiati011 or struct'..lre forma

tion or any ot.:her type of spec if id interact ion betwee:1 unlike 
' I 

· · hlplecule:S. 
• ,, ·, I 

0 
The variation of limiting c3quivalent conductance, 1\ , with 

the solvent composition is represented in Fig. 1. The limiting 

equivalent conductance decrE;ases with t.he cofresponding increase 

i-n the viscosity of the mixture. J.l.lthough, it is evioent that the 

11.0 I vqriations in ,, do not exact:).y ~bmpensate eacn other to give the 
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walden product a coq~tant value (F .f.g~ 2) but t.he chanc;es in walden 

products te!,>r an electrol.yt(:! in diffe+ent solvent compositions are . 

~'4f1=ici!=ntly small cc.m:paf"ed to other lJin¥Y nil..<ed .solvent systems. 

+t tHus reflects that the oifferertG~S in solvation of ions are not 

primarily responsj_bj.G for th~ obRerv~d changes in ionic mobi.lity 

' 0 or A of the elect~olytes~ 

':'he assump-t;io11 that the dielectric consta1t is not involved 
' I ' 

i.P $f~~t.:ting the va,lues of r\ is untenqble as tqe change in /\
0 

vp.ipes 4-s ~"lot due to anf chpn9!= tP U,le rH.unb~-1:' of ions. The difference 

in th~ rrtobiiities of ions is actt~ally r~spon.sible for the change in 

111 and .1\0
_ of the ions •. The cations and anions .ar~ moving in the 

opposite directions, the attractive t=or~es of tQe opposite ions 

de~rease with increasing dielectric constant of the solvent medium 

and the mobilities of the ioris are inversely propvrtivnal tQ the 

dielectri~ constapt of th~ mediu~• 

PC is a structureless dielectric havi~g moaerately high 

dielectric constant and large dipole morrent (values are 64. 40 apd 

4·, 98 D respectively) 15 • It is thu~ expectep that the solvodynamic 

entity around the tetra~lkyl~ohiu~ salts ate likely to be greater 

in PC than in methanol (qielectric constant13 32.61 and dipole 
'I' " 1 I • 

moment 1.70 n15). Op the otp~r hanq; methqnol ~olecules are 
I 

a,$SOCfated t.hro')lqq the ~i1:j:.ermoleaplf1+ hydrogen oond.ing. From 

cortductqnce16 , visceisity17 ano volumetric18 studies, it has been 

established that the tetx:·aaikylamftlo:Q..turn ions are not solvated in 
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ftjethapo1. HoW~ver r 1--1nlikie thE;! ca,tioljs, ~r... ipq has been f 01md to 

bel solvated :J..n. this ij1edium., It a,·p··. hea. rf3 tr~a·::. V!2lry· large size of 
1 ' I I ! ' ' 1 1 ~ 

t¢1f,J:·£'1.cllk*jlairimon.tum ;Lcqs ana h~n<:::e th~.:f.r t9W ¢harcje densities and 

t.p~ ).011'1 d_j,pple moment. O:f= qieth8;ribl JtlpJ.!=C'U ies ¥-e primarily re:;>ponsible 

~or th~ weak ion ... soly1-mt ihteract:j.ops. in th.i~ medium. The interac-

tion energy (ion-solvent) appears to De too weak to b+eak up the 

inter~oleqular H-bond.tn£ in methanoJ.. ano th~s can•t orient solvent 

dipoles p~operly in itoS! solvatioq sh~ath. Irtcreased values of f\0 
I . 

in ~~thanol might be due to greater freedo~ of .ions to move through 

thif3 pola'r,. pydrog~n bonded solvertt ~ystem and also due to the 

low viscosity of the me~ium. 

It is we~l dstablished that if the viscosities of the media 

d.:f.ff~r v-ridely, the conductance .tn the J..~ss viscous medium will be 

gfeater. In comparison to pure methqnol, thj: transport process of 

i~~i~ is obviously diff~-<::illt .:.n i?~ + t;m30H mixtt!res as tne solvent 

v~~cosi ty .:l..s inct~ased arid the nrd.f~~n bonded structure in 

matfiq.pol loc·sens or bre $-"J<s Up ari-~ ~ost p.ro~i3bly, the interstl tial 

spacl2)s ate withdrawn. NJ.other factor that alf30 plays a vi tal role 

for the dec.Jrease .in A
0 

valU!=S of thl= electrolytes in PC + CH
3 

OH 

mixtures is the dielectric const<mt of the media. $ince, the I , 

d4electric <::onstan~ decreases ip P9 + CH3 0H mixtures from PC, the 

ionic mobiliti~s increase and hen~e greater 
0 

1\ values are obtained 

tn t.he mixture than in pure P~• Tpe tetraalkylammonium ions 

geperally rerr.ain unsQlvatep in ~0 ~edium (Chapter - IV). As the 

PC + cH
3

oH mixture is enricheq by PC, the v.:l.scosity and dielectric 
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constant ihcrease furtper (compared to q13 ()H and :rethanol-rich 

. ·o 
l;~SiQ~~) ca\.l~ing ~ general d~c:i:"~as~ j.p !\ VC:ill.1es, as observed. 

'.CJ;'l~ variatiop of W~leiei! pro~lic-cs of t;.hi= te~:caalkylammonium 

f.!al·~s wi'l:.h solveqt coinpd~it:~op~ i~ ahovrn iii Fig, 2~ rt is ~bserved 

that th~ changes in Walden :products of an electrolyte with composi

tions of the mixture a+e very small. s~nce the electrclytes are not 

s o.+vated ei tper in l?O or j_n ~thapol so it is expected that these 

.salts would also remain unsolvated ih t[mir binary wixtures. This 

;!,.s :r~flected by the very sma.tl v&iatiop in 'lfalO.en prc.,duct values. 

Result~ thus support the e~lier view point that for large cations, 

the walden product valp.es are sobr~n1:. .:j..hdevendent and remain almost 

19 unchanged o 

From Table 3 we se~ that KA values of the sa~ts generally 

i~crease with increase in CH3 0H cop~en~ in the mixture i.e. with 

·tr~~- deere ase iq dielec:tr .tc constant of th~ mixture. Among all the 

e4.ect+olytels stu<i+eO. qer1=, t!=tral:;mtylammoqium tetraphenylborate 

is ;:?een to })e .::tssoci8t~~ to tqe g.cec.te~t ¢xtent followed by sodium 

tetrapheny+borat~. Kay ~1:. ~16 studied some tetraalkyl~mmonium 

salts in tre·thanol with t~e help of Fuoss-Onsage::!:" conductance equa-

tion and observeo that amcng the b:comic.es~ only tetramethylammonium 

and tetraethylammonium salts are associ~ted (KA values are 14.0 

apP 10 respectiv€\1¥). }iowever<f Pc=tp~tiopoulos20 reanalysed the 

cohdtict:mce dp.tp. of ¥-P.Y et al fo± l?r4~Br in CH3 0H at 25°C using 

Lee-wheaton, conductance equation2 ~. They obtained the KA value of 
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~4 wrere~$, Kay e~ ~16 
fqupd it to P¢ oply 6.3. Thus, it appears 

i:.p~!:t. the a,st'iodiation coq~ten~s _of ~hi;! R4NBr salts in CH
3 

OH as 

+E,lP,6rtE!ld by Kay anq it:~(drlcers may be ftNch l~rger. K.ay et. a116 

£4:rih<rf oPS$X::ved. 'i:.li~t. B~~~~Pq4 .ts rrluph mbre associated tl.1cn the 

· R4N~t ~alts in m~i:.hanol. ~ariGe, the ~!Ssocia:tion constants of a
4
NBr 

s altfi vary by small amo-qnts from M~4.~Br to Hep 4NBr, so" a regular 

trend i~. ~s~oeiation:' co11stan~ val'-les was difficult to obtain. K , 
A 

:f,s 9'ed1$rally; a: ~unctio)'i Qf the parameters E}~(!h as t.hG size ofo the 

iqp~ aud ~he dielect;cic constaht of the fl1eqium. Besides electrostatic 

tqtp~s, sqivation ~6rc~s al~o exi~~ ~P~9h are·completely system 
• I ' , 

~~'~Fl-7-f.:i.c .fPd thei+ coqt~i~utip~ c~ hot: be predicted. Thus, spec~fic 

.. / ~91vi=\nt. eff¢.cts al~o pl~~, a v~tal .j:ple in the asf!oqiation process •. 

(;~1-ie:tally, usefui t~s,.U·~s i,n
1

1 bitp;u:y m:l:~pi!d solvents can be obta~.ned 
' \1 ii ' I ' '' I 

wli~tl th~ it::!ns a~e soiva:\:!~d only Pf the polct+ component of the 

\td*1r-qr~~ And when t:-h~ po+ai- c6nt:pb}iHP :f.S a hydro9en bonded solvent, 

tH~ ~olva-h,ioh eneiii'gy i~ c;brnplicdt.~d· py th¢ solvent struct-.urai 

~fF~cts and the ihterpretatiop b~dd~~ difficult. As the. sizes of· 

t11~ cation anq ani011 iP,crease, it i~ reasopa):>le to anticipate that 
I 

-ehe specific iritere.ct.top ~ii;.h the solv.ent moiecules will become 

le,s~ important and th~p th~ a::>soci at;.ipp ~hould be a function of 

d:i,elec"trri9 constant of the medium pqly. However, assoc·iation process 

ip polar hydrogen bo~qed solvent~ like alcohol and so also in their 

~inary mixtures is no\:. sq simple a~ S;Iltic~pated. ·A comparison of 

t~~ a~s~iation constant values Pf Bu4Ncio4 in two isodielectric 

~o~v~q~s viz• aceto~e ciqd p:top~o-'!- waf? mad~ by Ev~s and Gardam:2. 
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+akinQ into qoJlsid!3rqt-iol"). the dielect~ic constants of the 

to/CI m~dia, the ion~ of tp¢ :S~lt; Bu4NC~04 ii5 expected to b~ equally 
. r 

~~Sjoq;J.a:teQ. in accordapce w.ith ~h~ e1~cd:.rost2tic theory. But. KA 

1T~f14e +pr the ,larg~ au4~C104 ~alt. .:l.ri Pr9panbl is mqch greater than 
• . ' h 

·tna:j::. ~.n a¢¢tone~ I'!: is th~l;) p.p:pa.tert~ thq~ thE;! simpJ.e solvation is 

! pq~ th~ #laJo.r factbf' c;:vrH:o:-pll-1-ng ~11-f:! ?l?.SQdia·t±.:j.on process in propan<;>l .. 

Evars and Gar~am f~1.'.ttner cpp.~;Lud¢.q· ~hat: t.h¢ ulcoqols appear to 

c~n~~~tute a separ&te d~ass of solvents, q.:Lstinct in behaviour frow 

m$y bther nbn-aque~s so+vents but ~imilar in '3ome respects to 

~ater- HOWever diffez:-eqce with watef. ~Xipts in the presence of 

tnre~-dimensional struct4re¢ j_n wclte:r. In PC - CH3 OH solvent 

mixt~res, the solvation eqergy is compl~ca~ed by the solvent 

st~ctural effect3 arising from t~~ prepence of alcohol in ~he 

·miJ,ttt:.re. It t:rius qemands mqch rno::-e investigations on the solvent 

s~rticptuieSl and the ~eh~v~our of d.i;Ff~req.t electr.::>lytes in such 
22 

ttbe~ p~ bth~ nbn~aqueoq~ solvent ~~xtur~s• Evans and coworkers 

11ave further shbWn tha~ th~ iopio apsopiation in tne qydrogen 

l':>op.q~d ~blvent~ like ethanol an¢ propqnol does not exhil:?it the 
,j 

~~mpl~ de~jdenc~ upon ionic ·size a~ pr~di¢ted ~Y electrostatic 

tH¢ory.o Am9fl.9 t}'le tet.:taa1}$Y1c;unmord.urp h~lides, although the bromides 

~p_ chlotipes e~n.ibit tA Vj3.1U~S in 1:,he manner predicted by the 
; ' 

r~l~~~v~ $i~~~ 0~ ~~e cations i!l t~~se twq solvent systems but 

apomq.lou~ and lat"c;tt: K~ vaiue~ were obtEj.in~d for the iodide salts

~hey have tpeate~ these KA Vqlues as almost unchanged and concluded 

that the tetraalkylammOni~~ iodid~s i~tespective of their sizes 
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are ~~i?lly assoc+atE:d in ~~hanol a,tid propanol. ane point that 

i;;h'o~~d be poted her~ is ~he fact t11at. th¢ d~arease in KA values 

~~oM Me4~Br to B~4N~+ in ~ith~r of t~¢~~ twP solvent systems is 

pqt l;:op~i~t¢nt erioug~. :I:n ·~act .Pr4:Ni3t B.pd, BU,4NBr have got almost 

~~~?:l KA V.~l1,1es in 6t.h~pl (7e arid 1$ respectively) and prap.anol 

·' ·f~1P cpo\~ ~6~ t.esp~ctliv~+l,TJ!t ~ga,i~1 i1.1. our Ca~=!e~ K~ values of the 

t~~t~~l~l~qnium salt~ ~h ~a ~ dij3~ ~ix~pLe~ are small enough 

i. ~'.),'aJ).i~ 3) ai+d the. fPtv~qt mfk1:.\lre 1~ c;iUfte ~Clrnpl.icat~d fran struc

-~4f~+ po~rit. bf vii=W,• :i:t t.hus can ~¢ $aid tha~ :tr o;r any given com

:po~it~bn of PC - Cli3 0ii mi)d:.ut~s, th~ .R4til3r salts are equally 

associated which is most. likely due to peculic3+=' nature o£ the 

: alqohol ~m~tnanol h~re) .pre~E:!nt in the tnixt'L).:.:$ and the complicated 

I ~, ' b I i . ~ttuc~ura~ features ~ the miXtur~ ar ~ipg +~om it. 

From Table 4-, we ~~e that for any particular corrposition 

pf P9 ~ CH
3
oa solvent mixtures, th~ Walden pLoducts of the R4NBr 

s a1 i:;.s decrease in the order : Me4~Br) Ei=- 4NBr > P~ ~NBr > Bu.
4
NBr) 

P~n4~-r8r) He~4NBr) Hep4t'j:Br. so, th1= lowest value is obtained for 

tH~ larg~st.mqlepule and i~ indicates the lac~ of solvation of these 

~~it.~ ~:q these mi.f{·J:ur~s~ The quentitqtive ~xpl.anation for the varia

tH:>fi of the walden, prqi:iucts with· so1veq"t cornpos'i tion is yet unknown 
• 'I I. I I 

t~qu~h sam~ attem~~s nay~ b~ep ~ade ~0 derive a satisfactory 

f:!~~):ir~ssion taking 'into c:Lccount a.Ll. typ<=s ,of ion-solvent intera-::tions. 

In spite of some quaiitative agr!=elii~nts; the complicated expression 
I, . 

'.I 

q~*":iyed by zwanzi<.i:J23 .:f-nvo+ving th~ (~plvent) dielectric relaxation 
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tin16, the sol vent ~ i sc oe: i ty ~ static an c. inf .tni te f .te quP.ncy 

diE;!lectric constant fails to preqict quantitatively "the va.I:·i·ation 

o£ walden product 'wtith composition. This is quite ·natural as no 

single mathematical e:x:pression can cov-:r all ti1e ions and t;!eir 

interactions witl1 various solvents as the ion-solvent interaction 

is quite specific for an ion and a partjcular solvent. However, it 

. . . 24 
i~ ~ea?oqab+e to b~tieve like H~mes tpat the variaticn of the 

Wqlden prodpct with solvent composition is due to the variation of 

the electrochemical equilibrium bet\,reen the ions and the solvent 

mol~cules at one hand cJDd selective solvation of ions and complex 

formation between ur:~liJ.;:e solven·i: rnolec'Jles on thE: uther. It has 

already been mentioneq ·t:hat majority of the ions stuoied her~ lack 

·~electiv~ solvation in _PC - CH3 0H 1nixt'\-1res .:md also in ei"!::.her of 

t~1epe two cqmpo.pentso. Studie9 oh therrnodYl?a;nic properties in PC -

C~hOH mixtures (Ghap-t;.e.J;- V-:1.) alsc' indicate the lack of specific 

interaction or complex formation ~etween ~nlike molecules. This 
'I. 

1 b t d b th f t t 'L-lat the "0 values of the salts has a so een suppor e y e . ac ~ " 

do not exhibit any maxima or minima at any in te.rmedi ate composition. 

of t;,he mixture. Th~ change in walden p~oduct from one composition 

i:o a1uther in PC - ~fi"JO.f{ m.tx.~ures i~ po SfllaJ 1 that no fruitf1,1l and _, 

definite conclusion should ~ drawn f.ton it rather we think, the 
,. f ' I ' ' ' ' .·' • 

waiden product values should be t.~eqted as al~nos.t unch<..nged over the 
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In ~p~nce of tr~spc?rt pUJnl::l~r dat~ ;J.n these m.:j.xed solvents, 

l'l~ Hav~ Ul?~¢1 11 refer~qce eJ.~qt,);'Oly?.e'' wethcd f9r the division of 

. . 1 . 25 into s:J_ng .e ,:ion values. l3u4NBPh4 ha~ been t:).sed as ·~he referenc-3 

electrolyte. Bp4~BPh4 was ut:J_lized by Fuo~s and Eirsch26 to cctl,... 

cula'!:e the litniting .:j..on conductances in s~·,eral organic solvents 

ass~mi~g ~he equality: 

' (1) 

But instead of equ~l division~ we divided If values using the 

method similar to that ptoposed b¥ KrumQal~ 27 for division of B 

v~lue~: 

5c.35 
lo07 (2) 

I 
1 ~ 1 I 

A,{ph4f3 ... ~ 
r 

':j:'h~ r values have been taken from tli'~ works of Gill et al28 , 29 • 

Tile virtual organic solve~~ independence of the solvation radii 

of large Bu
4
N+ anp Ph 4B- +ons found qy Krumgalz 27 ( and Gill28 , 29 ) 

, sugg¢sts that th~s~ iops are unsolvatea in organic solvents and 
'i 

thet~fore, their ionic :pic:lif. calcuiat!=d as 

:r ... 
1-

(3) 
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c6r+e5pond t;.o their ttu~ d.irfl~nsions in the solvent. 

']he lirni"t;:.ing 'ibnic c<mquctc3_nce13 Ca-l-culated from equation (2) 

~e <f+V.en i~ Tabl~ 5. stokes radLf .. of tlljp iqns from equo.tion (3) 

~re qiven. in Table ~~ 

From 'ral::!le ::J~ we see i:.hat the 
b 

/\} vFllues decrease as we go 

f~om Me4N+ to Hep4~+ in 

!:'/bf:!eb,~a tn meth~P,ol16 

PC + CH3 0H Wixt~res aqd 

.30 L · ·, + 
wp.te~ ~ +:t: u}18 ~4N 

PC similar to those 

ions were so:J_vated 

ip PG or in its binary fhi~tlJ.res w.ith plethanol, then the i\~ values 

for R N+ ions should have been in the re. verse order. t-tost studies 
'' I 4• 

for electrolyte solutions in the nori~cqpeous mGdia involvlng 

.. O.,tfferent techniques indicate that the· cat-tonic solvation is strong 

white the anionic solvation is weak. B~t ovring to the very la+ge 

size of tetraalkylammonium ions, these are most :J.ikely not solvated 

either in PC qr ~n PC + CH3 ~ mixtures. However, Na+ ion is substan~ 

tfally solvated both in PC and qa
3

oH and at59 in their binary 

mixtures Qecc.use r)f its f?mall crystpllpgraphic radius. and large 

criarge deps.ity~ ~esults t;.hps indicate (Table 6) that _the R4N+ ions 

in PC + CH
3 

CH rn~tures remain almost as b~e ions. Fdr anions, Br

ton is found to be solvated in meth9Pol and also in PC + CH
3 

OH 

binary miXtures thougr+ the probability decreo.ses as PC conte~t in 

t:.h¢ rnlxtu+~ increases. IiQt:.r~ve,r:; J;JPti~- iort .:j.s foqpd to be almost 

uh:·;olvated in Pttre as rl'{ell as in lnixed solvents. Since,. PC lacks a 

w~tl~dSVelcped cerltre pf popit.:!-ve charge, the anions appear to have 

I 



W~a~ interqCtiOD~ With it~ moleculeB~ Obviously, tna decrease in 

si~~ of the apion favours tne solvation ~~ocess, 
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:M.ore extens.:j..ve ~t:-qQ.ies, hawever, are +equired to arrive. at 

reasonc=ble c~onclusions about the conductance behaviour and about the 
f ' ' • ' I ' . ' . 

pat.4re of ioP,-solvEi!pt in·~.tactions ip different non-aqueous organic 

Jtli:XtU:J:-e~, part,:t_cular-l.y .tn tl)e: 11)ixtut~s ip which a .90mponent is a 

hydroQ~n :bqnded org~.:j..c s:;>lvent 1-1-k!= alcohol .. 
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Table 1. solvent properties- of p·c + methanol mi.xtures- at 25~0c 

P-roperty Mole fr-action o£ ~P-c_-----· 

--3 
Uen-s-i-ty / g em 

Viscosity/cP 

Die,lectr±c .constant 

_1. 

Specific coneuc±:anoe~ lS:cm .... 

o .• --o~o 

.Q.]8"6:6-

a. 544 

32--6:..4 

a .• ~Sxl.a~6 

0._10 

0 ... 8693 

.ao 62·6 

3 9_._2.-0 

- . -6: 1 .• 5 2x-.l.O 

,Q._ZO 

·o_. 93· ·~~6-

O.T19 

44._LO 

1 -01 . -6 .:o- X:l:a 

0 .• 40 a. 6a 1. 00 

1.~.03.27 1.1-036 1.1988 

0 .. 975 1,.297 2.471 

51 .•. 3a 57.3;a 64o 40 

2 • .2 5x1 o--6 2. .. 42.x:-1~0 -6 o. 73x10-6 

-------------
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·Table .. 2. Equiv-alent. -conductances of te-traalkylammonium bromides, ·NcaBP.h

4 
and Bu4NBPh~4 J.n_ 

PC + methanol mixtures at 25°C 

L04c/mol dm -3. 

1_2(1 •. 214 

1 05.-4~91 

90..:ll2 

7~.13-4 

59.955 

45 • .53.6 

J o •. 3.S7 

1 o.. 625 

·Me N:Rr· 4 . 

2 -1 . A/scm mol 4,.. /. -3 /\. L 2 --L .1 0 .._,mol dzn, ,_v,Scm: mol 4 /: -3 1-0 C moJ. .dm A/ 2 -1 
---vSCiil mo~ 

_______________ ___. _____ ·--------------.--------· -------------- ------------------------.-.--0.1-0 mole fracti-on- o£ ·pc. 
Ecct~NRr- Pr4NB.r 

89.47 1ZO. 04-7 85.,34 120.519 7 s. • .J..l 

90. .. 96. 105.¥3:04- 86 .• G7 10'5~ 215 76.46 
92. 405 9"0.-261 -8-8: •. 03· 90,.3:16 77.81 
-94.17 75..2.17 8:9 .• _5'4 7-4-.92:6. 79 .• 35 
96.06 .60.1:..74_ 91. 23' 60.. 047 '8-1._03 

96.12 45.130 9:3.27 -45".1-·68 .8:2. 9'2 

100 .• 68 3..Q._U8.7 :~r5.-42 29o 7"58 BS. 22 

105 • .34 15 .• 043 98 •. 39 14.-879 88 .. 23 

contd .... 
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120.632 

-1.05: •. 23_0 

-a9. 94--5 

75. 248 

59-.96-3 

45.267 

zg:.982. 

15o. Z8-5 

Bu4NBr 

69.61 

70.9·4. 

-7.2. 2.7 

73. T8 

75. 4'J 

77 .. 32 

79-.61 

82-.4-7 

O. ro mole.. f·raction of PC 

Pen4NBr 

120.637 66.77 

105_. 496. 67. 99 

8.9 .• 9:8:1 69 •. 29 

75~088 70.78 

6.0. 195 7 2. 31 

45.~01 74.07 

3'0:..408 7.& • .22 

12. •4-11 7·9 •. 73 

Hex4~r 

120.078-

1.05.007 

.90.1-8'2 

75 .• _3 58 

59.91-6 . 

45.091 

30 • .2_67 

12.354 
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~6A.7S 

-65.. 95 

67.1_.:4-

58_.,67' 

7 o.-2lf 
7.2 •. 08 

T4 ... 1.2 

77-•. 58_ 

contd._. 
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~able 2 {Can~d •• ) 

Hep4~Br NaBPh
4 

. Bu-NBPh 
4 . 4 

120. 280 62 •. 64 12-0.223 58.01 r11.s42 54_. 41 

105.1'83- 6:3 .. 81 105.-607 59o13 95.64-9 55..83 

90._334 65.05 90. 032 60035 80._1"53 57.33 

T5 .• :4:S4 66-. 3!1 •75.139 61.71 -60 •. 022. 5-9".5.6 

60 •. 016 6.7. 93 60.24-7 63.-15 49..~9s6-~ Bn • .ST 

45.16--4 69.68 45.354 64.82 39~ •. s9n 62.-24 

30.3"17 7·1. 62 30.462 66.83 30._197" -63.75 

1-2.-37 4- 74. 9_4 12.184 70.06 2Q._~31. 65.52 

1Uo Q£'5- 6:8_. Q3 

Contd •• 
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Table 2 (ContCto_ •) 
0.20 mole-- frac_tion of -PC 

Me4NBr Et_
4
N-Br -·pr-NB-r 

' 
4 

170.471 77.64 170.052 74.63 169. 9-65 65.26 

149.864 79 .• C1 155.7-5-1 75.41 1_54.719 . 66-.02 

13 0 •. 121 _e_o .• -T9 1-4-o. r1'7 76. • .23 13 ~~-990 66-._87 

115.165 81.46 120.2:14 77~46 120.22T 68. o-s 

10-0. 20_8 -8:2.-263 J:-0.0. 3.1.1 7.8.~77 .. 1 o.o • .46:4 69.29 

ao. o17 :8:4.3:8 7-9-.-6~2 80.28- -8D.~700 70 .• 77 

70.503 85.22 59.T09 ·8-1. 90 60 .. 1.13 7 2.,. 51 

59.826 86.. 3'8 39_ • .806 83~.7-9 -40 .• .3 so 74.-42 

40.-38.2 8-8.-7-4- 19,.~9~03- 8"6.. 41 20,..513:6 76.97 

20.191 Bu NBr. 
91·&6 Pen_i;iNBr Hex NB"r 

4 -4 

170.225 59..-69 172.. 079 58.47 174.410 "5'6.78 

144.~44 61 •.. 08 15 9'. g·a-4- 59.03 150.077 57.93 

131.972 61-.7'5 14'0,;, 086 60._04 X29.-834 5-8.96 

120.506 62.3'8 120.187 61.03 110.289 60.11 

100.281 63.74 100.288 62.27 ·go. 04.6 <· 61.36 

so. 056 65. 03 80.390 63.52 70.501 62.68 

59.831 66.7! 60.491 64.95 50.258 64.26 

40.449 68.54 39.797 66.77 30. 015 66.31 

20.:224 71.02 19.898 69.06 15.3 56 68 .• 21 

Contd •• 
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Table 2 (Contn..) o. 20 moJ:e fraction .of PC 

He~_4NBr 
N;aB:J?h

4 
Bu

4
NBPh4 . 

170.144- 55.51 170.283 4g._72 13.1o3TO 48. 48• 

155.7-38· 5_6.1-8 154.-827 so. 46 110.7-90 "49 •. 77 

14-0. 4J:-O s-6. 94 14-0.23-~ 51.-2.3- .9-l.-• .:&47 51 . .,.1-9 

·L20.588 sa. 01 120.199 52.;31 7.0.'964 52.-76 

90 •. 93~9~- -59 .• ,21 10.0 .. .1:.66_ 53.--49 ~6IJJ..77 :5:3 . ..-?:Q· 

80.11"6 6.0._50 -80.13:3 54.76 -49.958 5-4;. 7°5 

6-0.294 6L. 8·9 60 • .0.99 5&.24 40 ... -023 5-s. B4 

40.471 63 •. 6-1 40 •. 066 58 • .03 3 Oo-088 -57. 02 

.6S.;82 20 ... 03:3~ 60.31 
.2 o~ \Sa ~~j~ 

20.-:81.3 
15 •. 044 

o .. -40 .mole fracUan of -pc 
Me4NB.r .Et4NBr. Pr

4
NBr 

250.935 6J.. 23 2G9.917 57.58 270.3 93 51.10 

230.304 61.90 246.3.8"9 58.38 2-45.943 51.-81 

210.567 62.68 220. 33 5 59.21 229 .. 770 52.28 
< 

190.736 63.31 201 .. 260 59.91 20-~.176 52.92 

170.-199 64. 2·6 180.384 60.63 190.417 53.50 

130.923 66.01 14·0.433 62.23 149.795 54.89 

1 oo. 374 67.50 110.167 63 .• 60 120.597 56.00 

69.825 69.28 79.901 65.17 90.131 57.39 

44.732 71.08 50.846 66.95 59.664 59.01 

25.093 72.84 3 o. 265 68.59 30.466 60.97 
' 

Contd •• 
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T-~le 2 (contd •• ) 

o. 40 mole fract-i-on of PC 

Bu4NBr Pen
4
NBr Hex

4
NBr 

270~31;7. 46.21 268.B-21 43.78 271.-259 42 .. 7-5 
' 

249.449 46.85 240. 083 44.64 249 0 -861 43.33 

230.734 47.-48 210 •. -216 4-So 58 230.341_ 43.96 

2L0._18.4- 48-.1.7 180.349 46· •. 61 20-oo-151 44 .• "8-5 

18-0.~158 49.-26 160 •. 537 47.33 169.968 4-So-7'0 

13'9.737 50 .• 8'2 140._144 4a.L2 14-o •. aaa 4.&.=82 

1ro. a,66 52._1_0 110.277 -4-9.37 110.:698 4a.:::o3 

79 .. 685. 53.69 80 .• .410 50o82 so-. so7 4-9.28-

4:9~o658 55.52 so. 543 5:2. 62 55.908 50 .• 7 5_ 

3cO<e,D2£- 57,.~.0:9 Z~86.6 54.._30 300 _1-90 5.2..3:5-

Hep4NBr RaBPh4 
Bu4NBPh4 

2.21. 389 43o 20 2'69. 297 .3'6. 6'8 147o394 37SO 

180o 263 4-4 .. .31 249.:834 3 7. 1.7 131.. 37.6 3B, • ..l9 

149.806 45.28 23 o. 3 6'4 37.66 109o71Q 39.13 

1290 881 4'5. 98 201.036 38o46 90.062 40.07 

l09.956 46.70 169.742 39 .. 40 -75.052 40.84 

90.031 47 .• 52 139.982 40.31 60.123 41.70 

70. 106 48.'44 110.222 41.37 49.899 42.35 

55.3 47 49.21 so. 462 42.59 40.163 4::.03 

39.850 50.16 49.600 4:4.09 30. 061 43.79 

19.925 51.64 25.351 45.69 19.878 44.81 

Contd •• 
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T ab.1e: 2 c.con:t:a;-_.,) O-eo60 mole fraction _o£ pe-

--=Me- N·Br 4 
Et4NB-r. -"Pr4NBr 

190o6.13 48.82 353 0 944 43.69 3~6-.8-17 38. T4 

162.131 49.81 311.372 4 4-.7-2 300. 574 39. 7·8' 

124.840 51.07 278.333 45. so 260.834 40 •. 74 

109 .• 708· 51.64 ~25.344 46."84 225. 4-31 41.68 

90.252 52". 47 175.7-92 48.21 174. 5"64 43_.12 

7-0 .• 2.5~ 53.46 125. (J60 so. 0:2- .1Z4. 8-54 4-4.67 

50 • .2~60 54.63 89 .• 665 Sl-.3::-6 90.1-7-2. 46 .• ..10 

3 o. 264 56.03 68.919 5:2.31- 6-9 .• _363 4:7 •. 10 

1-5..132 57.42 47.342 53.56 49.710 48.02 

7_. 566 s:a.4o 33.602 54.~J::9 3_o-. os77 49.31 

Bu~T'B'r 
-Pen4NBr Hex_ NBr --4-

373.447 3-7-.-12 371.387 34.~.8 3..55. 918 33.70 

3 OOe 002 3-8. 55 302 .• 884 35~97 279 0 988 35.13 

2·61.317 39.42 26_1. 78-4 36.77 zso. 683 35. 9·1 

225.313 40.32 225.617 37.57 220. 669 36.51 
<· 

175.520 41.57 175.622 38.70 169.654 37.76 

124. 482 43.10 123.627 40.09 125.757 3 J. 02 

90.872 44.31 91.016 41.17 90.165 40.23 

69.710 45.15 70.505 41.94 69.997 40.96 

49.792 46.12 49.999 42.75 51.014 41.89 

31.120 47. 21 30.766 43.79 31.926 42.89 

contd. 



Table 2 (Contd • • ) 

373.723 

30-0.192 

261-. 93:5 

225.-79-6 

_1_7-4.8:94 

125.297 

90".-05'} 

TO.A7-9 

sa.. 902 

30.019 

Hep4NBr 

32.69 

34o 00 

3-4. 6-9 

3"5.55 

3~6. 57 

37.89 

3-8_._ 94 

39.6-9 

4:0. 4-2 

41.49 

.:~:~' ' 

o. 60 mole f-raction of P.C 

NaBPh4 

325_.739 2'l.52 

251-.165 28-.94 

175.98:6 3-0. 5] 

1-4'5. 7-oo 3J.. .. 2-8 

120. 3Z5 3-2. 0_6 

94.951 32.B3 

75,.__;3{)_6 _33_._51) 

s:s.66~o 3:4_._28 

3_5.~l93 35,._19 

20.463 36.09 

231. 94-6 

17 s. 86-3 

1-49 ... -1-93 

13:0.-442 

110o374 

90o306 

7_1-. 67-1 

so. 17 0 

30.102 

20.068 

Bu4NBPh
4 

27-e 6cQ 

28.93_ 

_29-•. 6-2 

3_0o 23 

30.84 

3-1.51 

32. 2"6_ 

3:3 •. 17 

34.28 

34.97 

23:0 
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Table 3. conductance parameters of t-et=aal-kylarnmon±um broJTliees, sodium tet:z;-aphenylborate and 

tetrabutylarnmonium tetraphenylboratP. in pr-opylene carbonate (PC) + methanol mixtures at 25°c 

-- --- - --
Mole fraction Salt 1\ , 2 l-1 otS em mo K /&n3 61-l 1\- m 1\o ~o R/R (]" 

of PC 

Me4NBr 112o 05 + O. 04 20.80 + 0.09 Oo702 1-5.8 o. 03 

Et_
4

N-Bcr 105.79 + Q._OS 18:. 52 +--0. 14 O.AS-6:3 16._8 o. 05 

Pr~4i..~~Br 95. so + 0.0? Zl• 71 + 0.06 o. S9B 1-6.5 0,."0:2 

Bu4NBr 89.7-5 ± o_. 02 22_. ss ± o. 08 0.562 17.1 0.03 

0.1-0 Pen
4
NBr 86.10 + 0-. 03 22. 98 -+ o .. 09 o. 53-9 17.0 D. 03 

Hex
4
NB-r 83 •. 87 + n._BS 23_.74 + o. 1 9 0.52-5 17-.8 0.~06 

Hep4NH-r 81. Cl4 + o. 03 i2 8_€)- + 0 11 0.-508 18o 0 0. 03 . - ·--
N~aBPh4 7&-.- Ql z 0.~03 24-.-2-8 + 0.13 o. 476 18.5 0.04 

Bu4NBP.h_4 
73._68 + O~ 04 33.23 + o • .:!.9 o. 462 2-0. 9 o. 05 

Contd •• 
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Table 3 (Contd._.) 

Me4NBr 98.99 + o.o5 16.30 + n.1o 0-.-712 .15. 3 0.05 -
Et4NBr 92.97 + o. 03 12.75 + 0.06 -- Q.669 14.8 o. 03 

l?r N-B-r 83.64+ 0.03 15.40 + o. cs- o. 602 14.7 0.04 4 -
B~_4~Br _ 7 7 • 3_8 + o. 0 4 16. 01 + Ooll 0.557 15.4 o. 05 

c •. 2o Pen
4
NBr 75. • .:11 ·± o. 03 14 • 3 0 +- 0 .• ~01:;; 0.540 15.3 o.b4 

Hex
4
.NBr 73. 52 + o. 03 14. (]? + o. 08 0.,529 16.1 o .. 04 

Hep
4
NBr 7 2. 21 -± o. 1 9 15.10 + o. 54 0.519 12.9 o. 03 

N-aBPh4 .6.6. 22 + o. 0-2 17.88 +-- o.os o. 476 17.1 o. 02 

B'~4NBPh'-4 6-4o 85 ± O. 02 25o 25 + Oo Ll Oo 466 18.9 o. 04 

contd .•• 
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Table 3 (Contd •• )_ 

Me
4
NBr 78.15+0.04 10.92 + o. 07 Oo762 L4. 4 o. 05 

' 
Et NBr 74.17 + o. 02 10.37 + o. 03 0.723 14.2 o. 03 

4 

-Er
4
NBr 66.27 + a •. o2 10.13 + o. 04 o. 646 13.8 o. o-1 -

Bu
4
NB'r 62.43 ± o_ ... o~. 13-._32 + 00 03 0.609 15.9 o .•. 02 

.. 
59 .. 59 ± o. 03 ~3. 6"9 + o. 07 0.581 0.40 Pen

4
NBr 14.7 o. 05 --

Hex4NBr 57.41 + o.u6 11.99 ± 0.15 o. 560 15.3 0.1_1 

Hep~Br 55o 68 + O. 03 1 0_._86 + o. 08 -· o. 543 140 4_ o. 05 

N:aBPh4 
so. 02 + o. 02 12.14 + o. 04- o. 488 15.-7 a •. o3 

Bu
4

't-J"BPh
4 

48.84 ± O. 02 1-8:.32 + D.lO 0.476 1.9. 9 0.0 .05 

Contd •• 
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Table 3 (Contd_ •• ) 

Me
4
NBr 60-. 57 + o. 02 10.58 + o. 07" 0.786 9.3 o_. OS - -

Et4NBr 58-.83 + o. 03 1.0. 7 _o + 0.-06 - . 
o. 7_63 14.2 0.06 

Pr4NBr 53_. 3 9 ± o .. 03 1z.11 + o·. os 0.693 15 .• 3 o. 08 --
Bu

4
NBr Sl:o-16- + O. 02 1.0-.B-8 + 0. D& 0.664 14o-6 o. 04 -- -

0·. 60 Pen4NBr 4 7. 50 + e-. 02 9 .• 88 + o. 06 0.616 14.2 o. 06 - -
Hex 4NBr 46. 76 ± o-•. 02 1~. 40 ± o. 07 0 •. 607 15 .. 1 0~ 06 

(I Hep4NBr 4-5. 01 + 0;..03: -9-~-sa + a .. oa o .• .sa4 1.5 .. 0 Oo 09 

NaBPh
4 

38.96 + o. 02 12.6-8 + o. 09 o .. 505 17 .. 0 o. OS 

BullBPh4 37-.89 + O. 02 15.79 + o.os 0.492 18.3 a. os 

--~ 



.Table 4 .• wa~den products . (1\odo) of tetraal-kylanrrnonium bromides, NaBPh4 and Bu4NB.Ph4 in. 

PC + rne~anol mixtures at 25 C 

---- -...------
Salt. Mole fraction of PC -- o.-ro· ---o.2o 0.-4-o--- o.-6o c. 00 

-
1.-0.0 -- ------- ---

Me4NRr o. 680 0.-7~02 0.712 0.762 o. 786 0 •. 768 

-Et4NBr o. 63-6 0._.6.6-3 o. 669 D. 723 0.763 0;.74.0 

Pr4NBr o. 558 0._598 o. 602 o. 646 0.693 o~ •. 7-G6 

Bu'4NB_r 0.519 0.562 o. 557 0.609 0.664 0..."684 

Pen4NB:r o. 497 ·o. 539 o. 54,0 n. sa~ 0.-6:16 0.620 

H.e.x
4
N-Br ---- o .• 525 0.5Z9 0.560 0._607 :o._6-02 

H.e_p 4NBr o. 466 o. 508. o. 519 o. 543 o. 5:84 0.578 

NaBPh 4 
o. 444 0.476 

c 

o. 476 o. 488 0.505 0.484 

Bu4NBPh4 o. 413 0.462 0.466 0.476 0.492 0.452 

--· -- -----~-- -

23_5 

--

--
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'l'able 5. Limiting ionic cor.ductance:s ( /\_o , /\o) in pc- + methanol mixtures at 25°c 

( 1\o values are taken from Table =?). 

--
ron Mole fract~on of PC 

a 
_Q.~O_O_ 0.-10 o. 2:0= 0.4-0 O.o:60 1._oo 

--
Me~+ 68-7 60.-3 9 5'5.13 ~3 .• 97 29.00 12.-87 b 

Et N+ 
4 

60.5 54.13 49.11 39.99 27.26 l1.72b 

+ 4:61 43.84 3.9. 7-s 32~09 21.82 10. 35b Pr N . __... 
4 

Bu4N + 3:9.0 38.09 33. 52 28.25 19.59 9. 46b 

Pen
4

N+ 34 .. 8 34.44 31.25 25.41 15.93 6.88b 

Hex
4
N+ --- 32.21 29.66 .:23. 23 15.19 6o 1-6b 

Hep
4

N+ 29.3 29.38 28.35 21.50 13.44 <· 5.19b 
Na+ 45.2 40.42 34.89 26.43 20.66 10. 74c - 56.4 51.66 43.86 18.22b Br 34.18 31.57 
Ph4 B - 36.6 3 5. 59 31.33 23.59 18.30 8.84b 
a 
Dala taken from ref. 3, p. 673 

bData taken from Chapter - IV 
c Data taken from Chapter - V 



0 
237" 

Table 6. Stokes radii (r ) in A of the ions in PC + methanol mixtures at 25°c . s 

Ion 

M·e N+ 
4-

E~N+ 

Pr ,._;+ 4_...,._ 

Bu-4N+ 

P.en
4

N"+ 

HeX,fl+ 

Hep4N+ 

rla+ 
llr

Ph4B-

-~---------------------r~A ----~--~---~-------
·------------=M~o.le fraction of PC 

-------------------------------o. 00 0.10 o. 20 0.40 o. 60 1.00 

-------- ---------------------------------------
3 .•. 47a 

-4-.;0:oa 

4.52a 

4 
a 

.• 94 

5.29-a 

s:.s:ga-

5.88a 

1.11~a 

1.80b 

4:. ?.Oa 

2.19 

2.A-9 

3.26 

3.86 

4.3.2 

5.13 

3.33 

2.67 

4.11 

2.16 

2 .• 41 

2.-98 

3.43 

.3. 79 

-4-• .05 

4. 4•4-

3.23 

2. 53 

3. 67 

2.06 

2 .• 32 

z..-86 

3 •. 39 

3.64 

3 • .83 

4-.. -01 

3-.-26 

2. 59 

3.63 

1. 91 

2.-10 

2.62 

2.97 

3. 30 

3-•. 61 

3..90 

3.18 

2.46 

3. 56 

~ 

2.18 

2.31 

2. 89 

3.22 

3.95 

4.15 

4. 70 

3. 05 

2. 00 

3.45 

2. 57 

2..82 

3. 2 0 

3.50 

4.81 

5.3~ 

6.-38 

3. 0.8 

1. 8-2 

3._74 

-------------------------------
aR.h. Rcbihson and H. -stokes, in Electrolyte Solutions, 2nd ed., Buttex·worths, London, 1959. 

bB.S. Gourary and F.J. Adlian, Solid State Phys., 10, 127, 1960. 
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Fig. 1. variation of limiting equivalent conductance l /\
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.. ·, 

Infrared and Raman Spectra of solutions of Some Alkali and 

Alkaline Earth Metal Pei;chlorates j,p Propylene Carbondte 

Investigations on ~ama..1. and in~rared spectra in aqueous and 

p_6n-aqiieous s?lutions have been extepsively used to explore the 

typ~s of interactions arising in electxrolyte syotems1 - 6• The present 

chapter reports the resu~ts o£ infrared. and Raman spectral investi- , 
., 

' gat~ons of Ba(clo4 ) 2 , sr(Clo4 ; 2 , ca(plo4 ) 2, Mg(clo4 ), LiClo
4 

and 

NaClO.tlr ·.tn propylene CGrbbnate (l?C);t The p!=rchlorate salts have been 

c~os~n ber;ause of the Sif\all cfl.a.:tge ¢l~n,s.:!..ties of perchlorate anions 

and their relatively wec4< tendency to form complex ions, particularly 

·with cations of the alkali and alkaline earth metals. PC has 

geQerated Im.lCh interest -:1s a solvent medium for electrochemical 

studies 7 rel-ating to high energy batteri~.s$' 9 and free radical 

· · · 10 H it i f h · t t to t o~ th beh · of spec-~es • ence, s o muc · ~n eres s u · y . e . av~our 

elect.i:-o,lytes _in su,ch a sc;>lvent medium. The present chapter .:!.s 

believed to shed I?ew light on the na1:-Ure of intermolecular and 

I ' interionic interact~ons in PC .. 

Exper i~nt al 

·propy,lene carbunate {E. :r1ercl:, Germany; o> 99% pure) was 

P'Jfi;fied as described in Chapter ~ !Io 
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Calcium (II) per~hlorate and strontium (II) perchlorate were 

prepared by neutralising the corresponding carbonates with pe~chloric 

acid. Anhydrous barium (II) perchlor·at~ and magnesium (II) perchlorate 

were commercially available (:F luka). All these ·perchlorate salts 

were :purified -by at least triple recrystallisation from distilled 

water and dried at 373 K in vacuum over silica gel for few days11• 

Lithium perchlorate (F h.'ka, ) 99"/o pure) and sodium 

pe~chlorate (~, E. Merck, Germany) were purified according to the 

procedure. give::1 in Chapter - II. 

All solution~ were prepared at 25°C and the· perchlorate 

conc;:entrations were determined wj_th an Orion ion-selective elec-

trode meter (model EA 920) after standardisation w·ith kn0Wn solution 
' . 

of the perchlorate electrode system~ 
I. 

Laser Raman spectroscopic measurements were made at 25°c 
0 

with a DILOR Z24 RAMAN spectrometer using 4880 A excitation. The 

spectr~.1 slit wid~h was kept at ~ 4 cm-1
. The laser power used 

wa~ 300 mw. The spectra were recorded by the Regional soph;Lsticated 

Itif$i:.rumentation Ceqtre, Indi'3!1 Insti ~ute of Technology, Madras. 

0 
T.h¢ infrar~d spectral measur~ments were made at 25 C on a 

:P~.fk.:j.p-Elmer 983 spectroppotomete~~ Po.J,.ythene windows were used for 

aii mea~ure~ents. 
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All spectra wer~· sc~ned ~t +east twice to 8nsure repeata~ 
I ' 

i l?~l;f.ty. 

.Results 

Irifr'S,red spectra ,of pure pr~ylene 6 a.rbcnate and of 

oa(clo4J2 , sr(Cl04~ 2 f ~a(clq4)~ and Mg(9104)~ in PC at 298K are 
! 

shown in Fig~. 1.;.5. The prinCipal bands obs~rved for the pure . 

J.. soivent (pcj and its scJluticp,s have been listed in Tables 1 and· 2 . 

IJ 

'. i 
·I 

·respectively. 

Partic>.l band assignments ·have been made for the infrared " 

:;;pectrum of PC (Ta}:)le i). The carbonyi str~tching band appears -

-1 ;at 1790 em • Four banqs are observed .:j..n the c-o stretc:hing region 

i 1 . -i t..1 ab, 1 82, 1118 1 105.0 qnd 1076 em_ • The J,468 em line has be-sn 

a~~dgn~d. to the: C!i3 d~fd±:tcle,tion, mode an<ll CH3 symmetric atretching 
' . •1 

· ~f$quency ·appears at 2985 and 2915 em • The IR spectrum of pure 

pq agreed well with those· found in the literature2112 , 1 3. 

we found that the spectra of calcium, E;trontium, barium 

and magnesium salt solutiCl:'ls showed severa:!.. changes from that of 

' I . ·-1 0 t d :pQre PC. The 1790 em ' G = st.re ching line .of pure PC is t:!,Se 

as the reference for .:j..ntensity chahges. 

In all the salt solutions, a slight downward shift of t-.he 

1~90 cm-
1 

and 1182. cm-
1 

bands.was noticed. The intensities of the 
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-1 -1 peaks corr~sponding to the 1790 em apd 118~ em bands of pure 

PG: ar~ found to be i:q. the orde.t::a 

±n the inf.r.ared spectra of (3.11 the salt solutions, two new bands 
I 

appear at '"V 940 Crn-1 and IV 624 Cm-: 1 the later Of Which. ariSeS dUe 

to the triply de~enerate bending vibration of perchlorate ion. The 

· i ·1 f th b d t 940 cm-1 · t 1 d t od or g n o · e q.r~ a ~s no proper y un ers o , since 
i : 

the totally sy~etric vibration of perchlorate ion is infrared 

ina¢tive (it appears in tqe Raman spectrum). 

The Raman ~~ectra of pure PC and of Liclo4~ NaClo
4

, 
~a·(clo4) 2 and Mg(Clo4.~ 2 in .PC ·at ~98K ar~ shown. in Figs., 6-10. 

Soirje important· bands observed for PC qre recorded in Table. 1. The 
! 

Raman f·requenci~s · obse.J;;ved are giv~n in Table 3. Comparison of the 

~aman bf!Ilds of pure PG witn liter2ture values was not possibl~~ 

J::?eoause thi's solvent _wp.s hot stuc:iied by Rdffian spectral techniques 

i . ' ~1 
f!v far. The line~ .at 3901 and 2769 cnt · have been assigned to the 

' 
components of a Feirni resonnnae Cl01Jblet arising out of the 'interac-

tion,between the symmetric CH~ stretcning mode (2892 cm~1 } ana 

the first overtpne of tn~ CB3 de~ormation moae (2949 cm-1 ), the 

fundame:q.tql of which is found at 147 3 cm..,..~.. in pure PC. 

Li~e the infraced spectrum o~ pure PC, the carbonyl stretch

-1 · ing in the Raman spectrum occurs at 17 99 em • But only two bands 
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b d i h . 1 1 -l are o serve n t e c-o reg~on n arne y at 1 88 and 1138 em ; the 

other two·bands observed ih the infr~ed spectrum of PC rem~in 

absent from the Raman sp"=ctrtirn bee ause of the fact that they ·might 

lDe oply infrared ac;tive. B.dtq 1799 cm-1 and 1188 cm-1 bar-ds of pure 

PC exhibited 'l3imilar chenges in frequency and intensity in the salt 

solutions as that of the infrared spe~tra. 

0 

I · -1 A new band .appearp a~ rv-940 em in the solution spectra. 

~*~i~ Rand is attr.:!J:>uteo,l~ to the infra.·~eq f·o:tt>idden totally s~e~ric 
I 

· v~bra\;;f_on of perchlors.te 
1 
ion. 

Discussion 

Because of t~e la.r~e dipole !T!Oment. (4. 94 D)15 propylen~ 
( I 

·11 carbonate molecules should orient ~hemselves vdth the negative poles 

l 
' ' 

in th~ direction of the cations anq the positive poles in the direc

tiqn qf the anip:ris. Thus it would seem that cations should dist.urb 

:p~irnarJly the c = 0 ·_band and only indirectly affect the c-o band. 
' ( . . . . . . . . 

The d~sturbances caused by the cat~ ons will t.end to weaken the C = 0 
' ' 

band because of the decrease in the electron density in this bond# 
I . ' :. ! . 

in, p~t# a~ a resu 1 t of the flow of pc;Jrt of t.he s electrons in the. 

dire~tion of ~e ~~ee e1ectroh pairp of the oxyqen atom of the c = 0 
l. 

~rqu:g. As a· result of· the inO.uctioQ effect the t:alectron densi·ty in 

t.h~ c-o bonds wi~in '\ihl:! r~rtg shoulCI, a+~o decrease but the extent 

o:f weakening. of the bond· will. be less than in the case of the· c ::;: 0 
I I •• 

bond. It would seem that thi$ type of change should lead to a 
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CQQsiderable decrease in the 1790 cm-1 band frequency and a smaller 

decrease in the 1162 cm":"'
1 

barid frequency. In the present study, the 

iptensities of bo~ !790 and 1182 om~1 b~ds were found to decrease 

f o.t all the salt solutiqns compared. to the solvent spectrum; the 

extent of decrease in intensity was greater in t,he case of 1790 cm-1 

-J. band than in ~he case of 1182 em ban~s in all cases. This obviously 

indicates that the lin~ages of th~ metal ions with the PC molecule 

are ,actually taking place through the ~C = q group. But the 

frequencies corresponding to CH3 stretching and CH
3 

deforma~ion 

modes of pure PC are not affected to a considerable extent in 

presence of these salt.:= .• This observation is in excellent agreement 

with the electron density distribution of the propylene car})onate 

molecule. The semi empirical molecular orbital calculation~ shows a 

considerable electron density on the ring oxygen as well as on the 

car:Ponyl oxygen (Figo 1 of Chapter 1). It is re?s·:::Jnable to. assume 

that the interaction of Cations with PC .is not restricted to the 

carbonyl oxyge:G atom and ma:J also involve extensive ring interactions. 

The positive centres, on the other hand, ~e much less 2ccessible 

to anions. This agrees with observations that PC is a poor anion 

solvator2 • Exactly the same· concllJsion has been derived from the 

conductometric and v.i.scomet+ic investigations of alkali r.1etal salts 

. . thi d . 16, 1 7 lP s me ~urn • 

From the trends in the frequencies of the banos corresponding 

to 1790 and 1182 cm-1 :Panas in pure PC, it CJ.ppear.s t:1at the interac-

tions of the cations with carbonyl oxyge~ increa~e in the order1 
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On the basis of the frequency shifts of the c = 0 band for. 

the investigated pe.:-9hlorat~s, the st;.rengtp of the disturbance for 

th~ ca~ion would s~er,1 to follow thE;! orde~: 

Thi~ indicates that the greatest changes occur in the propyl8ne 

carbonate for Ba(dlo4 ) 2 ~ystem, though Li+ ion has the maximum 

charge density amongst the thre_e ions coh]parAd · (Na. + and· B~+2 ions 

have almo.st th~ same charge density). On tr~e bas.is of the charge 

density, ~i+ ion should inter:act most strongly with the c = 0 

group of propylene carbonate molecules. But the reverse is observed 

in the present investigation. This obviously, is an indication of 

the fact that the extent of the cnanges of the Raman spectral para-

mete~s is dependent not only on the charge density of the disturbing 

ions bu·t also on their ~urface area. ·rhis is partic-ularly important 

in ~he comparison of the action of cations belonging to different 

groups of the periodic system of ~lements. Thus, in the present 

study, the maximum interaction of Ba+2 with propylene carbonate 

molecules can be ascribed to the maximum surface. area of the Ba+2 

ion (as a matter of fact B~+2 ion has about five times the surface 

of Li+ ion and twice that of Na-i- ion). The observed differences in 

the change o~ freqtiertcy caq not be ~xplained on the basis of the 

fact that th8re are two perchlora~~ ions fo~ every barium cation, 

since in accordance with the assumptions made, the anions should 
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le.ad to an increase in thP- frequency of the 1799 cm-1 band and a 

-1 d~crease in the frequency of the +188 em · band. 

However, the o~served differences in the behaviour of.the 

cations may not depend only on such quan-l.:.i ties as charge density 

or surface area of ions~ Other factors leading to specific interac-

ticms may also play a role here, such as acceptor hybridisation of 

ions etc. The moa~l g,:t.ven here, hc,:>wever, needs theoretical support 
I 

I 

and some calculations will be attempted in future in this direction. 
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Table 1o Infrared and Raman Spectra of liquid PC (cm-1 ) 

---------·---
~nfrared Raman 

-~------------------------
2985 (s) 

291S(s) 

1790(ys) 

146B(I'fl) 

1182 (s) 

9H~ (w) 

.3001 (s) 

2949 (vs) 

179~ (s,) 

147~.(m) 

1188 (s) 

931 (w) 

Assignment 
--~------------------- -----------

CH
3 

antisym. str. 

CH
3 

·-sym.· str. 

)c = o str. 

CH~ def. 

o-c-o skele~al str. 

c-o-c sym ... mode 

---------·----

vs = very strong; s = strong; m = medium; w =-= weak 
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abl 2 d 1 (cm-1) T e • Infrare Spectra c..f PC and various sa t Soluti.:>ns 

--:---------. ----- ·--
PC 

----------~-----·------~- ·------------------
2~85(m) 

2915(s) 

2345(w) 

1790(vs) 

1548 (m) 

1468(m) 

1445 (m) 

1383 (s) 

1344 (s) 

1182(s) 

1118 (s) 

1d5d(m) 

1d76(sh) 

959 (w) 

918 (w) 

846 (m) 

772{s) 

708(s) 

626 {w) 

532 c~-,) 

440(vw) 

-·--

2982(m) 

2915{s) 

2345(w) 

· 1778(vs) 

1620(s) 

1550(m) 

1470 (s) 

1443 (m) 

1383 (s) 

1344(s) 

1177 (sh) 

1140 (sh) 

1085(s) 

956 (w) 

940 (w) 

920(w) 

844(m) 

775(s) 

708{s) 

624 (vs) 

536 (-..,) 

448 ('\"W) 

2980(m) 

2915(s) 

2340(w) 

1780 (vs) 

1620(s) 

1546(s) 

1474 (s) 

1443 (s) 

1380. (s) 

1345 (s) 

1177 (sh) 

1143 {sh) 

1054(sh) 

1080 {s, 
broad) 

960 (t'l) 

940(w) 

920(w) 

850(m) 

775(vs) 

708(s) 

625(vs) 

533(m) 

444(vw) 

. 2980 (m) 

292 0 (s) 

23 40 (r..r) 

1784(vs) 

1610{s) 

1548 (s) 

147 4 (s) 

1444(s) 

1382 (s) o 

:1_344 (s) 

· 1180 (m) 

1144{w) 
1115 (-,.,) 

1050 {w) 

1080 {w) 

955 (w) 

944 (.sh) 

917 (w) 

846 {::;) 

774(vs) 

708 (s) 

624(vs) 

536 (m) 

440(m) 

·---·------'---·-------·-··----

2980{m) 

2915{s) 

2345 (v.r) 

1780(vs) 

i618{s.l 

1548(m) 

1470 (m) 

1444(s) 

1382(s) 

1344(s) 

1176{m) 

1135 (sh) 
1112 (w) 

1054(W) 

1079(vw) 

956 (w) 

940(w) 

920 (w) 

846 (m) 

77~(vs) 

7 08 (s) 

6~2 (vs·) 

532 (vw) 

448 (m) 

vs = very strong; s = strong; m = medium; w = weak; vw·= very wea:-) 
Sk :: 
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Tabl~,·3o Laser Raman Spectra Of PC . apd Va.J;iOUS salt solutions (cm-1 ) 

--- ---- ---
PC LiCl04 • ~ac1o4 Ba (Cl0

4
)

2 
Mg (ClO 

4
)

2 

I .: 3oo1 (s) 2986 (s) 2984(s) ·29'7 4 (s )" 
!. ' . ' I 

29.49 (v~) 2·944.(vs) 2927(vs) 291 Sl (vs) 

2892 (~) 2877 (s) 2870(s) 
' 

2es1Cs) 
( 

'~t69 (m) 2756(m) 2745 (mJ 
. I 

2740 (m) 

i 79.Q (s} l790{ys) 176'7 (m:) 17 58 (rn) 1784(rn) 

15Q8 (nt) 1489(s) 1465(m) . 1453 (m) 1486(m) 

114,7~ ·<m) 1460 (m) 1437 (m) 1424(rn} l460.(rn) 

1245.(m) 1228(s) ·1209 (m) 1201 (m) · 1227 .!rn) 
' 

118·$ bn) 1158l1n). 1131(rn) 1127 (m) 1151 (m) · 

I J!13s <~) 1122(m) 1108(m) 110i (rn) H.24 (rn) 

-· . ! 1068(rn) 1041(m) 1038(m) +058(m) 

974, (s) 96o<s> 959{s) 

935 (s) 941 (s) 937 (s) 934(s) 

931 (m) 913(s) 920 (s) 913 (s) 
899 (sh) 900-'.~ 

- --=--...---

861 (s) 853 (vs) 836(vs) 838 (s.) 851 (a) 

12a (s) 716ts) 702 (s.) 705 (s) "716(s) 

653_.(m) 658(m) 625(m) 626(m) 631 (m) . 
; 

546(s) 537 (s) 541 (s) 

464(m) 457 (s) 451 (s) 449 (rn) 455(m) 

3'~6 (w). 315(w) 320(wl 0 317 (w) 

----------·--------------------------------· 
vs = very st~ong, s = strong, m = medium, w = weak6 vw = very weak) 
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CHAPTER-IX 



Symmetrical tetraalkylammonium and alkali metal sal.ts show 

nvmerous interesting prcperties that are now being investiga~ed 

in many laboratories. Host of the present d2.y knowledge on non-

aqueous solutions has come from studies on variou:s thermod.ynamic 

properties e.g. solubilities! free energie$ ·of solui;:ion, t.ransfer 

free energies, heat capacities etc. as well as on t~ansport proper-

ties e. g. conductancP., viscosity and transference nurrbers. we 

therefore determined the thermodynaf'lic and transport properties of 

soiT.e tetraalkylammonium, alkali metal and tetraphenyl salts in 

propylene carbonate and in its non·-aq'ueous binary mixtures from 

their viscosity, conductance and solubility measurements. solvent~ 

solvent interactions in four binar..r non-aqueous mixtures of. propylene 

carbonate have also been attempted from volumetric and viscometric 

studies. Infrared arid Raman spectral investigation:= of some alkaline-

earth met.al and alkali metal perchlorates have also been attempted 

since these are pot.entially capable of yielding more precise 

information on the nature of interactions taking place in solution. 

The viscosity B co-efficients give us quantitative values 

of the ion-solvent interactions, but still we have no unambiguous 

method of division of B-coefficients into ionic B values in alJ. 

solvents. The use of Bu
4
NBBu

4 
and Bu4NBPh4 appe.ars to be sounc, but 

we lack sufficient data measured in different solvents tc arrive at 

a definite conclusion. It is desirable to use different method& of 

division· of B values to have reasonaply consistent ionic B values. 
I 
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Accurate·B. values would.give the solvation number of ions. 
~on 

It is known that 

BEinst. Bstr 
ion + ion 

+ BDisord 
.:ton 

/ 

but it is not possible to calculate the individual constituents. 

like; B~inst etc. so that the effect of charges on the nature of 
~on 

solvation can be properly explored. Efforts should be made to know 

at least B~~st values. experimentally. · 

I 
Similarly, . different methods are to. be. used to find out 

limiting conduct~ces of the ions froli'! the ,limi·tii.lg equivalent 

conduct·a.11-ces of-electrolytes. PrQper evaluation of the limiting 

equivalent· conductance~ 
0 

, the single-=.on ·conductance, · A± ·, 

t:r..e ionic ~s~.ociation constant, I<A and the ion size parameter a0 

. I 

and their dependence on the dieleftric constant would be 0f _great 

help iq determining .ion-·ion u.nd ioh-sclvsnt interactions. aowever, 

the variation of ·~~ values for ions depenas not only on their 

solvodynamic entity but also on their movement through different 

solvents. This aspect needs consideration and further study. 

However, it is necessary to remember that ion-solvent 
0 

interactions are very complex in nature. There are strong electrical 

forces between ions and bet•veen -the ions and solvents and it is 

not really possible to separate them all. Nevertheless, if careful 
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·judgement is used, valid conclusions can be drawn in many cases 

from solubility, viscosity, conductivity and spectroscopic measure

. ments relating to degree of structure and orcer of the· system. 

More extensive studies of the different the;:rmodynamic and 

transport properties of electrolytes will be of immense help in 

understanding the nature o= ion-so~vent interactions end the role of 

solvents in differ~nt chemical processes. 
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Electrical Conductances for some Tetraalkylammonium Bromides, 
Lithium ·Tetrafluoroborate and Tetrabutylammonium 
Tetrabutylborate in Propylene Carbonate at 25 °C 

Prakash K. Muhurl and Dllip K. Hazra* 
.. Department of Chemistry, North Bengal University, 734 430 Darjeeling, India 

Conductance measurements are reported for several symmetrical tetraalkylammonium bromides, lithium tetra
fluorobor~te (LiBF4 ) and tetrabutylammonium tetrabutylborate (B'u~NBBu4) in propylene carbonate1(PC) at 25°C. 
The data have been analysed by the 1978 Fuoss conductance equation in terms of the limiting molar conductivi
ty, A 0 , the association cons~ant, KA, and ·the association distance R. The single-ion conductances have been 
determined from the A0 value of Bu4 NBBu 4 using it as a 'reference electrolyte'. The results indicate that with 
the exception of LiBF 4 to some extent, other salts are almost unassoCiated in this solveni medium. The eyaiU·· 
ation of Stokes radii of the ions indicate that u+ is extensively solvated while the other ·ions remain almost 
unsolvated. The results have been discussed in terms of the ion-solvating ability of PC and also compared with 

I 
the previous values in this system. 

Propylene carbonate (PC)_ has dra\)'n ·much attention in 
reccn ( years as a .solvent medium for electrochemical Studies I 
relating to high~encrgy batteries2

•
3 and free-radical species.4

· 

It is a stable solvent or' moderately high relative ·permittivitys . 
(64.40 at 25 oq and has good solvent properties6

• 
7 for a 

variety of organic and inorganic salts. Hence, it is of much 
interest to study the behaviour of electrolytes in such a 
solvent medium. The conductometric method is well.known8 

to give valuable information regarding ion-solvent inter
actions of electrolytes in non-aqueous and mixed solvents. 
Although conductance measurements on alkali-metal 
iodides9-

1 1 and quarternary ammonium perchlorates6
•
1 1 

have been reported in PC, no such experimental data for 
tetraalkylammonium bromides (except tetrabutylammonium 
bromide) and lithium tetrafluoroborate are available in the 
litl·rature. Conductance :neasurements on tetra
butylammonium tetrabutylborate have been reported by 
Takeda and co-workers, 12 but· this compound has been 
further investigated by us in order to maintain an internal 
consistency amongst the derived values with these electro
lytes. 

We have therefore repeated a few of the earlier measure
ments and have also measured the electrical conductances of 

- several additional tetraalkylammonium bromides, R4 NBr 
(R =methyl to heptyl), LiBF _. and Bu4 NBBu4 in PC at 
2S ·c. Single-ion conductances have been derived using 
Bu~NBBu4 as the 'reference electrolyt.:' in an effort to 
provide reliable values of the ionic mobilities for these ions in 
this medium. 

Experimental 

PC (Merck > 99% pure) was dried over freshly ignited quick
lime for several hours13 and then distilied three times under 
reduced pressure under nitrogen, the middle fraction being 
taken each time. The purified sample had a density of 1.1988 . 
g em -.J, viscosity of 2.471 cP and a specific conductance of 
ca. 0. 73 x 10- 6 S em- 1 at 25 oc; these values are in good 
agree went with the literature values. 11 

• 
14 

Tetraalkylammonium bromides were of purum or puriss 
grade (Fluka) and were purified as described in the liter
ature. 1 5

•
16 The salts were purified by recrystallization and the 

higher homologues were recrystallized twice to ensl!re 
maximum purity. The recrystallized salts were dried in vacuo 
at elevated temperatures for 12 h. 

Lithium tl!traftuoroborate (Fluka;· puriss) ·was dried under 
vacuum at high temperature for ca. 48 h imm'!diately prior to 
use and was used without further purification. 

Tct.rabutylammonium tetrabutylborate (Aifa Products) was 
purified as suggested in ref. 17. · 

Conductance measurements were made- using a Pye
Unicam PW 9509 conductivity meter at a frequency of 2000 
Hz using a dip-type immersion cell of cell constant 0.751 
cm- 1 and having an accuracy of ±0.1%. The cell constant 
was checked frequently using standard KCl solutio.ns. Mea
surements were made in an oil bath maint~ned at 
25 ± 0.005 °C. Details of the experimental procedure have 
been described previously.18 Several independent solutions 
were prepared and measurements were made with each of 
these to ensure the reproducibility. of the results. 1All data 
wen.: corrected with the specific conductance of the solvent. 
The corrected values were analysed by means of the Fuoss 
conductance equ~tion. 19•20 

Results 

·The mea~ured equivalent conductances and the correspond
ing concentrations, C, in molarities· are given in Table 1. The 
data were analysed with the Fuoss conductance equ~tion19 •20 
which can be expressed as ! 

A = P[(A0(1 + R,) + E~] 
P = [1 - cx(l - y)] 

y = 1- KAcy 2[2 

-lnf= Pk/2(1 + kR) 

ez 
P=-. ek8 T 

(1) 

(2) 

(3) 

(4) 

(5) 

where Rx and EL are relaxation and hydrodynamic terms, 
·respectively, and the other terms have their usual meanings. 
The parameters A 0 , KA and R were obtained by solving the 
above equations. Initial A 0 values for the iteration procedure 
were obtained from Shedlovsky extrapola~ion of the data. 

In practice, calculations were made by finding the 
minimun~ values of A 0 and a for a sequence of R values and 
then plotting 

u2 = L [AJ{c.;alc.)- AJobs.W/(n- 2) · (6) 
J 
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Table 1 Equivalent conductances and corresponping molarities of . 
the. tetraalkyl.,mmonium bromides, tetrabutylam!Donium tetra
buty!borate and lithium tetrafluoroborate in propylene carbonate at 
25"C . 

c;to- 4 11./S qn2 . C/104 11./S cm2 

mol dm- 3 mc~·• mol dni- 3 mol-'· 

Me4 NBr Et4 NBr 
131.702 27.18 ·90.445 26.67 
100.094 27.67 73.080 27.03 
84.861 27.97 62.226 27.26 
60.056 28.44 44.137 27.71 
50.047 28.73 36.540 27.89 
40.037 28.95 29.304 28.12 

. 24.760 29.40 18.089 28.53 
10.536 29.99 

444.474 
Pr4 Nilr Bu4 NBr 

22.85 622.737 20.51 
375.533 23.31 498.190 21.34 
300.067 23.84 400.628 21.99 
226.398 24.54 298.914 22.75 
159.9i6 25.04 201.352 23.54 
100.621 25.79 100.261 24.74 
75.466 26.10 79.874 25.04 
50.059 26.49 60.156 25.35 
25.155 27.07 40.104 25.76 

20.052 26.28 
Pen4NBr Hex4 NBr 

519.858 19.30 506.841 18.63 
348.875 20.19 349.720 19.54 
199.279 . 21.29 199.357 20.63 
100.506 22.11 . 99.679 21.69 
90.109 22.33 89.542' 21.85 
74.513 22.61 74.337 22.16 
60.304 22.82 60.097 22.16 
45.027 23.10 45.073 22.50 
30.152 23.45 30.048. 2i.ao 

10.016 23.36 
Hep4 NBr LiBF4 

523.988 18.12 529.635 19.64 
399.977 18.68 .198.992 20.73 
300.450 e. 19.05 300.127 21.70 
200.862 19.73 199.496 23.06 

99.558 20.51 100.631 24.66 
75.105 20.93 90.038 24.90 
60.084 21.00 74.149 25.21 
45.063 21.55 60.025 25.59 
30.042 21.80 45.019 26.01 

30.013 26.39 
10.004 27.39 

Bu4 NBBu4 

206.727 15.38 
149. \)2 15.85 
120.591 16.17 
89.582 16.48 
74.422 16.64 
60.364 16.85 
39.692 17.18 
24.807 '17.54 
9.923 18.00 
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Table 3 Limiting ionic conductances, Walden products and, Stokes 
radii of the ions in PC at 25 oc 

ion ).tfS cm 2 mol- 1 ).t'lo/S cm2 mol- 1 ~: rjum 

Me4 N+ 12.85 0.319 0.26 
Et4N+ 11.70 0.290 0.28 
Pr4 N+ 10.33 0.255 0.32 
Bu4 N+ 9.44 0.234 0.35 
Pen4 N + 6.86 0.170 0.48 
Hex4 N• 6.14 0.152 0.54 
Hep4 N+ 5.17 0.12H 0.64 
L'+ I , 8.89 0.220 0.37 
Br- 18.24 0.452 0.18 
BBu~ 9.44 0.234 0.35 
BF~ 19.59 . 0.486 0.17 

a(%)= 100a/A 0 against R; the best-fit R corresP,onds to a 
minimum of the a(%) f!S. R 'curve. First, approximate runs 
over a fairly wide range of R values were made to locate the 
minimum and then a fine scan around the minimum was 
made. Finally, with this minimized value of R, the corre-
sponding A 0 and ex were calculated.. 1 

' The values of A 0, KA and R obtained by this procedure are 
recorded in Table 2. The limiting ionic conductances (lt) 
based on the Value of Bu .. NBBu4 are given in Table 3. The 
..t; Yalue for the Li + ion was taken from ref. 11 to calculate 
the single-ion mobility for BF; ion, assuming that the rule of 
additivity holds in this case. i 

Discussion , 
. I 

Table 2.show~ that the limiting equivalent conduc~ances (A 0 ) 

of the tetraalkylammonium bromides decrease as the alkyl 
chain-length increases. This is in agreemen't .with eariier find
ings for tetraalkylammonium bromides in other aprotic sol
vents.21 The size and structure-forming effeet decrease as the 
alkyl chain-length increases and consequently the mobility is 
in the reverse order. A 0 for Bu4NBr was reported by Jansen 

· and Yeager.U A comparison of the limiting equivalent con
ductanCe for Bu4NBr as obtained by us with that of ref. 11 
shows a difference of ca. 0.4%, indicating the closeness of our 
values with theirs. Also, a comparison of the reported A 0 

value of Bu4 NBBu4 by Takeda and co-workers 12 with ours 
shows a difference of ca. 1%. Takeda and co-workers 12 

reported the A 0 value directly from the extrapolation of A us. 
·JC plots, while our value was •determined by the Fuoss 
method,20 hence the: observed difference .. 

The association constants in Table 2 show that these salts 
are essc:ltially unassociated with the minor exeeption of 
LiBF 4 • Presumably this salt shows slight ion-pairing though 
the association constant is much less than that of UC16 and 
LiBr.6 This may be d~e to the very large size of the tet~a
fluoroborate ion which has a lower affinity for the. lithium ion 

Table 2 Conductar1<:~ parameters of tetraalkylammonium bromides, li:hium tetrafluoroborate and tetrabutylammonium tetrabutylborate in 
PC at 2S"C 

salts 11.0/S cm 2 mol- 1 KA/dm 3 mot-• Walden product R/nm. (1 

Me4 NBr 31.09 ± 0.02 6.82 ± 0.11 0.768 1.40 0.06 
Et4 NBr 29.94 ± 0.01 . 8.15 ± 0.10 0.740 1.70 0.03 
Pr4 NBr 28.57 ± 0.02 4.20 ± 0.07 0.706 1.33 0.12 
Bu 4 NBr 27.68 ± 0.01 5.00 ± 0.04 0.684 1.23 O.o7 
Pen,NBr . 25.10 ±.0.03 3.92 ± 0.12 0.620 0.83 0.20 
Hex4 NBr 24:38 ± 0.03 4.71 ± 0.16 0.602 1.30 0.27 
Hep4 NBr 23.41 ± 0.03 3.65 ± 0.10 0.578 1.05 0.19 
Bu4 NBBu 4 11!.88 ± 0.01 . 5.79±0.12 0.467 1.31 0.10 
LiBF4 28.48 ± 0.02 10.09 ± 0.11. 0.704 1.32 0.15 
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than the smaller Cl- and Br- ions. The decrease . m the 
assoCiation constant with increasing anion· size agrees with 
the the<;>ries of Denisor1 and Ramsey,22 and Gilkerson.23 The 
higher A 0 value of LiBF 4 than that of LiCl and LiBr also 
corroborates the above viewpoint. However, for R4 N+ ions, 
the general decrease in the association constant with increas
ing cation size is in agreement with the charge density values 
of these ions. · 

The single-ion conductances were evaluated from the divi
sion: of A 0 value ofBu4 NBBu4 using th~ relationship: 17

·!
4 

(7) 

The reason behind the choice of Bu4NBBu4 as the reference 
electrolyte is in the fact that the cation and anion in this case 
are symmetrical in shape and ·have almost equal van der 
Waals volumes. 

The .l.0 values of the ions. thus obtained· are presented in 
Table 3. Kay and co-workers 7 previou~ly analysed the con
ductance data of several workers .and calculated the best esti
mate of limiting ion conductances in PC at 25 oc. 
Comparison of our results with theirs reveals that in the case 
of Me4 N+, Et4 N+ and Pr4 N+ ions. the .l.0 values obtained 
by us are 1-ll% lower, and for Bu4N+ the value is 5% 
higher than the values proposed by Kay and co-workers. 
This discrepancy is due to the different procedures 
adopted 10- 13 for the calculation of A0 values and also on the 
choice of the '.reference electrolyte ',7

•
11 which was also differ

ent for calculating the limiting iol) conductances in non: 
aqueous solvents. 

The Walden products (.l.~'lo) and· Stokes .radii (r.) .of the. 
ions are reported in Table 3. Walden products are. usually 
employed to discuss the interactions of the ions with the 
solvent medium. From Table 3, we see that for large R4 N+ 
ions, }.~'1o increases from the tetraheptylammonium ion to 
the tetramethylammonium ion and for the electrolyte taken 
as a whole it follows the same sequence (Table 2). This leads 
to the fact that electrostatic ion-solvent interaction is very 
weak in these cases. On the other hand, the ·alkali-metal ions 
are small enough to possess high charge density, resulting in· 
strong ion-solvent interactions.11 From Table 3, it can be 
seen 'that the Stokes ra,_l ii increase with increasing size of the 
tetraalkylammonium ions and this is most likelY. due to the· 
lower ionic mobilities of these cations. For Li +, however, the . 
Stokes radius was much greater than its crystallographic 
radius (0.93 A)/ 5 indicating that it was substantially solvated 
in this solvent medium. On the other hand the higher mobil
ity of the Br- ion than the cations relative to its crystallo
grarhic size ( !.80 'A)25 indicates that it is poorly solvated in 
this 'medium. The slight difference in limiting ionic conduc
tance values of Hr- and BF; ions seems to indicate that the 
effective sizes of these anions in PC are almost the same and 
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thus very little solvation, if any, is involved. On the other 
hand, the very low mobility of the tetrabutylbor~te ion has 
been attributed to its very much larger size. Thus, it appears 
that the large sizes of R4 N+ ions, their low charge densities 
and the high relative permittivity of PC render these ions to 
be fre_e, unassociated and almost unsolvated in this medium. 

P. K. M. thanks the University of North Bengal for the 
award of a junior fellowship. 
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Viscosit)· B Coefficients of Some Tetraalkylammonium Bromides, 
Lithium Tetrafluoroborate and Tetrabutylammonium 
Tetraphenyl borate in Propylene. Carbonate 
Prakash K. Mur:uri and Dilip K. Hazra 

Department of Chemistry. North Bengal University, 734430 Darjeeling. India 

Z. Naturforsch. 47a, •-• (1992); received Sc:ptember 2,1992 

The viscosities of soluilons of tetraal\cylammonium bromictes, R,.NBr (R = -C !H~ to. -C 1 H 1 ~). 
lithium tetrafluorcborate (liBF,.) and tetrabutylammonium tetraphenylborate (Hu,.NBPh,.) m . 
propylene carbonate (PC) have been measured at 25, 35 and 45 cc. The relative viscosities have been 
analy·zed using the: Jo.n.!s-Dole equation in the form of unassociated electrolytes. and ihe viscosity 
B-coefficients have bee11 evaluated. The thermodynamic parameters have been calculated using the 
transition-state treatment and the measured temperature dependencies. Ionic B values have also 
been derived and discussed in terms of Einstein's equation. The analysis shows that Li • is highly 
solvated compared to other cations and anions in this medium. · 

Introduction 

Recently we ha· .. e repcrted [1] the results of conduc
tance measurements on LiBF" and tetraalkylammo
nium bromides in propylene c<ubonate (PC) at 25 'C. 
These salts have been found to be almost unassociated 
in this solvent of a niodcnllely·high dielectric constant 
(64.40 at 2; 'C). Single ion mobilities \\·ere also· 

. derived and discussed· in terms of the ion solvating 
ability of PC . · · · 

We have: nov.· extended th.is ~vork tO study the visco
metric behaviour of these electwlytes at dilferent tem
peratures to obtain more information about specific 
ion-soivent i.nteractions in. t.his solvent. Ionic B values 
have been derived on the basis of the reference elec
trolyte "Bu,.NBPh_.", a:td the transition-state treat
ment has been applied to an .. llyse the results. 

Experiental 

Propylene carbonate (E.' Merck. Germany. > 99% 
pure) was purified according to the procedure de
scribed previously [ 1]. The solvent properties have 
been recorded in Table I. 

The purification of tel raalkylammonium bromides, 
LiBF,. and Bu,.NB:Ph-~. have been reported earlier [1]. 

The concentrations of the salts, generally .varying in 
the range of 0.01 -0.08 mol dm- 3, were prepared by 

Reprint requests to Dr. D. K. Hazra, Department of Chem
istr~· Nnrth Bengal University. 734 430 Darjeeling. India. 

weight dilution of the stock solution (ca. 0.1 mol kg- 1). 

The conversion of the molality into molarity was done 
by using the density values. The kinematic viscosities 
were measured at the desired temperature (accuracy . 
± O.Dl 'C) using a suspe'1ded Ubbelohde-type visco
meter. The densities were measured using a Ostwald
Spr~ngel type pycnometer (25 ml) calibrated with dis
tilled water. The details of the experimental procedure 
have been described in 12. 3]. The accuracies of the 

· vis~osity and dt:nsity measurements wer:e 0.05% and 
± 3 x 10- 5 g. em:- 3

• res!X,~tively. 

D<'llsity a11d Vis(·osiry Dwa 

The density (Q) and vis<:osity (IJ) data for the electro
lytes in the molarity range 0.01-0.08 mol dm- 3 at 
temperatures 2;, 35, and 45 'Care reported in Table 2. 

Viscosity A a11d B Coejj/cienrs 

The experimental data have been analysed with the 
Jones-Dole equation [4] 

1'1,- tq 'c =A+ B ~:'C. r1, = '7/'lo. (1) 

Table I. Soh·.:nt properties •::>f propylene carbonate. 

Temp. Density Viscosity Dielectric 
(C) (gem- 3 ) (cP) constant 

.::!5 1.19883 2.4712 64.40 
35 1.18970 2.0476 63Al 
-15 1.17796 1.7:!34 60.92 
---·-------· 
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Table 2. Concentration, C/(mol dm- 3 ), density, e:lg em· 3) and relative viscosity, ,,, of tetraalkylammonium bromides, 
LiBF .. and Bu .. NBPh .. in propylene carbonate at 25, 35 and 45 'C. 

c (l ,, c (l ,, 
Et4 NBr 25 oc J?r4 NBr 2Soc 

0.01002 1.19000 . 1.008 I 0.00995 1.19870 1.0096 
0.01644 1.19910 1.0130 0.02020 1.19856 1.0188 
0.02506 1.19925 1.0193 0.03015 1.19843 1.0351 
0.03509 1.19941 ·t.0266 0.05005 1.19816 1.0452 
0.04511 1.19957 1.0343 0 .. 06001 1.19803 1.0540 
0.05514 1.19973 .1.0418. 0.08020 1.19776 1.071.6 

. Bu 4 NBr zs·~c . Pen4N~r 25°.C 

0.01015 1.19837 1.01 i6' . 0.00990 1.19817 1.0130 
0.01999 . 1.19792 1.0224 0.0201 I 1.19749 1.0253 
0.03076 1.19743 1.0337 0.03001 1.19682 1.0382 
0.05014 1.19654 '1.0538 0.0501 I 1.19547 1.0619 
0.05998 1.19609 1.0642 0.06002 1.19480 1.0750 
0.07997 1.19517 1.0871 0.08012 1.19343 1.0991 

Hex4 NBr 25°C Hep4 NBr 25°C 

0.00999 1.19779 1.0149 0.01007 1.19750 1.0159 
0.02498 1.19621 1.0368 0.03002• 1.19485 1.0458 
0.03997. 1.19464 1.0583 0.04009 1.19351 1.0606 
0.04996 1.19359 1.0715 0.04996 1.19219 1.0761 
0.06994 1.19149 1.1017 0.06003 1.19084 1.0904 

LiBF4 25"C Bu:"'BPh4 
·2soc 

·0.01031 1.19937 1.0134 0.00998 1.19796 1.0149 
0.02508 1.20013 · 1.031 I 0.01997 1.19708 [.0293 
0.04020 . 1.20091 1.0503 0.02995 1.19620 1.0418 

. 0.05017 1.20142 1.0623 0.04502 1.19487 1.0513 
0.06013 1'.20193 10.784 0.05990 1.19356 1.0844 
0.08007 1.202?4 1.0975 

Et4 NBr 35°C Pr4 NBr 35°C 

0.00995 1.18992 1.0077 0.00988 1.18955 1.0089 
0.01632 1.19006 1.01 i 9 0.02004. 1.18938 1.0175 
0.02487 1.19025 1.0186 0.02992 1.18923 1.0255 
0.03483 1.19047 1.0248 0.04967 1.18891 1.0425 
0.04478 1.19069 1.0326 0.05954 1.18875 1.0499 
0.05473 1.19091 1.0391 0.07958 1.18843 1.0676 

0 

Bu4 NBr 35°C Pen4 NBr 35 °C 

0.01007 1.18898 1.0113 0.00982 1.1.8799 1.0125 
0.01983 1.18828 1.0215 0.01992 1.18622 1.0244 
0.03050 1.18751 1.0325 0.02918 J.l8460 1.0361 
0.04970 1.18612 1.0523 0.04956 1.18101 1.0587 
0.05945 1.18542 t.06i5 0.05931 1.17929 1.0716 
0.07923 1.18398 1.0828 0.07968 1.17570 1.0949 

where 'I and 'lo are the ·viscosities of the solution and 
solvent, respectively, '1, is the relative viscosity and C 
is the molar concentration. 

The plots of('l,-ll/V'c against VC (Fig. 1) for the 
electrolytes are linear, and the experimental A values 
at 25, 35, and 45 •c have been calculated using the 
least squares method. The A coefficients were also 
calculated at 25 ,C from the physical properties of the . 

c (l ,, c (l ,, : 

Hex4 NBr 35°C Hep4 NBr 35°C 

0.00991 1.18808 1.0145 0.00999 1.18803 1.0155 
0.02475 1.18563 1.0352 0.02976 1.18472 1.0446 
0.03958 1.183 I 8 1.0558 0.03974 1.18303. 1.0584 
0.0494~ 1.18 I 55 1.0693 0.04951 1.18138 1.0730 
0.0691? 1.17827 ' 1.0961· . 0.05947 1.17969 1.0879 

LiBF, 35°C 8u4 NBPh" .. 35 °C 
0.01022 1.19025 1.0125 0.00906 1.18873 . 1.0141 
0.02487 1.19104 1.0295 0.01944 1.18762 1.0277 
0.03987 1.19184 1.042"- 0.02971 1.18651 1.041 I 
0.04976 . 1.19237 1.0572 0.04464 1.18490 1.0621 
0.05966 1.19290 1.0683 0.05939 1.1833 I 1.0808 
0.07947 1.19396 1.0909 

Et4 NBr 45°C Pr4 NBr 45°C 

0.00985 1.17827 1.0071 0.00977 1.17785 1.0077 
0.01616 1.17847 1.0117 0.01985 1.17773 1.0161 
0.02463 1.17873 1.0174 0.02963 1.17761 1.0241 
0.03449 1.17904 1.0243 0.04919 1.17737 1.0401 
0.04435 1.17935 1.0310 0.05897 1.17725 1.0480 
0.05A21 1.17965 1.0374 0.07881 1.17701 1.0640 

Bu4 NBr 45°C Pen4N~ 45°C 

0.00998 1.17707 1.0108 0.00972 1.17541 1.0120 
0.01966 1.17621 1.0200 0.01969 1.17279 1.0235 
0.03025 1.17526 . 1.0315 0.02935 1.17026 1.0354 
0.04933 1.17355 1.0500 0.04885 1.16514 1.057~ 
0.05903 1.17267 1.0601 0.0584() 1.16263 1.0679 

0 0.07875 1.17089 1.0798 0.091i 1.15719 1.0912 

Hex4 NBr 45°C Hep4 NBr 45°C 
i 

0.0098 I 1.17 56~ 1.0147 0.00990 1.17598 1.0151 
0.02452 1.1 722 1.0347 0.02951 1.17206 1.0435 
0.03921 1.16884 1.0546 0.03942 1.17007 1.0585' 
0.04899 Ll6657 1.0678 0.04913 1.16813 1.0711 
0.06853 1.16202 1.0940 0.05762 1.16643 J .08J6 

LiBF4 45°C Bu4 NBPh4 45 °C 

0.01012 1.17877 1.0117 0.00980 1.17681 1.01~ 
0.02463 . . 1.17992 1.0272 0.01926 1.17570 1.027:! 
0.03951 1.18110 1.0435 0.02943 1.17451 1.0406 
0.04932 1.18187 1.0538 0.04423 QJ1lli 1.0597' 
0.05915 1.18265 1.0636 0.05886 1.17105 1.0787 
0.07882 1.18420 1.0839 

solvent and the lim.iting 1onic equivalent conductance 
by using the Falkenhagen and Vernon equation [5] 

· 0.2577 A 0 [. (;·~- ;,0 ) 2
] . 

A,heo= ( T) 112 ·+ ·- 1-0.6863 A . (2) 
'lo f. "·o "·o . o 

Th~: conductance data required in these calculations 
were taken from our earlier work [I]. The A,h<o coefli- · 

.!.: 11/J 
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cients obtained from (2) along with the experimi:ntal 
A values are reported in Table 3. 

Viscosity B coefficients obtained. at· various temper-· 
atures using the least squares method are presented in 
Table 4. 

Activation Parameters for the Viscous Fiow 

The viscosity data have also been analysed on the 
basis of the transition-state treatment of the relative 
viscosity of electrolyte solutions as suggested by 
Feakins et al. [6]: 

B = 1 2 +'_I_ l 1 . (3) ~_yo ~ (.1J.lo• _ iJJJo•) 
1000 . 1.000 RT . 

In the above equation V1° and VI are the partial 
molar ·volumes ,of solvent and ·s~lute, respectively. 
AJ.l~ •, the contribution per mole of solute to the free
energy of activation for viscous flow of the solution, 
has been determined from the above relationship as 
reported in Table 4. AJ.l~ •, the free energy of activation 
per mole of the pure solvent is given by the equation [7] 

AJ.l~· = LJG~· = RT In ( '7~~), (4) 

N_ = Avogadro's number. 

Table 3. Theoretical A values and experimental A coeffi
cients, A.b</(dm3 '~ mol- 1 ~, at .:!5, 35 and 45 •c. 

Salts· Alhco ..t.b. 

25 =c 35 oc 45 T 

Et,.NBr ' 0.0102 0.0082 0.0089 0.0066 
Pr,.NBr 0.0108 0.0104 0.0080 0.0080 
Bu,.NBr .0.0113 0.0093 0.0109 0.0083 
Pen,.NBr 0.0130 0.0106 0.0117 0.0138 
Heli_.NBr 0.0136 0.0079 0.0125 . 0.0189 
Hep,.NBr 0.0147 0.0115 0.0128 0.0139. 
LiBF,. . .O.OIIJ 0.0072 0.0095 0.0152 
Bu,.NBPh,. 0.0176 0.0135 0.0198 0.0237 

Discussion 

The A coefficients shown in Table 3 are found to be 
small and positive for all the el~::etrolytes, and the exper
imental results at 25 ·c agree well with the theoretical 
one ~ithin 20% for the quarternary ammonium salts. 
This error in the small A values corresponds to the 
experimental uncertainty ·of 0.05% of the viscosity data. 
Similar results have been found in other systems [8]. 

The viscosity B coefficients (Table 4) are large, pos
itive and increase in PC as we go from tetraethyl
ammo-nium to tetraheptylammonium bromide. Our 
reponed viscosity B coefficient (1.043) at 25 oc ,for 
Bu4 NBr is slightly greater than the B value (0.~60) 
reported previously by Boden et al. [9] by simply plot
ting the relative viscosity against the conce·ntration in 
the Jones-Dole equation. The B value of lithium tetra
fluoroborate is found to be approximately equal to 
Lhat of Pen4 NBr. The B coefficients show moderate 
temperature dependence and the values decrease with 
increase. of temperature as observed earlier in some 
dipolar aprotic solvents like acetonitrile (8, 10], sul
folane [1] and DMSO [2, 12]. Further, frcim Table 4 we 
see that:'although dB/dT is small, it is negative in sign 
for all the electrolytes, indicating that they behave as 
structure makers in this solvent medium. 

The ionic B values were calculated using Bu4 NBPh4 

as the "reference ele.ctrolyte" [13, 14]: 

B(Bu 4 NBPh4 ) = B(Bu4 N+) + B(BPhi), (5) 

BPh.B- ( 5.35) J ---= -- (6) 
Ba •• N. 5.00, 

The ionic B values along with the ionic tJJJg *·data 
· obtained from the above relationships .are given il1. · 

Table 5. Table 5 shows that the vis~osity B-coefficients 
ior cations and anions are all positive and also very 
high. The ionic B value for Li + at 25 oc was calculated 

Table 4. Viscosity 8 coefficients. B (dm 3 mol- 1) and LlJl~ • /(ld mol- 1) values in propylene carbonate at different temperatures. 

Salts 15 oc 35 'C 45 'C 

B djl~· B LlJl~. B .1 O• 
Jl~ 

ET,.NBr · 0.716 ± 0.004 ·, 38.56 0.674 ± L .. -1)9 37.86 0.653 ± 0.003 37.57 
Pr:NBr 0.85.5 ± 0.00 I· 44.70 0.810 ± 0.007 44.26 . 0.788 ± 0.001. 44.24 
Bu,.NBr 1.043 ± 0.01:! 5:!.31 1.005 ± 0.00 I 52.89 0.975 ± 0.007 53.41 
Pen,.NBr 1.194 ± 0.007 58.59 1.145 ± 0.010 61.04 1.106 ± 0.006 63.36 
Hex,.NBr U85 ± 0.019 66.43 1.339 ± 0.002 67.98 . 1.315 ± 0.008 . 70.41 
Hep,.N~r 1.454 ± 0.009 70.45 1.416 ± 0.010 71.73 1.391 ± O.ot 5 73.34 
LiBF4 1.203 ± 0.036 49.05 1.105 ± 0.032 47.00 1.021 ± 0.006 44.52. 
Bu,.NBPh,. 1.302 ± 0.061 66.68 1.283 ±0.013 68.08 1.256 ± 0.002 68.92 

c. 11] 
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Table 5. Ionic B coefficients. B./(dm2 mol-L) and ionic 
LlJl~·/(lcJ mol-L) values in PC at-different temperatures. 

Ion 25 c 35 '·C . 45 'C 

Bi Llll~· 8 ::: Ll O• llz B~ LlJl~. 

Et4N. 0.258 16.21 . 0.246 15.57 0.242 15.13 
P.r4N • 0.397 22.36 0.382 21.97 0.377 21.80 
Bu4N· 0.585 29.97, 0.577 30.60 0.564 30.97 
Pen~N· 0.736 36.2.5 0.717 38.75 0.695 40.92 
Hex,.N• 0.927 44.09 0.911 45.69 0.904 47.97 
Hep,.N· 0.996 48.11 0.988 49.44 0.980 50.90 
Li 0.792 
Br- 0.458 22.34 0.428 22.29 0.411 22.44 
BF~ 0.411 
BPh; 0.717 36.71 0.706 37.48 0.692 37.95 

Table 6. Ionic radii, R%i(AJ and solvation number, n,. of ions 
in PC at 25 oc. . 

I on r r, . Ri . n, 
1A> (lq. (.!.) 

Et,.N• 4.00 ·2.82 3.45 ·. -1.94 
Pr,.N• 4.52· 3.21 3.98 -2.68 
Bu .. ~:· 4.94 3.49 4.53 -3.i8 
Pen4 N • 5.29 4.81 4.89 -3.82 
Hex,.N• 5.59 5.38 '5.28 ....:4.24 
Hep,.N• 5.88 6.39 5.41 -5.32 
Li o:6o· 3.72 5.01 3.71 
sr- 1.95 1.81 4.17 1.78 
BFi 2.01 1.68 4.02 1.53 
BPh~ 4.20 3.76 4.84 -0.28 

from the reported viscosity B value of LiBr [9] in PC 
assuming additivity. The observed order of the f:J+ 
coefficients, Hep4 N + > Hex4 N + > Pen4 N + > Bu4 N + 

> Pr4 N + > .Et 4 N .~,shows that the obst'ruction of the 
solvent viscous flow increases with decre11se of the ion·. 
charge density and wi.th decrease of the size of the 
hydrodynamic entity by sqlvation. For anions. the 
B-values are seen to be in the order BPh; > Br- > BF:;. 
The. dB r./d T values of the cations and anions are 
generally found to be negative (structure-making). 
This behaviour of tetraalkylammonium ions in PC, 
arising mainly· from the interactions of alkyl groups 
and solvent molecules. is similar to that observed in 
sulfolane by Sacco and CL'workers [ 11. 15]. 

The values of Llll~· for tetraalkylammonium ions 
decrease in the order Hep4 N + > Hex4 N + > Pen4 N + . 

> Bu41't > Pr4 N +. > Et4 N +, and for anions BPh~ 
> Br-. However, these values are found to be positive, 
and thus the formation of the transition-state is less 
favourable in the presence of these ions. 

Ionic B± coefflcients have also been analysed on the 
basis of Einstein's equation [16] 

4 RiN 
B± = 2 .. 5 3 rr 1000 ' (7) 

where R± (in A) is. the radius !1, the ion assumed to be 
a rigid sphere moving ·in a continuum and 2.5 is the 
shape factor for a sphere. The number of solvent 
molecules'(n.) bound to the ion in the primary sphere 
of solvation ca1,1 be calculated by combination of the 
Jones-Dole equation with that oi I;instein [17] 

(8) 

where V; represents the bare ion molar volume and is 
related to the crystallographic radius (r .) of the ion. V, 
is the solvent molar volume. The values of R± and n, 
·are shown in Table 6. 

The R:;: · values for tetraalkylammonium ions are 
found to be in reasonable agreement with the Stokes 
and crystallographic radii. The results indicate that 
these ions are scarcely solvated in PC and behave as 
spherical entities. However, the R± value of Li + is 
much higher than its crystallographic radius, indicat-. 
ing that it is highly solvated in PC by ion-dipole inter-·, 
actions. Similar results have been obtained by conduc
tometric measurements [1], which shows that Li + is 
highly solva'ted in this medium. Thus, it apPears that 
the large size of the R4 N + ions, their low charge den-· 
sity anr! 'the high dielectric constant of PC render these 
ions to be free, unassociated and almost unsolvated in 
this medium. 
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Solubilities of Some Alkali-Metal Salts, Tetraphenylarsonium Chloride, 
and Tetraphenylphosphonium Bromide in Propylene Carbonate at. 25 c C 
Using the Ion-Selective Electrode Technique 

Prakash K. Muhuri, Saroj K. Ghosh, and Dilip .K. Hazra• 

Department of .Chemistry,· North Bengal University, Darjeeling 734 430, India . 

The solubilities· of 15 alkali-metal salts, ;MX (M+ = Li, Na, K, Rb, and Cs; X- = ·Cl, Br, and Cl04), 

tetraph,enylarsonium chloride, and tetraphenylphosphonium bromide are reported in propylene carbonate 
(PC) at 25 °C, and the free energies of solution ~for these elP-ctrolytes in this solvent have been determined. 
Conibinationofthesevalues with solubility results in water yields the free energies of transfer oftheelectr«;>lytes 
from water to propylene carbonate. Transfer activity coefficients for the electrolytes have also been computed 
from their solubility prOducts in water and in the nonaqueous solvent. The results indicate that the perchlorates 
are more soluble in propylene carbonate compared to the corresponding chloride or bromide. salts. 

Introduction 
Propylene carbonate (4-methyl-1,3-dioxolan-2-one, PC), a 

dipolar aprotic solvent with high dielectric constant (64.40 at 
25 °C) and dipole moment (4.94 D) has been assU!Iled _to be 
an "ideal structureless dielectric" solvent for. studies of 
electrolytes (1, 2).. The chemical properties of this solvent 
have given it an important place in the development of high
energy batteries (3);and thus there has been a growing interest 
to study various electrochemical reactions in this medium (4, 
5). Solubility offers one of the most obvious ways of studying 
ionic solvation, but in PC these values in general are not 
available, except of a very few alkali-metal halides (~, 6). It 
is therefore desirable to obtain the useful solubility data 
particularly for the salts containing. P~As+ or p~p+ ions 
and thus to have an idea of solute-solvent interactions in this 
nonaqueous medium. · 

Hence, we have measured the solubilities of a number of 
1:1 electrolytes in PC at 25 °C using the ion-selective electrode 
technique, and from these the solubility products and free 
energies of solution for the salts have been determined. The 
free energies of transfer of the electrolytes from water to PC 

· or ·the corresponding transfer activity coeffiqients, m")''S, have 
been evaluated and compared with the previous values 
obtained mainly from emf measurements (7). 

Experimental·Section 
Materials. Propylene carbonate (E. Merck, Germany; 

>99% pure) was purified as reported earlier (8); the viscosity 
and density were 2.4711 mPa sand 1.1988 g cm-3 at 25 °C, 
respectively. Solutions were always prepared with the freshly 
distilled solvent. 

All salts were of Fluk~'s either purum or puriss grade. 
The alkali-metal chlorides and bromides were dried in vacuo 

for a long time immediately prior to use and were used without 
further purific&,tion. 

Lithium perchlorate was recrystallized three times from 
distilled water and then heated under vacuum for several 
days (2). Sodium perchlorate was heated under vacuum over 
silica gel and calcium chloride for 5-7 days. These were tested 
with ~ilver nitrate solution to detect ariy chloride before use. 
Other alkali-metal perchlorates were prepared by mixing 
equimolar solutions of the corresponding alkali-metal chloride 
1md sodium perchlorate (9), washed with a 1:1 methanol
water mixture, recrystallized three times from water, and 
dried in vacuum over calcium chloride and silica gel for several 
days. 

0021-9568/93/1738-0242$04.00/0 

•· 
Tetraphenylarsonium chlorid~ (Flub) was recrystallized 

from absolute ethanol solution by dry ether and dried in 
vacuum (10). Tetraphenylphosphonium bromide <Fluka, 
puriss grade) was dissolved in absolute ethanol, reprecipitated 
by the addition of dry ether, and vacuum dried at 100 °C (1 0). 

Solubility Measurements. Saturated solutions were 
prepared by shaking the solid with the solvent in a glass
stoppered bottle at 27 °C for 24 h. The bottle was then placed 
in a thermostatic bath maintained at 25 ± 0.01 °C for 2 days. 
Finally, the solution was transferred to a Campbell solubility 
apparatus (11) fitted with a sintered disk and fine tube and 
allowed to equilibrate ·at 25 °C. At regular intervals, the 
solution was flltered by inverting the apparatus (while keeping 
it within the thermostat) and appropriately diluted with the 
solvent. (if necessary), and then the confentration was 
measured by using an Orion ion analyzer (model EA 920) 
having an accuracy of ±0.01%. A solution 'was considered 
saturated when two successive analyses at 2-3-day intervals 
indicated no change in concentration. Thus, the concentra
tions of Cl-, Br, and Cl04- ions were 'deterlnined by using 
specific Orion ion-selective electrodes. A double junction 
reference electrode was used with each of the Cl- and C!04-

ion electrodes. However, f(!r measuring Cl04- ion concen
trations, the outer chamber of the reference electrode was 
filled with (NH4hS04 solution as suggested in the brochure. 

. A single junction reference electrode was use~ in conjunction 
with the Br ion electrode. Each ion-selective electrode was 
tested for a Nernstian response. In ord~r to check the 
correctness of the data, !'. known concentratiQn of the sample 
solution was measured by using the specific ion-selective 
electrode and the results were comp&red. At least two trials 
were given for all the solutions which were under study. 

Results and Discussion 

Solubility data for the electrolytes in PC at 25 °C (molar 
scale) are reported in Table I along with their standard 
deviations. 

The standard free energy of solution for a solute on the 
molar scale is usually given by the relation 

!:.G0 
soln = -RT ln K (1) 

where K is the equilibrium constant for the re.action MX. ;::::! 

M+ + X-. U pun introduction of the Deby£.-Huckel expression 
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Table I. Solubillties S, Standard Free Energies of 
Solution b.C' •••a• and Standard Free Energies of Formation 
ll.C'r and:' Solvation ll.C'oolv of the Eleetrolyte& in Propylene 
Carboiiaie·at 25 •c · . . · · · · 

. S! f.G• .. ,af -t:.G"rl· -AG0 soiv/ 
(mol L-1) (kJ mol-l) (kJ mol-1) (kJ mol-1) 

LiCl 
NaCl 
KCl· 
RbCl ~ 

0.019:!: 0.002 19.12 364;55 824.79 
0.00017:!: 0.00002 42.97 341.08 726.47 
0.00058 :!: 0.00004 36.82 37i.50 667.35 
0.0033 :!: 0.0006 . 28.07 376.94 653.08 . 

. CsCI 0.0076 :!: 0.0007 23.85 380.33 633.88 
P~AsCl 
LiBr 
NaBr 
KBt 
RbBr 
CsBr 
Pll.PBr 
LiClO• 
NaC104 

·KCl04 
RbCl04 
cscro. · 

0.50:!: 0.02 1.51 
1.10:!: 0.008 -2.97 
0.0036:!: 0.0010 27.66 
0.0030 :!: 0.0006 28.58 
0.0099 :!: 0.0005 22.51 
0.0098 :!: 0.0007 22.55 
0.120 :!: 0.003 9.37 

. 1.40 :!: 0.03 -4.35 . 
2.50:!: 0.08 -7.70 
0.017:!: 0.001 19.71 
O.Q25:!: 0.002 17.70 
0.052 :!: 0.003 13~85 

342.71 
320.03 
350.62 
355.64 
360.70 

264.60 
284.47 
288.53 
292.75 

802.11 
706.64 
643.79 
634.80 
610.07 

Table II •. Free Energies of Transfer,·AC'to and Transfer 
Activity Coefficients, log m'Y, of the Electrolytes from 
Water to Propylene Carbonate at 25 •c 

salt 

LiCl 
NaCI 
KCI 
RbCl 
CsCl 
Pl4A&Cl 
LiBr 
NaBr 

.KBr 
RbBr 
CsBr 
PhJ>Br. 
LiCl04· 
NaCl04 
KCI04 
RbCl04 
CsCl04 

ll.G"I!Oin(H20l/ 11G"J 
(kJ mol-1) (kJ mol-1) 

-41.42 60.54 
-8.79 51.76 
-5.02 .41.84 
-8.37 36.44 
-9.20 33.05 
-{).59 2.09 
-56.90 .53.93 
-17.15 44.81 
-5.86 34.43 
-6.69 29.20 
-1.67 24.23 
14.64 -5.27 
very soluble 
very soluble 
11.30 
14.23 
'13.81 

8.41 
. 3.47 
0.04 

· · for the mean activity coefficient, one obtains 02) 

ll.G0 
1101n = 2.303RT[-IIlog m-

10.61 
9.07 
7.33 
6.39 
5.79 
0.37 
9.45 
7.85 
6.04 
5.12 
4.25 

-{).92 

0.52 
0.61 . 
0.007 

log (11 +"+ 11_ .... + v~ ,d0 
112m 112)] (2) 

In eq 2, d0 is the density of PC,~. is the Debye-Hilckellimiting 
slope, 11 is 'the total number of ions, and the o~her symbols 
have their wiual significance. 

We have applied eq 2 to obtain the standard free energies 
ofsolution; further, these were combined With the free energies 
of formation of the respective crystalline salts (13) to obtain 
the corresponding standard free energies of formation for the 
alkali-metal Baits. Results of these calculations have been 
listed in Tables I' and II. 

The transfer activity coefficients were calculated from the 
solubility products by using the relationship . 

log m'Yi ·= ~og ID'Y .z.2 = logw K 8 -log8 K. (3) 

where, m'Y is the transfer activity coefficien~ (medium effect) 
and subscripts w and s denote aqueous and nonaqueous 
solvents, respectively. The values have been given in Table 
II. The standard free energies of solution in water, !lG0 soln" 
(H20), except for the tetraphenyl salts, have been taken from 
the literature (7, 14). We have measured the solubilities of 
P~Cl and P~PBr in water at 25 °C (0.81 and 0.047 M for 
P~Cl and Ph.PBr, respectively), Abraham et al. (15) have 
reported the free energies of solution for the tetra phenyl salts 

Table Ill. Crystallographic Radii, r., Free Energies of 
Transfer, 11C'11 Transfer Activity Coefficients, log m'Yh and 
Free Energies of Solvation, ll.G" solvo of Single Ions in 
Propylene Carbonate at 25 •c 

ion 
Li+ 
Na+ 
K+ 
Rb+ 
cs+ 
Ph~+ 
Ph.P+ 
Cl-
Br 
Cl04-• 

rJA 
0.60 
0.95 
1.33 
1.48 
1.69 
6.40 
6.30 
1.81 
1.95 
2.16 

22.47 
13.68 

3.77 
-1.63 
-5.02 

-'35.98 
.,.35.98 

S8.07 
30.71 

5.06 

3.94 
2.40 
0.66 

-{).29 
-{).88 
-6.31' 
-6.31 

6.67 
5.38 
0.89 

-I1G01101v/ 
(kJ mol-1) 

471.58 
.379.87 
313.63 
293.47 
269.20 
94.31 
95.65 

243.34 
231.79 
216.40 

• Calculated by using the ~elation 11G"t(Cl04-) = 11G0 t(CsC104)-
AG"t(Cs+), . 

(3.48 and 4.38 for Pl4AsCl and Ph.PBr, respectively) on the 
basis of the osmotic pressure and activity coefficient data of 
Kalfoglou and Bowen (10), which on comparison with the 
values reported in Table II would seem to be in error. · 
: Single ion free energies ·of transfer from water to PC based 

on Pl4AsBP14 convention have been reported in Table III. 
The !lG0 

1 values for P~+ and P~P+ ions from water to PC 
have been taken from the literature (7). Ionic transfer free 
emirgy values together with i'onic transfer activity coefficients 
have been reported in Table III. Following Latimer, Pitzer, 

·and Slansky (16), we have also calculated the single ion free 
energies of solvation by the modified Born equation: 

Nz2e2 

fl.G0 
90Jv = --

2
-[l-1/E)/(ri + ~) (4) 

taking o. = 0.85 A and 6a = 1.00 A as taken by Criss et al. in 
DMF medium (12). Th~ villues thus obtained have been 
reported in Table III. · · 

· An exan:iination of the solubilities of the alkali-metal salts 
(Table I) shows that most electrolytes are·much less soluble 
in propylene carbonate than in water (7) and also in some 
other dipolar aprotic solvents like DMSO (6). and DMF (6, 
12). Lithium salts are found to be more soluble in PC 
compared to other alkali-metal s~ts, a notable exception being 
NaC104, which is more soluble in PC than LiC104 •. Also with 
the exception oflithium, other alkali-metal halides appear to 
be sparingly soluble and.the solubilities are usually in the 
order Cl- < Br < Cl04- as in water and other dipolar aprotic 
solvents. The poor solubility of these "salts in such a high 
dielectric medium may be due to the di!><>lar aprotic nature 
of this solvent medium. The perchlorate&, we see, have a 
much higher solubility than the halides. This indicates that 
ClO.- ion tends to increase the PC liquid structure more so 
than does Cl-or Brion. Further, salts having large polarizable 
groups, viz., P~Cl &ld Ph.PBr, are found to be reasonably 
soluble in this medium. However, P~Cl iS found to be 
much more soluble than Ph.PBr. This shows that Ph.As+ is 
more polarizable than P14P+ and is preferentially solvated, 
most probably through a combination of dispersion and ion
dipole interactions~ · 

From. Table II we see that, in general, the standm::d free 
energies of tre.nsfer, !lG0 t• of the electrolytes from water to 
PC are positive and so the transfer process is not favorable. 
A notable excep~ion is Ph.PBr. The negative sign reflects 
the fact that the distribution of its ions favors the nonaqueous 
phase, compared to the positive medi~m effects· for most 
electrolytes. Cox and his co-workers (7) have presented !lG0 

1 

values of some common salts from water to PC by taking the 
basic data from the literature. Our reported !lG0

1 values for 
the alkali-metallielides are found to be in ·good agreement 
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with theirs. This avoids the uncertainties in the solubility 
method due to ion pairing and activity coefficient measure
ments. Solomon (17) has also reported 6.G0 t values of LiCI 
and LiBr from water to PC as 14.74 and 12.98 kcal/mol-1 

from a potentiometric study, whereas we have found them to 
be 14.47 and 12.89 kcal mol-1, respect~vely, from direct 
solubility measurements. 

Ionic 6.G0 t values have been calculated taking P~BP~ 
as the "reference electrolyte" (7). An attempt was in~de to 
calculate the 6.G0 t value of Ph4AsBPh4 from water to PC by 

· measuring the solubilities of-P~Cl, NaCl, and NaBP~ in 
PC. But NaBP~ was found to be highly soluble in PC, and 
to avoid the experimental.error we disce.rded the idea. From 
the table we see that among the cations, Li+, Na+, and K+ 
have a positive yalue of transfer free energy, whereas Rb+, 
Cs+, Ph4As+, and p~p+ have negative 6.G0 t values. The 
positive values of 6.G0 t and log m'Yi indicate that these ions 
are more favorably solvated by the reference medium (water) 
than by the nonaqueous medium (PC) to which it is 
transferred. For negative values of 6.G0 t• it is just the reverse. 

Solvation of small cations is generally determined by the 
relative basicity of the solvents, i.e., by their donor ability. 
PC has weakly basic oxygen, and so cations are poorly solvated 

. . in this medium, resulting in pos~tive 6.G0 t values (Table III). 
However, for Rb+ and Cs+ ions, the 6.G0 t values are negative 
in PC. From this evidence we may come to the conclusion 
that the transfer of Rb+ and Cs+ ions from water to PC is 
more favorable compared to other alkali-metal cations. 

Conclusion 

The. solubilities of alkali-metal salts are comparable, 
although smaller than the corresponding solubilities in water 
as well as in other dipolar aprotic I!Olvents. The perchlorates, 

however, are more soluble than the halides. The higher 
solubility ofNaCl04 compared to LiC104, somehow, tends to 
indicate its more compactne~ with the ·solvent dipoles than 
the latter. The single ion free energies of transfer' from water 
to PC correlate well with the free energies of transfer of the 
ions derived by other methods. · 
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