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INI'RODUCTION 

The majority of reactions. that are of chemical or 

biological interest occur in solutions-Solvent is believed to 

provide an inert medium for chemdcal reactions. The significance 

of solute-'solvent interactions was realised only recently as a 

result of extensive studies in aqueous, non-aqueous and mixed 
1-10 

solvents • 

It has been well-reccgnised that tne solvent water used 

its structural interactions with solute play a fundamental role 

in the observed thermod:yna.nic properties of the solutions. It is 

quite obvious that the proper understandi.o;, of the st.ructural 

interactions and their iaplications necessitate a thorou:;Jh 

knowled'Je of the structure of Water which can give more information 

regardirg solute-solvent interactions in aqueous solutions. 

ll 
The reVolutionary theory of Bernal and· Fowler regarding 

the structure of water and the subsequent works paved the way for 

the proper u_nderstandin;;r of the properties of Water and- aqueous 

solutions. 

The current models of water-structure are dividec1 into 
12 

different categories • 
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(A} UNIFORMIST AVERAG:& ~OlJEL 

(B) MIXt;URE MODELS 

i) Broken-down ice-lattice model 

ii) cluster mcXiels 

iii) Clathrate cage model. 

(C) CONI'INUUM MODEL 

Unfortunately none of the models is capable of eJCPlaining 

fully· and sometiaes even partially the different thermodynamic, 

transport and volumetric properties in aqueous solutions. The 

proper understand!~ and the elaborate description of the structure 

of water is beyond the scope of the prese~ dissertation. 

Hc:Mever, the uniqueness of water as solvent has been 
13-15 

questioned in recent years and it has been realized 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 complicated phenomena. Tha determina­

tions of thermodynamic and transport properties of diff_erent 

electrolytes in various solvents would provide important steps in 

elucidatiD;J the structural changes associated with tl'& dissolution 

of electrolytes and n0n-electrolytes. 

In solutions containing an electrolyte, there are broadly 

three-types of interactions viz. 

i) ion-ion interactions 

ii ) ion-sol vent interact ions 

iii) solvent-solvent interactions. 
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The strength of their interactions decreases in the 

order a ion-ion interactions> ion-solvent .interactions> solvent-. . 

solvent interactions. In dilute solutions, ion-ion interactions 

can be assucood to be absent w~reas the ion-solvent and solvent.:. 

solvent interactions are inseparable and can be collectively 

called as ion-solvent interactions and their effects lead to the 

phenonena of 1 solvation '• 

Ion-solvent interactions are the 'controlling forces• in 

infinitely dilute solutions and manifest thems.elves in all 

thermodynamic and transport properties of electrolytes (like 

lowering of vapour pressure of solvents by solutes, ionic 
. 16,17 . 18 

mobilities , variation of solubilities , standard electrode 

~ 19 
potentials , viscosity B-coefficients etc.) generally obtained 

by extrapolation to infinite dilutions. 

8 
The researches of Ha~ned and co-workers , Stokes, Bates, 

1 16 20-23 24-29 
Rcbinson and co-workers ' ' , De Ligny and co-workers 

30 . 31 32-37 12 14 38 
. Shedlovsk.y , Grunwald , . Fea.kins et a 1 , Franks ' ' , 

39;..44 45-54 55 
Hepler aro co-workers , Lahiri and co-woikers , Meek 

s 6 · s 7-60 ol.opo7 
Strehlow , Das, Kundu and co-workers and others 

inspired us to undertake further investigations in this direction. 

A brief survey of the investigations in aqueous and mixed 

solvents and the problems associated with such stuc;Ues are 

presented to highl.ight the importance of such studies. 

' I 

I 
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5' 6,12-15 
Struct ura 1 .,roperties of Aqueous and Mi)(ed Solvents 

the.-
The roos·t structured liquid is wat_er,,.structure of Which 

has been thorou;;hly investigated. It is generally acceptedthat 

liquid Water has the short range order of hydrogen bonded, tetra­

hedrally co-ordinated structure of slightly expanded ice, with 

interstitial cavities filled by mono~U:ric Water. That order is 
-11 

believed to persist on a time-scale of about 10 sec. Water 

and di and polyhydr.ic alcohols have three-di.nensional hydrogen­

bonded structural net-works. other artphiprotic solvents are 

associated via hydrogen bonds but they form either linear poly-

meric chains (sifll:>le alcohols or rirgs (HF)), 

The structure of mixed solvents are more complex when 

small amJunts (below 10 Wt%) of alcohols, acetone, dioxane etc. 

are added to water, the \olater structure becomes actUally 

reinforced, as in the case When non~polar solutes (solid, liquid 

or gaseous) are dissolved. Structure formation can be inferred 

from the maxima of pro:perties like viscositit;s, Walden product 

and heats of solution, eJ<Cess entropy of cnixing etc. Additional 

quantities of the organic liquid, however, cause gradual· destruc­

tion of water structure until a minima is reached somewhere in the 

vicinity of the equimolar region for the tWo conponents. A variety 

of Physico-chemical properties such as the Gibbs free energy of 

mixin;J and the Hammett acidity fuootions, exhibit maxima or minil16 

in the vicinity of that composition. 
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It is apparent t rat the effectiveness of a liquid solvent 

must be evaluated in terms of superiinposit ion of its macroscopic 

parameters (dielectric constants, equilibrium constants) and the 

microscopic properties of the individual solvent molecules, (dipole 

morrent, quadrupole momant, polarizability, H-bondi~, co-ordination 

ability) as l4e 11 as structure. 

These aspects have been reviewed briefly in the subsequent 

pages. 

'5tudit::s on the Thermodynamic Properties of Electrolytes 

and Non-Electrolytesa 

l:;,xtensive wor~s on the determination of the thermodynamic 

properties of electrolytes in various solvents have been made. 

T~ works paved the way for a proper understandin;J of the different 

aspects of the ion-solvent interactions. 

Solubility and Dissociation constants of Ligands 

in Mi.xed Solventsa 

The relative solubilities of electrolytes in prot~c and 

dipolar aprotic solvents and in their aqueous· mi.xturea .are 

influenced by the e.xtent of solvation of the ions, solvent-solvent 

interactions, and other specific effects, such as volume energy. 

soluoility products, and dissociation constants of salts in non 

aqueous solvt:::nts can give insigH;.s into ionic solvation. It is 
------.. 

normally found that solUbilities of salts de not ,iie in the order 

\. .. ~~··/ 

'! 



-6-

of the dielectric constants of the sol vents, but depEnd more on 

specific interations. For the case when the solute is in equili­

brium with its ions, .6.G • o andthe standard free energy of solution 

is given by 

0 
A a • -RI' ln I<sp 

soln 
... ( l)' 

"Where I< is the solubility product (or the solubility 1n case sp 

of uncharged molecules). 

The negnitUde of the solvation energy and the solubility 

of a substance as well as the nature of the resulting solution, 

are determined by the properties of tll= yolute _and the solvent. 

Free energies and entropies of solvation can be determined from 
68 

solubility data and this approach was used by Criss and 

Luksha 
69 

for some alkali-metal halides in, N,N-dimethyl formamide. 

The free energies of formation of the salts were obtained from 

a colli>ination of the standard free energies of solution and the 
70,29 

ft:ee energies of formation of t.he cz:ystalline salts • In 

the solubility method, the dissociation constant for the reaction 

HA<= H.., +A- ... (2a) 

can be written as 

Ka ~+ lC c - {; A - lC -
YHA CHA 

... (2b) 

I· 
i 
I 
I 

. I 
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· · · (2c) 

"Where [c]T is the concentration of the saturated solution 

determined from its solubil~ty and CH+ is the concm tration of 

[HJ in tl1B saturated experirtental solutions determined pH-

. metrically 71 ' 72 • The mean molar activity coeffici~nts of the 

ions at different concentrations in aqueous and ~ed solvents 
/ ' 

73 
can be determined using Davies equation 

... (3) 

and a~so from oebye-Huckel limitin;, law with appropriate A values 

in mixed solvents· calculated from the dielectric constant data. 

The Gibbs transfer e_nergies of different electrolytes 

is given by the expression 

A Go 1 w. • 2 • 303 RT og 
t 

Ksp(w) 

K.sp <s > 

(4a) 

where K ( and K. ( ) represent the ther.nodynamic solubility sp w) sp s 

products of the electrolyte in water and water-solvent ·mixtures 

respect! ve ly in which 

K sf = t1YLJvt+ . ~X- • /M'f- ' '£~- •.. (4b) 
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+ and x- stand for cation and an-ion, S and ~± In equation (4b) M 

represent the molal (molar) solubility· and mean molal (molar) 

activity coefficient of tre electrolyte respectively in saturated· 

solution. The activity coefficient C(.:t.) can be evaluated either 

from the extended oebye-Huckel equation or from the oavies equa­

tion. 

The therll\Odynamic formulation for the dissociation constant 

of the acid-base equilibrium 

+ 

on the molal scale is given by 

K . • • <.s > 

The numerical value is fixed by the choice of a standard 

state in Which the activity coefficients are assigned values of 

unity. In aqueous solutions, the customary standard state is so 

Chosen that vi approaches unity as m approacheS zero. 

When the co€ion of the solvent medium change~ ,as well -r 
I 

as the solute concentration <and ionic strength>; it 1s convenient 1 . \d .1· . {t . 'li 21 74-76 j :, 
to separate each activity "( i into factors '\ i • m X. 8 ' 

""" {
1 

is measured relative tr;; the standard state in pure water ' 

and become unity only in infinitely dilute aqueous solution. on 

the contra~, t!"le activity coefficient s{i in equation above 

becocres unity When m .. o in the solvent s, Where a/i has a value 

different from unity whenever the solvent differs from pure water. 

I 
I 



.+ 

'{ 
The •salt effect• s varies With the solute concentration. 

Simple Debye-Huckel equation with apPropriate allowance for the 

effect of alterinq the dielectric constant of the medium s, 
{i . 

can be used to estimate s when ionic species are involved. The 

thermodynamic dissoc.iation c~stant can also be determined in 

very dilute solut.ion where s -1- o and this .is the best method 

for the determination of the thermodyn~ic dissociation constant 

as it involves no error in est imatirg s • 

. lz· 
The med.ium effect m is a function of the free energy of 

the spec.ies • i• in the two standard states. 

0 
b.a • 

t 

){ 
• Rl' ln m ... (6) 

corrbiniD;J the electrostatic contribution to the free energy using 

Born equat .ion, 

. ' . (7) 

and the mass law equat.ion for equilibrium 

• · · (?a) 

Where sK: and ,K are the dissoc.iation constants for the standard 

states in solvent and water respectively. 

I 
I 
i 
I 
I' 
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We obtain K _ ('/e~ (-'- __ I_ )X 
p(sK) ~ P(w ) - Lr605"cZ R T E:s E-w 

(z~ z~ ' ) ~ --+-
\0 - ~ft ~ 

(charges on r etc. omitted) 
A 

... (8) 

The equation has been found to be f~ir1y satisfactory for the 

0 - ( 0 dissociation equilibrium of t·he charge type A B e.g .• A = 
uncharged acetic acid, B-, • acetate anion, z = O) and 

21,70-78 A 

A+Bo (e.g. A+ = anilinium cation, B
0 = uncharged aniline, 

z = o). There is evidence, however, that the pK of a mines 
B 

decreases When [nethanol is added to -water, passes throl,kJh a mini-

mun at a sol vent composition in t na 60-80% (wt. percent) of 
22d, 79 

roothanol • 

Physico-chemical Properties and Ion-solvent Interactionsa 

EJCtensive studies on the physical properties of the solvent 

systems have been made but a lamentable gap still eJCists1 several 

classifications of organic solvent systems based on their 

dielectric constants, organic group type, acid-base properties 

or association with hydrogen bonding, donor-acceptor properties, 

hard and soft acid-base principles etc. have been made~ The 
; 

properties of the different solvent systems have been found to 

sh~ wide structural modifications wit.h the addition of electrolytes 

and non-electrolytes. 
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Naturally for the develop em nt of theories deal iD;J With 

electrolytic solutions, much at tent ion has been devoted to ion 

(solute) - solvent interactions. However, it is difficult to 

SUJgest qUantitatively .somet.irres even qualitatively the forces 

or factors involved in the solute (ion) .. solvent interactions. 

Theoretical Predictions of Solvation Energies of Ionsa 

Various mode 1B haw been proposed to predict theoretically 
2, 3,11-15 

the thermodynamic and other behaviours of e'lectrolytes in solution • 

67 
Classical i-todel a In Born•s continuum model the ions are 

· represented as charged inco~~pressible hard-spheres and the solvent 

is _considered as a structureless dieleetric continuum With 

dielectric constant and unaffected even in presence of ionic 

fields. The free enei:gy ·of solvation is equivale~ to the difference 

in the electrostatic energy of a gaseous ion and that of an ion 

in the medium of dielectric constant• 

Various modifications of the model is proposed. 

80 
Structural Model of Frank and Wen a 

Frank and Wen .proposed that surroundiQ;J a solute a.olecule 

there are three regions that can be fairly well distinguished 

from each other. 

Primary solvation zone around the solute molecule, Where 

there is cn!1ancement of solvent structure, the nature of enhance­

ment is different for polar and non-polar molecules.· Ions usually 
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form ice-like structure in the1 primary zone Where the seconda:z:y 

zone is a dis'c/ordeA zone arisiD;J from the opposiD;J effects of /1 I 
the ion and of th~ surrounding solvent molecules. The third 

region comprises the essentially unperturbed solvent molecule. 

The rncxlel is si~le. and provide useful insight into the nature 

of solvation b~ not successful for the qUantitative prediction 

of the solvation energy of electrolytes. 

Molecular Models 1 

Following the classical theory of water structure by 

c./ . 11,12,80-86 . 12,80-86 
Berne 1 and FO\., ler 1 various molecular apProaches 

I 
have been 1nade to predict the nature of the solvation of ions. 

Several contributions are considered& 

i) formation of cavity in the fD lvent 

ii) strong interaction between· the ion and the solvent 

molecules of the first (even second) coordination 

She 11. 

iii) interaction between the solvent molecules in the 

co-ordination shell, 

iv) weaker interactions bi:!tween the hydration comple)C and 

the rest of thE: .solvent 1oolecules. 

v) :f. urtht:r changes in the structure of Water. 

However, it is difficult to calculate the interactions·· 

identified above in view of the uncertainty in thtl true ionic 

radii, in ti1e co-ordination nufli:>er of the ions and in the orientation 
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of the solvent molecules in the co-ordination shell. In view of 

the continuous eJ<change of: solvent molecules in the co-ordination 

snell and free solvent molecules, a time average process is 

usually taken. The solvent molec::ules
82 

may be considered as a 

sphere containing a certain nuLtt>er of point charges or the 

- soivent molecule may be characterized by its radius, dielectric 

constant, polarisability, dipole and quadrupole mo1nents. 

83 
Hamiltonian Models a 

In these models, the medium is represented by an assembly I 
i 

of a large nuat>er of identical particles representirg the solvent ~1 
I 

molecules. The statistical model is highly complex and mathematical 

However, the possibility of accurate evaluation of the thermodyna-\ 

m.ic properties from such a mc;del is too much coaplicated and 

difficult • 

Hybrid t-iode ls a 

A number of hybrid models have been proposed which combine 

more than one of the above concepts for solvinq. soae particular 

parts of the problem by one model and sorte other by a different 

model. In su::h models, the interaction of an ion and its first 

nearest neighbour solvent molecules (primaxy solvation sheath) 

is calculated in terms of inter-molecular forces {like a Hamil­

, tonian rnodel) While the interaction of this coaplex with the 

remaining solvent is calculated as in the theory of the Born 

model. Some of the models are due to Muirhead-Gould-Laidler84 , 

I 

I 
I 
I 
I 
I 
I 
I 

I 
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6 87 
sockris and sahija85 • 8 , Goldman and Bates etc. But none of 

the models are capable of givirkJ the reliable information regard-

ing t i~e ion-solvent interact ions, thermodynamic parameters 

solvation phenomema. 

and thel 
I 
I 
I 

88 
sen considers that the cant inuum theory is capable of 

an accurate descriPtion of the thermodynamic properties of 

electrolytes when alloWal'l:le is made for proper standard states 

and struct ura 1 properties of ion-solvent interactions. 

of 
Sol vat ion and The Free-Energy of Transfer,. .single-Ions a 

----------------------------------
The transfer of solutes from one solvent to another 

usually lead to enormous changes in both equilibrium and rate 

constants of chemical reactions (as manifested in the variation 

of solub~lity of a solute as a function of solvent). 

The usefulness of thermodynamic transfer functions for 

electrolytes is rather limited. The e::xperimental methods yield 

. I 

the transfer.t~ermodynarnic chan;;JSS of neutral electrolytes but 

offer no means of separating them into single-ion characteristics. 

56 
ACcording to Strehlow "division of thermodynamic functions 

of electrolytes into single ion values may reveal correlation 

between measurable but from a ther1nodynamic point of view unrelated 

quantities". 

Various theoretical and sQmiernpirical extra thermo~namic 
8~-~5 

atterrpts have been made to obtain single-ion thermodynamics 

I 
I 
I 
I 
' 
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with moderate success. This aspect has been reviewed in details • 

Obviously, it is a· contentious subject and· the validity 

of single-ion values can be questioned but the most important I 

"n'""·'l e ..v-. e\
1
, questions in solution chemistry is supposed to lie in the ~ '"'" ~ 

l5 I 
of transfer ~r~e en~xgy changes for single ions • \ 

The free-energy changes associated with the transfer of 

a chernical entity (HX) from solvent (1, say water) to solvent 
101 

(2, say S) is known as ''total medium effect" (6 Gt) Which is 

split ted into prirnaJ:Y rnediutn effect or • medium effect • and 

secondary medium effect or 'salt effect • as e:xemplified from the 

con~ideration of the cell of the type 

pt (H2 ) j HX ( m) sol ven~ j N;JX - NJ 

The maasurement of e.m.f. of cells of the type in two 

different solvents nanely water (W) and solvent (S) gives the 

total rredium eff~ct of any electro-neutral cocriJination HX. 

6Gt .. ~G~ + 2 RT ln sY±; w~"± 

= 6 o0 
+ 2 RT ln mi± 

t 
... (9) 

0 

6 Gt =--zF ( 
8

E
0 

- wEo) is the priraaxy medium effect and measures 

ion-sol vent interactions, Whereas the lo;Jarithcnic term is known 

as secondary medium effect detloting ion-ion interactions and 

solvation. 

·I 

I 

i 

\· 

I 
I" 

I 
' 
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yi 
The, • medium effect'' log m of an ion is the reversible 

work of transfer of one mole of ion· i from the standard state in 

solvent 1 (water) to the standard state in solvent 2 (s) by the 

expr'ession 

-y.) Los( ;n \ 
RT 

•.. (10) 

Obviously, the prima:cy ~dium effect is independent of molality 

but the exact value of •medium ef±ect• could only be determined 

in absence of appreciable concentrations of electrolytes Which 

changes not only the structure of the solvent molecules but also 

the solvent concentration due to the solvation of ions.· The 

secondary medium effect (salt effect) is a function of solute­

concentration and can be deterinined with the help of theoretical 
92 93 

equations like Debye-Huckel or Davies equations with appro-

priate values of A and B arising from the changed values of 

dielectric constants of the solvents. The equation fails.at higher 

concentrations. Thus, it is desirable to work in dilute solutions 

so that s"(L .~ 0 and the ~asurements account for the 'primary 

medium effect' only. 

Determination of the Medium ~£feet 

Thermodynamic properties of single ions in aqueous and 

non-aqueous solvents and·thermodynamics of transfer have been 
. 102-117 

presented by a number of workers • 

The medium effect or tne standard free energy of transfer 

of an electrolyte on neutral species from water to a given solvent 
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has exact therirodyna.ttl.c siD;Jificance and can be calculated from 

._ suitable experimental data without any assuttptions. Generally, 

two methods are employed to determine rredium effects of various 

substances. They are (l) solubility method and (2) Electrochemical 

methods. For weak electrolytes, spectrophotometric methods are 

also used to determine the medium effect-s. 

The determination of 'medium effect' of H+ ions 

(leg ~Y + ) evoked considerable interest as it determined 
.. H 

directly the relative basicities of two solvents and can be 

obtained from the direct measurelll::nt- of the cell 

Where + E ln J. 

In view of the limitations of haviD;J liquid junction 

potential of uncertain magnitude, the 'medium effect• of proton, 
118 

~irst determined by Bjerrum and Larsson from e.m.f. measurements 

can be neglected. 

The systematic efforts to determine the • medium effect • 

are given as What follows. 

f.1ode ls Based on Modification of Born Equation 

The 'medium effect• of an ion can be obtained from the 

simple Born equation 
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(

1 

.e; 
... (11) 

It is to be noted that sol 'lent molecules become inhomogeneous 

due to stro~ influence of solute molecules near the solvent 

molecules. -rwo extreme cases are ' (a) dielectric saturation \ 
119 

in the vicinity of ions in case of electrolytic solutions, 

and (b)' format ion of a clathrate by wat~r molecules in the vicinity 
I 

of a non-polar solute due to hydrophobic bondirg effects in case i 

of non-electrolytic solute. 

I 
I 

I 

The equation consists of two variable parameters like I 

radius and dielectric constant.R~inements are based on (1) 

in crystallographic radii due to solvation. 

I. 
Increase 

The model is 
120 

due to Voet and successfully applied by 

Latim=r 
121-122 123 

et a 1, Strehlow and co-workers and eoetzee 
124-125 

et a 1 · in non.-:aqueous solvents 'Where ionic radii are 

adjusted to account for tre differences bet\Oieen the free energies 

of transfer of pairs of alkali metal ions 

.•. (12) 

i 
I 
! 
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i 
I 

I 
I 

Ho~ever, the.equation lacks theoretical significance and is 

restricted to differences between very similar cations and s~milar\ 

solvents. 

(2) Dielectric saturation in the vicinity of the ion reducing 
119,126-131 

the effective dielectric constant of the solvent • 

119 
This aspect has bten dealt extensively by NQ¥eS Hepler 

et a 1, Stokes and others. 

It is likely that partial or complete solvation of ions 

by other non-aqueous solvents may occur leading to changed values 
0 

of r, E. and 6.Gt • The equation of Stokes should, therefore, 
sat· 

be restricted to water rich solvents. The equations were utilised 

l 22 0 
by Bates and co-workers ' to calculate ~Gel values and the 

basicities of different methanol + water mixtuxes. 

All the treatments consider the interactions of the ions 

I 
I 
I 

i 
I 
I 
I 

~ith solvents to be predominantly electrostatic and neglect speci- ! 

fie solute-solvent- interactions and non-specific • neutral• component\ 
I 

I 
of the solvation energies of ions. complete understanding requires ! 

the knowledge o£ ion-dipole,iOJ.i - (induced) dipole, ion-quadrupole, 

dipole-dipole and London dispersion forces which are functions of 

-2 -4 -3 -5 -6 
r , r , r , r and r in that order Where r is the corres-

ponding interaction distance Which contains the ionic radius term 
132-133 

but not· always equal to it • The reliable quantitative 

calculation of hydrational and solvational energies are thus very 

di£ficult. 
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134 
and Bates 

0 0 
< D.G- • 6a 

el 

used an electrostatic model to 
0 0 0 

+ .6G ) , 6H and .6S associated 
neut. 

I 
j 

I 
the gaseous phase to \ with t11e transfer of seventeen ions from 

0 
\olater at 25 c. HOYlever, the model has not been· extended to calculaJe. 

I 
the theraodynamic properties_ of transfer in other solvents. 

A :Cigorous theoretical approach has been gi~n by 

Padova 95 • 135 • 136 utilising the fundattental equation for the free 

ene~y of a dielectric continuum in an electrostatic field. 

Schnuelle
l37' 138 

Beveridge and gave a general expression 

for the free energy of an arbitrary chaj:ge distribution errbedded 

in a spher .ica 1 cavity surrounded by two dielectric continuum, an 
139 

extension of Kirkwood's treatment of reaction potential 
e: 

The lOOdel has been extended to give a coaplete general solution 

for the electrostatic free energy of an ion surrounded by any 

numuer of layers, each with a given relative permittivity, immersed 

in the bulk solvent. 

The equations are written as 

(i) Born Model (zero layer) 

'66\oel 
-c 

(€~- - i-) :.6 
... (13) 

0 
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( ii) The one layer ITOdel (first layer r • b 8.. E.= E 1 ) 

· · ' (l3A) 

(iii) The two layer model (first layer r a b and E = ft 

second layer r • c and E = E1'n ) 
' 

2 
Where G i a n and b =- a + R for the first layer in both the 

one-layer and two-layer models (R = radius of the solvent molecule)., 
I 

The values of • a • have been taken from ionic crystal radii 

of Goldschmidt and Pauling, where available, or calculated from 

liquid molar volumes V of solutes using the Stearn-Eyring 
140 - 1/3 

£ ormula , r = (V/8n) • The radius of sol vent molecules have 

140 
also been calculated using Stearn-Eyring formula • 

115,141-142 
Good agreement has been c1airred by .Abraham et ,al 

I 

i. 
between the theoret !cal and experiroontal results for ionic solvation\ 

using this ~mde 1. 

Methods Based on t-1eas urerrent of Oxidation - Reduction Potential 

and the E.M.F. of Different Cellsa 

The search of a suitable. reference electrode having the 
.143 

Satre e.m.£. value in all solvents thus appears iYlperative.Pleskov 

\ 

I 
l 
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proposed that the potential of Rb/Rb + coUple, should be equal 

in all solvents, because of 10111 polarizability and large radius 

of ions. However, both electrostatic considerations and experi­

rrental free energy of transfer values of halides (having larger 
+ ... radii), Rb and cs in different solvents point the inherent 

56,123,144 
limitations of the assumption. Strehlow and co-workers 

made appropriate allowances for the changed dielectric constants 

in different solvents and for the residUal electrostatic .free 

energy terms and developed a modified Rb-scale which tNas utilised 
145 

by Coetzee et al for measurements of polarographic half wave 

potentials of a series of cations present as perchlorate& in 

seven solv~nts. 

56 123 144 . 
Koepp, Wendt and Strehlow ' ' (also studied by 

146 
Kuwana et al) selected the redoJC systems of large symmetrical 

comp1e~es Ferricini~Ferrocene and Cabalticiniu~Cobaltocene, 

havirq very little residual charges on the surface, so that the 
0 

standard e. m. f. of the Fie/Foe or CicjCoc i.e., 6 Gt (Foe) -
0 

~Gt {Fie) can be regarded to be solvent indeptndent. Thus, the 

t 

i. 

\ 
I 
I 
I 

measurement of standard oxidation potentials in water and solvents 
0 0 0 

gives the value of 6.Gt (H) - 6Gt (Fie) + 6.Gt (Foe). 

According to Strehlow 
56 

... (15) 
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-where, a
1 

and a
2 

are constants, specific :tor the solvents in 
56 

question. Strehlow used a 1 =- o.as, o.72~a24-_0.9o based on 

the data of alkali Ireta 1 ions. In addition to the inherent limi-

tations due to liqUid-junction potentials, the contributions due 

to surface potentials in measuring the real free energies of 

24 
transfer have been neglected • 

In s.t-Jite of the limitations, the method seems to be one 

Of the ffiOSt UsefUl 11leth0d for the determination Of the I mediUm 
24-29 

effect' of single ions and widely used by De Ligny and co-\rlorkers. 

They used tte cell of the type 

and 

HC104 in Water o'e 
solvents respectively 

Pt Ferrocenel~ ), Kcl(satd) in H
2
o 

Ferricinium in-· 
water or solvents 
respectively 

to get 

Hg CL - Hg 
. 2 -.z 

- _FI [flG.ot ( 1-1) - 6G.to (FLc' + l::lcto. ( t )~ ·J =~ ....,eu. • F~c 'J 

-Hg 
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DUe to low solubility of ferrocene and instability of 

0 
ferricinium in water the E has been calculated from the polaro-

+ 
graphic half-wave potential of the process Foc~Fic + e • 

+ The reaction Foe ~Fie + e has been proved to be diffusion 

controlled and the ratio of diffusion constants of ferrocene 

and the ferricinium ion appeared to be independent of solvent 
0 

compos it ion. The method has been used to determine the D. Gt 

of H + ion and other ions i.-n different solv~nts. The method has 
147 0 + 

been used by Kalidas et a 1 to measure D. Gt (H ) in different 

m=thanol-water, propylery; glycol-water and methanol-propylene 

glycol miJCtures. 

However, the presence of considerable amount of indifferent 

0 -electrolytes should change the sol vent structure, E -values a10d 

thus the medium effects. The di~fusion constants of ferrocene and 

fer~icinium ions may also be uneqUal. It has been shown by 
148 

Alfenaar et a 1 that the contribution of the solvent molecules 

to the diffusion potential can not be ne;Jlected and is a function 

of solvent composition and the nature of electrolyte. The primary 

medium effect is the most i:nportant contribution to the diffusion 

potential. The diffusion potential between electrolyte solutions 

in methunol-water mixtures'can not be suppressed by salt-bridge. 

Ferrocene may ha~ residual electrostatic co~onent of the ion96 

and s_pecific interactions of the redox couple with water and other 
124 

solvcr1ts are also known • There may be uncertainties in the 
24 0 

crystal radii of ferrocene (3.6A ) and 
26 0 

ferricinium (3.3A ) ions. 

" 
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~om= other redox couples were also studied \iith relatively 

litt 1e success. The cou,!)les are ferrocene;ferrocitlium _picrate, 
149 

ferroin/ferriin couple , 4, '7-dimethy 1 ferroin/4, 7-dinethy 1 
~0 ~l-~2 

£erriii1 couple , bis dipheny 1 chromium (0. l) couple 

with relatively little succes~. 

102-106, lS 3,154 
~arker and co-workers _ .teel tnat the 

ferrocene assumption is not valid "When wat~r is one of tne solvent~· 

Parker and Alexander recommended the cells of-the type 

~ (S) \ AgNo 3 , o. OlM l Sat d. l ;,gNo3 , 0. Ol M 
in CHJOH . NEt 4 ,Pic in solvents 

Ag (S) I .AgCl04' o. 01 

solvents 

Ml 0.01 M NEt4Pic 
in solvent 

s oro 

;qclo4 ,o.olM J 
in sol vent o I 

to Jeterrnine medium effects. The bridge electrolyte contains 

tetra~thy la•lllfi?nium picratt= having large and cor;parable anion 

and cation size \oJith no specific int.erac~ions with the solvents, 

as apparent from rouglily equal tnolar conductances in all sol vents 

studied. ThUS the liquid-junction potential EJ can be neglected. 

153 154 
ParKer and co-workers ' also rB:asured the potential 

of ficjfoc couple against the + 
Ag /Ag electro~ in fifteen solvents 

using the cell 

0. OlH AgCl04 

CNEt4)Cl04 

in solvents s 

( NEt4 ) ClO 
4

, O. ·,:1M 

solvents 
0. 002M Fie/Foe J Pt. (G) 
o.-o2t-t (NEt4 )clo4 
in solvent s 

. ' 

I 
I 
I 
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Thus the values based on the ferrocene assumption can be readily 

converted to the negligible Ej ass~tion. 

However, the suppression of E j by ~ans of a salt bridge 

is illpossible as the liquid-junction potential Ej at an interface 

of tWo different media is itself primarily a function of the 

148 
rmdium effects for the single ion transported across it • 

.l:.:xtrapolation Method~u 

The ~:xtrapolation root hod has its 
155 ,''157 

of Izmaylov 1 Who assumed 0 .... "" 
G (_~£ an 

origin in the 'v-lorks 

inf.init ely large ion -
to be zero and all significant co1rponents of the solvation energy 

0 

G o£ an ion· are functions of 1/r? (r =- crystallo;Jrap~c radius, 

n :a 1-4 or 6). He plotted therllLOdynamically allowed combinations 

like (G~. - G~) vs 1/rM and -(G: + G~} vs ·1/rx (r-t = alkali metal 

ions, :X = halide ions) and used 0 extrapolations to get ..;aH. ,at 

The plot of [ -G~ ( G~ - G~ )] (1/r) = o. + 
VB 1/r • av 

1 X ( 1 2 0 
Izmay lov155- 157 - + --L ) i!lproves the value of, GH • 2 rH rx 

also considered solvation of ions as complex formation between 

solvent molecules (donors) and ions with vacant orbitals as 

acceptors. 

He detE;::rrn:i.no=d the sol vat .ioa energies of anions and cations 
o o ) I 2 o o> 1 2 from the plo~s o£

0 
(GM + GX vs 1 n , (GM - GH ~vs /n and 

[-G~ + GM
2

- GX J vs l/n
2

, (n ~ ~,4,5 etc) for d~tterent 
isoelectric pairs like (Na+, F-), (K+, Cl-.J, (Rb+, Br-) and 

(cs+, I-) Where n is the principal qUantum nuroer of the lowest 
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vacant orbital of the ion. He considered tre second ~thod to be 
0 

1nore ~:·elial>le. However, Izmaylov' s assumption t.hat 6-G (neut.) 

account for 1-2% of the total solvation energy was found to be 

· i f A ,..,
0 via inert gas assumPtion erroneous from the est mates o u"'neut. 

or experimenta 1 deternlination of ~G0 • Moreover, the cal-
neut. 

culat ions of Izmay lov were dependent on the large errors involved 

in the determination of the disscx:iation energies of molecular 
\ 

hydrcgen, the sublimation energies of the metal and of atomic 

hydro;~en in the gas phase and crystal lattice energies of silver 

halides. The extrapolations are non-linear and generally based 
0 

0n three points. Therefore, in the determination of 6Gt or 

'· nedium etfect' large errors are expected. 

32-37' 158-l.S 9 
Feakins and their associates used the e. m. f. 

0 
methods to determine the A Gt (free energies of transfer from 

water to different solvents) values of HCl, HBr and HI on one 

hand and LiCl, NaCl and I<Cl on the other and utilized the extra­

polations 

0 
(HX) = /iG 0 

(H+) 
-I 

(17) ilGt + ar 
t X 

\ 

0 0 - br-1 and 6Gt (MCl) • OOt (Cl ) .... . .. (lS) 
I . M 

0 + 1 11:11 0 and (19 > to get,., D. Gt (H ) at --rx 
· · · (19a) 

Cations are found to be in lower free energy states in 

the :nixed solvents coflllared to water, While the anions show the 

reverse trend. Howewr, linearity is poor in most cases due to 



incomplete compensation of A fit and T A.St terms Which are comple:x 

funct.ions of radius and the estimates based on the dependerce of 

1/r appear to be: over siup~ification, the major contriQAJtions to 

free energy of solvation arise·s from ion-dipole interaction term 

2.e~r2 in aJdition to Born cnarg in;J energy beyond the solvation 

she11
160

• Inconsistent values of 6G:(MCl)vs. 1/rM and ~G~Uix) 
vs. 1/rx and ot ~ r inconsistencies are also nott=d. lJas and 

57 
co-\~orke rs . suggested the • simultaneous extrapolation' to 

0 . 0 0 -
0 of the plots of AG (HX) and 6.G (Hcl-HX) i. e.~G (Cl - X-) against 

t t t I -1 
(r ) suitably aimed at havi~ least discrepancies in the extra- 1 

X . 0( + M 0( - I 
polated values of 6.Gt H ) - 2. 303 RT log __!, and .6G Cl ) + 

. 1\, t 
'2.303 RT lo;r Ms With respect to the experi.(Ental values of 

0 ~ I . 

6Gt (HCl) would lead to extra confidence to the extrapolation 

(error = ± o. 1 to o. 2 K c.al/ion). 

The extrapolation method has o~en e~tensively used by 

Kundu arrl co-workers to determine the free energy of transfer of 

ions in various solvents. 

Ho\iev~r, it has bt:t::n recognized that the solvation energy 

of an ion. is composed of an electrostatic part 6G~1 and a neutral 
0 

part b..G i.e. 
neut. 

{20) 

The rmthod ~as been elegantly .I:,)Ut forward by Alfenaar and 

161 115 
De Ligny am more recently by Kim , Abraham and Liszi • 
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0 
In view of the difficulty in calculating ~ G , neut. 

Alfenaar and oe Ligny took. 6 a 0 of very larqe ions to be equal 
. neut. 

0 to D. a of the corresponditYJ uncharged particle of equal radius 
neut, 

but for small ions, a difference arises from the changed sol vent 

structure around the ions of tne solvent molecule. 

The fr~e energy of transfer of ions bttween two solvents 

including ion-ion, ion-dipole, .i.on-quadrupole interactions etc. 

is given by, 

0 0 
6.Gi (ion) = 6G + neut. 

~+ b + 
r ~ 

... (21) 

The free energy of transfer of electro-neutral combinations 

of ions have been divided by Alfenaar and De Ligny into the 

contributions of the individual ions M and A as followsa · 

d -r2 
M 

+ e 
r3 

M 

•• ' (2 2) 

' ' . (23) 

The values of tre left hand sides can be deter.nined eJCperi­

rnentally. 1 a 1 is calculated. using, tl-e Born equation from the slope 
·o 

at ~ = o, and 11 Gt (H+), b,c etc.· can be est1118ted by the rretl':lo.d o.f 

least square. 
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vlhen the left hand side of the two equations (22) and 

(23) are plotted against -~ , two curves will have a common 
o r 

intercept 6 Gt (H+) • The larger the ions, the greater is the 

accuracy of the. results •. 

The extrapolations, however, are non-linear. The contri-
0 

but ions of 6 Gt ( neut) appear to be considerable and the te1ia-

bility of the determination of AG 0 
via 'inert gas assurnp... 

t Crieut) 

tion' has not been proved. 

ne Ligny and co-workers latter sl.ig!1tly modified the method 

82 162 
oy incorporating ideas of Buckingham , Halliwell and Nyburg 

84 
aad Muirt1ead-Gould and Laidler • 

163-166 
SQJ.oinon determined the individual free energies 

of solvation from plot of differences in conventional free energies · 
98 

r
1 

is the gas-phase radius of Gouray and Adrian 1 vs. _where 
rl 

6.. G
0 

(H+) is 
solv. 

obtained from 

[6G
0 

(M+) - /:; Go ( J('" )] Constant 0 (H+) = - 2 6 a 
conv. conv. ri solv. 

. (24) 

[ fiGo (M+) 
0 

(M+) 60° (H+) = 6,G . 
solv, - solv, 

conv, 
0 0 +i\ Go 1 (H+0 Jj G conv (x-) =!J.G (X-) solv, . SO V, 

M,.+ a'"'• d X-.. are ions of equa 1 charge and radius. 
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. It is knoWn that tte ent~alpy and entropy terms are coaple::x 

functions of r, but due to compensation of the enthalpy and 

entropy of solvation, the free energy term is relatively indepen-

dent of terrm higher than -l }\ 0 i f b r .~ G 
1 

+ s ound to e 
so V (H ) 

-235.0 K caljmole. 
0 

since 6G is dependent on ionic radius, the choice of 
neut. 

crystal radii as determined by diffe~ent workers are noted. Criss 

and Salornon
98 

considered it desirable to take differences in 
0 0 

6,G (iqn) which automatically cancels .6.Gt, neut. for anions 
t,conv. 

and cations of equal charge and radius. The choice of crystal 

radius thUS becomes less iaportant. 

Method Based on 'Reference Electrolytes• 

The most widely recp maended and promisilltl approach to 

the estiaation of 'nedium efxt=cts' for single ions(and also for 

the estirnation of partial molar voluma), the solvation enthalpies 

and other t hermody~mic properties of sill;lle ions) are those based 

lS 96 167-172 
on 'reference electrolytes•. The reference electrolytes ' ' 

should be composed of large sy~netrical coUnter ions of equal size 

and solvation properties, so that tle 1 medium effects• should be 

equally divided between the cations and anions. The central atom 

and the charge of such counter ions should be shielded by large 

organic residues to minimize both the charge dens .it y and specific 

interactions With the solvent. 
172 

Grunwald et a 1 proposed Tetraphenyl phosphonium 

tetrapheny 1 borate (Ph4PBPh4 ) as the reference electrolyte. 
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96 Popovych proposed tr.1-isoamyl-n-butyl ammonium tetraphenyl 

borate (TABBPh
4

> as reference electrolyte based on the equqlity 

of the stokeal73-175 radii of ions in water, methanol + acetoni-

trile. Tet~aphenyl arsonium tetraphenyl borate [TATB i.e. 

~h4AsBPh4] has been proposed by Parker and co-workers. 

Because of thel. r low solubility in d1. fferent soivents, 

reference electrolytes are su.itable for determining free energies 

of solvation without uncertain activity corrections. 

The limitations of the method can be summarised as followsa 

1) The results are based on solubility data and errors may arise 
98 

from the possible 

a) formation of crystal solvates 

b) micelle formation 

c ) format ion of co mp lelC ions 

d) ion-pair formation. 

2 ) Insu££ icient evidence or so direct elCperi1ltintal evidence for 

the equality of radii of counter ions. 

3) A.PprolCilllate equality of Stokes• radii or calo;. lated radii 

from models are not real indices of ion-sizes or imply a direct 

correlation between transport or thermodynamic properties. Die,l.ec­

tric rela~ation, size af secondary solvation effects must be taken 
95 

into account to determine free ene~ies of solvation • 

4) ·The method should not be apPlied to dipolar aprotic solvent, 

Which differentiates at rongly between tre relative solvation of 
124 

anions and cat ions • 
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Inspite of the defects, the results obtained with 

TABBPh4 of Popovych and co-workers and with Ph4 ASBPh4 assu(IJ)tion 

of Alexander and Parker are in good agreement. Discrepancies 

bet'Ween two methods arises from Parker• s use of formal solubility 

product rather than thermodynalllf..c ion activity product used by 
96 

Popovych 

161 
Recently, Kim after a critical and extensive stUdy 

strongly recommends Ph
4

ASBPh4 as •reference electrolyte• to 

calculate single ion thermodynamics. 

176 . 
However, Treiner examined the ~h4 ASBPh4 assuaption 

177 
through the use of scaled particle theory outlined by Pierotti 

to deduce that the assumption was not valid for transfer between 

water, propylene carbonate, sulpholane, DMSO, N-Me-2-pyrrolidone 

and perhaps also diaethyl forrnamide, a conclusion different from 

the observations of Parker et al and Abraham et al. Abraham and 
178 

Nasehzadeh however, pointed out. the lind.tations of the scaled 

particle theory in the calculations of the free energies of trans-

fer. 

0t her Met hods : 
66 

(a) Method of Wells 

The ~ ~~ (H+) values, as calculated by Wells for different 

aquo-organic solvents, involve the use of the eqlUltion 

... (25) 
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0 
bGt(H+)e has been calculated by the application of Born equation 

to the transftr of a sphere containing the tetrahedral structure 

H
3
o+(H

2
0)

4 

... (26) D. <J~ (H+) e 
Ne2 

• 

0 +) i The major contrib~ion is from flat (ROH2 , \IJh ch covers 

all subse.quent structural changes induced by the presence of the 
+ 0 

tetrahedral H
3

0 (H
2

o>
4 

in the mi:xed solvent. 6at (ROH~) has been 

calculated from the equilibrium constant K of the solvent sorting 

equilibrium. 

+ (H2 0) H · l 
X so V. 

. ~ 
+ROH l ~ so v. 

so-53 The method has been criticised by Lahiri and recently 

'oy a landamer et a 1. 

SO-S3 
(b) Meti1od of Lahi.ri and co-workers ' 

Lahiri and co-workers have recently suggested a method for 
0 

the determination of ~Gt (H+), usiB,;J t.t2 dissociation constants 
I 
I 

of the • is oe lect ric react ions • 

+ 
LH L ... (28) 

Cwhere L = 2, 2'-dipyridyl or ~. lO-Phenanthroline .' . .J" as follows 

.•. (2 9) 
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6.8G~ -~Gt(L) 

0 
~~Gt (L) 
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0 + 0( + +.6Gt (H ) [iGt LH ) 

+.6.G: (H•>-[~a~(L) + 6a~,e 1<~+ )] ... (30) 

•. ' (31) 

0 + .6.. Gt, e 1 (LH ) has been calculated using Born equation. 

The utility of the methOd lies in the fact that we can wo:dt 

in very dilute solutions so that •salt effects• can be estimated 

and the solutions are in their respective standard states, a 

condition essential for the deterrnination 'nedium effects• of 
0 ... -

ions. The ~Gt(H) values calculate~ by this method have been 

found to be in close agreement with the values obtained using the 

• reference electrolyte• method. 

The method is si11ple and can be utilised over the Whole 

comppsition range of aquo + organic solvent mixtures. 

. 0( +) In the present dissertation the 6 Gt H values were 

calculated by this method and also utilised to determine the 

• medium effect • of other ions. 

172 
(c) Method of Grunwald a 

I 
I 

I 
For the ionisation of acids HA (aliphatic acidst benzoic 

+ acid) and BH (anilinium ion, toludinium ions etc) in alcohol + 
_j 

/ 

Water miJ<tures and water, we have 
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+ log -
-+mY 

A. 

0 
and {P<s· - pi<, )BH+ u log YH+ + '\y 

... (32) 

• · · (J2a) 

w ere mA --~ h and en.... are substituent constants independent of the 

- 0 nature of the solvent, Y . andY are the solvent parameters 

dependent on the solvent only. 

. .. (JJ) 

and 0 2 
Y a (1 - W) 

... (34) 

(W ::a weight fraction of Water in the solvent) 

Nnw, 

(
riJ" - nf( ·>~,. .l-4' s ..---w • 1ft ... (35) 

mA and rna are determined by mult~-regression method Which enables 

one to calculate log YH+ . 

The method, however, is of little value due to the 

·inherent limitati9ns regarding 

179 pointed out by Wynne-Jones , 
the assumptions of. mA, Y·as 

168 49 
Popovych and Maity·and Lahiri. 

57 Kundu and co-workers 
recently compared the different 

methods and found that 'e.xtrapolat.ion method' always give more 
0 

negative values of Aat ~ions). The •reference electrolyte• method 

has been advocated to be the best method though the limitations 
0 

are known. 'I'he 6. Gt (H+) values in ethanol + Water mixtures 
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determined by Lahiri and co-tt~ot:kers shoW qualitative and almost 

~uantitative agreement tAith ·the values determined using 'reference 

electrolyte' met hod. 

Recently, Lahiri et al has taken into consideration the 

0 
calculation of 6Gt(ion-dipole) interactions in the calculation 

of tlG~(H.'") ion
53

• 

95 
Padova has listed the values for the ionic free energy of 

transfer from water to methanol obtained by various methods used 

by different workers and compared their results With those of 

lBO, 181 
case and Parson•s tor the real free energies of transfer 

of ions. Si.t\ilar discrepancies are also apparent from the scrutiny 
0 

of Tables for .6.Gt(H+) (and other ions) given by Criss and 

98 
Salomon • The results show that not too r~lia.nce should be made 

on a particular .met hod. 
182 

Kalthoff sounds a not~ of warning not to accept a value 

of an activity coefficient, obtained on the basis of the above 

as.l:>umptions With water as a reference solvent, as the true value. 
96 

AS pointed out by Popovych the ultimate goal will be t_C? conpare 

the results of the various empirical methods with tho~tit calculated 

from stat istical-nechanical models for solvati'on energJ:es on the 

theoretical side and With measured siinple electrode potentials on 

the experiaental side. 
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Enthalpy and Entropy of Trans£ era 

From the discussions, it is apparent that inspite of 

limitations, reasonable estimates of sit')'Jle ion free energies can 

be made. 

Ho'Vie ver, there has been only few attempts t·O dJ. vide /:::. Ht 

of electrolytes into single ion values fmm the ·vast collections 

of enthalpy of transfer of electrolytes. 

183 184 
f,ccordil:l'J to Feakins and Ben Naim the individual 

ionic contributions resulting from ion-solvent interactions to 

o· o 
~Ht and .6st are of.great importance because they reflect iltl>or-

• I 

tant structural differences in the behaviour of ions in various 

solvents which are completely lost in the simpler free energy 
0 . 0 

terms due to coftt>ensation of LlHt and T6 st terms. It is clear_ 
0 0 

that .6Ht (ion) and 11 St (ion) are difficult to evaluate and any 

questionable assumptions regarding the physical model for the 

calculations could lead to large uncertainties in the resulting 
185 

.6Ht (ion) values • 

The r~::lationship be=t.Weto:n ionic enthalpies of solvation 
;186-l~J -· 

or of tranafer and structure is not clean • The enthalpy 
l 

of sol vat ion is dependent not only on the degree a; iil.9rease .or 

decrease in the structure of a solution but also upon the ene~ 

of ·.:each bond. .;Jo, there may be some relationship between enthalpies 

and structural properties of solution, surely it Will not be 

simple one. Moreover, there is little agreement on hoW to divide 

enthalpies of transfer into ionic components and there are lack 
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of fundamental data in most cases. The ionic solvation enthalpiea 

are only rarely available as the enthalpies of formation of the 

gaseous are either not known or impossible to obtain. Considerable 1 

98,194 
disagreements (as hiqh as so K cal) in the single-ion values 

in water have been reported.Consistent results are not given by 
195-198 

ret hods such as 

i) extrapolations of enthalpy values of alkali metal 

halides or tetraalky larnrt\Onium halides with respeet to ionic 

radius or ionic volume to zero reciprocal radius or, 

ii) t~1e assumption that the enthalpies of transfer of both 

cryptates of alkali ions and the correspondin;1 free ligandS are 

196 
identical • 

0 
Very few determinations of £\lit of ions, ma.inly based on 

il 
0 ( + 1\ 0 188 18~ 197 

wHt ~h4A5 ) = uHt(BPh~) have been made ' ' • Friedman 

197 198 
and co-workers ' recommended the use of propylene carbonate 

(pc} as an ideal solvent for ions and transfer enthalpies from pc 

to other solvents have been evaluated and explained in terms of 

struct ura 1 effects. However, serious deficiencies of the model 
0 ... I\ 0 -D. fit (Ph4 As ) =~I-\ (BPh

4
) have also been reported though the 

199 . 188 
method has been utilised by Chaux and Benoit , Jullia~d and 

rcore recently by Abraham (who used Ph4 PBPh
4 

and Ph
4

ASBPh
4

), Single 

ion values would definitely be of great help in elucidating the 

solvent structure and the different aspects of tre ion...solvent 

interact ions. 

I 

I 
. I 
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From the discussions, it is apparent that the proper 

understanding of the solution chemistry and the 'medium effect' 

is yet a challenging task.. It is necessary to have a collection 

of accurate data for the free energy and enthalpy of transfer 

of large nu!OOer of electrolytes to:Jether with the free energy 

and ethalpy of transfer of neutral electrolytes of comparable 

size to understand the • medium effects' of sirg le ions. compari-

sons of the results with 1 the values reported for "reference 

electrolytes•• would be of great help in the proper elucidation 

of solution chemistry. The .different methodS of knowing the ion-

solvt:nt interact ions should be properly explored. 

'I'he present thesis enbodies some thernodynamic studies 

based on solubility, spectrophotometric and conductometric measure­

ments, on ion-solvent interactions in soma non-aqueous and mixed 

aqueous co-solvents. The co-solvent chosen for such studies are 

t"Wo cello solves viz. nethyl cellosolve (2-methoxy, ethanol, tom) 

and dinethyl cellosolve (1,2-dimethoxyethane, ot-m). 

2-Methoxy ethanol (ME) and 1, 2-Dimethoxy ethape (DME) 

Chemically these solvents are mono- and diaathy·; ethers of 

ethyle_ne glycol (EG) - a solvent well studied with regard to ion-

solvent interactions. The study on ion-solve~ interactions in these. 

cosolvent systems are likely to reflect the effect of increasill9 

number of methyl groups (electron releasing inductive effect) and 

decreasi~ number Of OH groups. 



200 i :tR studies indicate that the promin~nt config urat ons 

of ME molecule is the gauch form to facile intramolecular hydrogen 

bonding as shoWn in structure IA. Since no intramolecular hydrogen 

) bonding is feasible in pure D~, the predominentconfig uration of 

DME is the trans of IB. 

Simple consideration of mol~cular structure indicates that 

due to the presence of e.lectron repelling inductive effect of 

a~3 group in trethoxy group, ME is ~rore basic than ethylene glycol 

and water. Also, the restricted availability of the acidic H-

at om of OH group makes ME:. molecules less acidic than ethylene 

glycol and \iater, thus irapartio;J a 'quasi-aprot.ic 1 character to 

it. on the other hand, due to the induct! ve effect of t'Wo Oi
3 

groups, the two o-centres of DME molecules are more basic as 

compared to that of water, EG and ME. aut due to the absence of 

any acidic hydrogen atom DME is a typically aprotic solvent. 

Moreover, the basicity and proticity are likely to be 

201 related through co-operative structure of H-bonding between 

the co-solvent and water ·molecules in aqueous solutions. Thus 

in ME + H2 o system, the possible H-bonded co-solvent water complex 

of the type IIA is also more basic am less acidic than water 

and EO-water mixtures. In DME water system the possible H-bonded 

aquo-oME complexes are of the type r:m and :rrc, in eqUilibrium 

"With each other, the for~r predominant at water rich co~osition, 

the lat~r at water deficient coLtpositions. It is to be noted that 

since a gauche form around -cH2-cH
2

- group is likely to be ~re 



favourable for assooiation, it may influence the equil.1brium 

between trans and gauche forms in favour of gauche form as shown 

in IIC. In aqueous solutions of DME both IIB and IIC are mo~ 

basic and lt:!ss acid.io than water, hence the mixed solvents as a 

Whole are likely to be increasingly more basic am at the same 

tine less acidic than not only to water but also to ME· Thus 

the order of basicity to be a Water< 1£ <ot-m. Also the relative 

acidities would increase in t hB reverse order. 

Studies on fundamental physico-chemical properties like 

202 203 
.density , dielectric constants for ME water mixtures have 

been reported at different temperatures throughout the composition 

rarYJe. Both properties are found to decrease monotonically with 

composition. For DME-water system also these values at different 
200 203 

tenperatures are available • Desnoyers and co-workers haw 

reported apparent molar volume and heat capacities of aqueous ME 
0 

at water rich compositions at 25 C and showed that ME behaves as 

a fairly typical polar non electrolyte in water. Heat capacity 
204 

and heat of solution of ~ and DME have been reported by nuatler 

205 
of workers. Partial molar volume of ME and DME have ~een studied 

with water. The change in free energy, entropy ·and ent_balpy associa-

ted with transfer of ME and DHE from ideal gas phase to dilute 
0 206 

aqueous solution at 25 c have also been reported. 

Notably enough, relatively few studies have been reported 

With aqueous 2-methoxy ethanol, and 1,2-dimethoxy ethane as solvent 
207 

~redia. Renard and Just ice . stUdied the conductometric behaviour 

of cscl in DME-water mixtures as compared to ·dioxane-water and 

I 



THF-~ater mixtures and tl1e differences observed for the ion­

association were interpreted in terms of difference in aprotic 

nature of the organic molecule and that· of ~o. Solvent effect 

of DME, on sodium salt ion-pairs, as coapared to THF and other 
208 

solvents were studied from NMR spectra. Condootance behaviour 

of ion pair formation of tetrabuty1actmonium bromide in aquo-
209 0 

ME at 25 c was interpreted on the .basis of modification of 
210 

water structure, dependirxJ on the nature of the system. Saits 

studied the relation between the strl.Cture of water mixtures of 

organic solvents, their sol vat ion and cation exchange selectivity 

211 
of metal ions in aqueous-ME. Morel and co-woJ:Kers ., also pre-

dieted the relation between free energy of transfer and selectivity 

of an. ion exchanger. Activity coefficients of NaCl in water 
. 0 212 

mi:xt ures of ME and DME at 25 c were studied by Richard et a l • 

The dissociation constants of certain acidS and bases have also 
213 214 

been reported in ME + H2 o and DMll: + H
2 

0 mixtures. 

Works involving pure ME and DME are coaparatively large 

in nultber. Of these, studies on dielectric properties at various 
215 

te~I:atures of ME and DME , solubility st udiea on al~a1i metal 

chlorides, temperature dependence of electrolytic conductance of 
216 

salts in ME , calculation of ionic solvation, free enexgies 

and entropies of transfer of gaseous univalent ions using conti-
218 

constant studies of pure ME 
217 

nuum mode 1 in DME , dissociation 

and various thermodynamic studies, density, dielectric properties, 

viscosity t:tc are noteworthy. ~tudies on the rate of formation 
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219 
and stability of some o~anometallic complexes in D~ are 

also very much useful as they provide sufficient evidence for 

the existence of specific cation solvating effect of the solvent 

and such studies first led to the predictian of tetra-coordinated 
220 

DME-alkali ~retal ion co\1\)le:xes , a view still considered as 

valid and is very much useful in studies of ion-solvation of 

DME. 

Again ME and DME are cornm;rcially known as 'cellosol ves' 

being used extensively as a solvating agents for cellulose. ME 

finds its use in various chemical reactions, and in analytical 
2?1 222 

practice · , in acid base conductometric titration& , electro-

lytes for high voltage capacitors and anti-icin;r additive for 

air-craft fuels. DME is used, now-a-days extensively as an 

electrochemical solvent in ·non-aqueous battery electrolyte, and 

also as solvents for the preparation and reaction of organo-alkali 
2l9a 

and organo-alkaline earth compoundS • Consequently, the 

knc:M ledge of ion-solvent interact ions of different solutes in 

these solvents are, therefore capable of indicatin;r the potential 

usefulness in various technolo;~ies, e.g. high energy non-aqueous 

.Datterius, ion exchangers etc. Transport parometers of electrolytic 

223 
solutions such as ionic conductance and viscosity, ther~nodynamic 

parameters such as solubility, dissociation constant can provide 

information concerniOj; the nat u.r:e of tte kinetic entitiea from 

~hich the ion-solvent interactions can be inferred. 

vle have, therefore, devot~d our attention to the study 

of thermodynamic properties in ME,DME and their aqueous mixtures. 
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