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PREFACE



Scope and object of the work

The solution properties have always been of interest to physical chemists
but in recent years there has been an unprecedented interest in solution chemistry
by physical organic chemists, inorganic chemists, electrochemists and most
notably by biochemists. The interest stems from the fact that the-majority of
reactions that are of chemical, electrochemical and biological importancc'occur in
solution. It was previously believed that the solvent merely provides an inert
medium for chemical reactions. The significance of solute-solvent interactions
was realized only recently as a result of extensive studies in aqueous, non-agueous
and mixed solvents. While proton transfer reactions are particularly sensitive to
the nature of the solvent, it has become increasingly clear that the majority of the
solutes are significantly modified by all solvents. Conversely, the nature ’of
strongly structured solvents, such as water, is substantially modified by the
presence of solutes. Complete understanding of the phenomena of solution
chemistry will become a reality only when solute-solute, solute-selvent and

solvent-solvent interactions are elucidated’.

In spite of vast collections of data on the different electrolytic and non-
electrolytic solutions in water, the- structure of water and the different types of
interactions that water undergoes with clectrolytes are yet to be properly
understood. However, the studics on the propertics of aqueous solutions have
provided sufficient information on the thermodynamic properties of different
electrolytes and non-electrolytes, the effects of variation in ionic-structure, ionic
mdbility and common ions on the propertics of agueous solutions and a host of
other properties™”. Nevertbeless, during recent years there has been an increasing
interest in the behaviors of élcc[rolytes in non-aqueous and mixed solvents with a
view to investigate ion-ion and ion-solvent interactions under varied conditions.

However, different sequence of solubility, differences in solvating power and



possibilities of chemical or electrochemical reactions unfamiliar in aqueous
chemistry have opened new vistas for physical chemists, and interest in these
organic solvents transcends the traditional boundaries of inorganic, physical,

organic, analytical and electrochemistry®.

We have been mainly interested in the studies of the ion-solvent
interactions as they are the contfolling forces in dilute solutions where ion-ion
interactions are absent. Influence of these ion-solvent interactions on transfer of
electrolytes between soivents is small, but sufficiently lalrge to cause dramatic
changes in chemical reactions involving ions. The changes in ionic solvation have
important applications in such diverse areas as organic and inorganic syntheses,
studies of reaction mechanisms, non-aqueous battery technology -and. extraction’,
Thé importance of ionic hydration in biochemistry and biophysics. has been

stressed®.

The applications and implications of the studies of reactions in non-
aqueous and mixed solvents have been summarized by Meck’, Franks®’,
Popovych!®, Bates'"'?, Parker'™%, Criss and Solomon'®, Marcus'® and others 7%,
The ion-ion and ion-soivent interactions have been the subject of wide interest as

apparent from the discussions of Faraday Transactions of the Chemical Society?*.

The proper understanding of the ion-solvent interactions would from the
basis of explaining quantitatively the influence of the solvent and the extent of
interactions of ions in solvents and thus have the way for the real understanding of
the different phenomena associated with solution chemistry. Estimates of ion-
solvent interactions can be obtained thennodynaﬁtically and also from the

measurements of viscosity B-coefficients, limiting ionic conductivities etc.

However, single-ion values cannot be obtained thermodynamically,
Therefore, various theoretical and semi-empirical extra-thermodynamic

assumptions have been made to estimate these values,



It is thus apparent that the real understanding of the ion-solvent
interactions is a difficult task. The aspect cmbraces a wide range of topics but we
concentrated only on the measurements of two important transport properties ¢.g.,

viscosity and conductivity of electrolyte solutions.

Attempts have becn made to determine the single-ion vaiues by the use of

availabie methods and to elucidate the various aspects of ion-solvent interactions.

Thesc are described in the subsequent chapters.



Summary of the works done

2-Ethoxyethanol (EE) and its binary aqueous mixtures have been chosen

as the solvent system in the present study.

The present dissertation addresses the problem of solute-solvent and
solute-solute interactions for some selected electrolytes in 2-ethoxyethanol and its
mixtures with water using two well-established experimental techniques and has

been divided into six chapters,

Chapter 1 forms the bzickground of the present work. After presenting a
brief review of the notable works in the ﬁeld of ion-selvent interactions,
conductivity and viscosity of electrolyte solutions have been discussed in details.
The importance and utility of these methods for the determination of ion-solvent
interactions are stressed. Critical evaluations of the different methods of obtaining
the single-ion values and their implications have been made. The solvent

properties are then discussed, stressing the importance of such work.

In Chapter 11 the different experimental techniques for obtaining the results

presented in the dissertation have been described.

Chapter Il entails a study on the electrical conductances of some
symmetrical tetraalkylammonium and alkali- metal salts ttetraethylammonium
bromide (Et4NBr), t;trapropylammonium bromide (PrsNBr), tetrabutylammonium
bromide (BugNBrI), tetrapentylammonium bromide (PenyNBr),
tetraheptylammonium bromide (HepsNBr), sodium bromide (NaBr) and scdium
tetraphenylborate (NaBPhy) in 2-ethoxyethanol at 308.15, 313.15, 318.15 arid
323.15 K. The conductance data have been analyzed by the 1978 Fuoss
conductance-concentration equation in terms of the limiting molar conductance
(A®), the association constant (Ka) and the association diameter (R). The ionic
contributions to the limiting molar conductance have been estimated using

tetrabutylammonium tetraphenylborate (BmNBPm) as the “reference electrolyte”.



The analysis of the results provided important information on the ion-association

and solvation behaviour of these electrolytes in 2-ethoxyethanol.

In Chapter 1V the viscosity of solutions of some tetraalkylammonium
bromide salts (EtsNBr, PryNBr, BuyNBr, Pen;NBr and HepsNBr) have been |
measured in 2-cthoxyethano! at 308.15, 313,15, 318.15 and 323.15 K. The
viscosity data have been analyzed by the Jones-Dole equation for the associated
electrolytes to evaluate the viscosity B-coefficients of the electrolytes. The
resulting B-coefficients along with their ionic contributions and their temperature
dependences provide useful information regarding ifon-ion and ion-solvent

interactions in 2-ethoxyethanol,

Chapter V describes the studies on the conductances of solutions Et;NBr,
PraNBr, BusNBr, PensNBr, NaBr and NaBPh, in EE-water mixtures containing
0.25, 0.50 and 0.75 mass fractions (w; = 0.25, 0.50 and 0.75) of 2-ethoxyethanol
' ét_ 308.15, 313.15, 318.15 and 323.15 K. The conductance data have been

analyzed by the 1978 Fuoss conductance-concentration equation in terms of the

limiting motar conductance { A’), the association constant (Ka) and the association
diameter (R). The ionic contributions to the limiting molar conductance have been
estimated using tetrabutylammonium tetraphenylborate (BusNBPhs) as the
“reference electrolyte”. The ionic Walden products have been determined and

their variations with solvent composition discussed.

in Chapter VI, the viscosities of solutions EtsNBr, PrsNBr, BusNBr, NaBr
and NaBPhy in 2-ethoxyethanol-water mixtures containing 0.25, 0.50 and 0.75
mass fractions (w; = 0,25, 0.50 and 0.75) of 2-ethoxyethanol at 308.15, 313.15,
318.15 and 323.15 K have been reported. The experimental results have beenl

1%. The thermodynamic parameters

analyses by the Jones-Dole? and Feakins e. a
of these electeolytes have been det_eﬁnincd using the transition-state treatment of
the relative viscosity®. The ionic B-coefficients and other single-ion parameters
have been determined by appropriate division of those for the “reference
electrolyte” BuyNBPh;. The results were discussed in terms of structural changes

of the solvent mixtures.
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The dissertation ends with some concluding remarks in Chapter VII.

The solvent 2-ethoxyethanol (EE) and its importance

2-Ethoxyethano! belongs to a class of compounds commercially known as
cellosolves. It is, in fact, tiae monoethyl ether of ethylene glycol. Hence, it is very
likely to show physico-chemical characteristics midway between protic and
'dipoia'r aprotic solvents, Therefore, it is of much interest to study the behaviour of

electrolytes in such solvent medium.

Simple consideration of molecular structures indicates that, due to the
presence of electron repelling CH3CHz- group, 2-ethquethanol is more basic than
ethylene glycol and water, Also, the restricted availability of the acidic H atom of

| OH groﬁp makes 2-ethoxyethanol molecules less acidic than ethylene glycol and
water, thus imparting a “quasi-aprotic” character to it. That is, it behaves as an
amphiprotic dipoiar solvent with low relative permittivity (£ =13.38 at 298.15 K)*".

Moreover, it is compiletely miscible in water.

Studies on fundamental physico-chemical properties like density and
dielectric constant alongwith isentropic compressibilities and heat capacities have

(28293931 Density measurements on the 2-

been reported for 2-ethoxyethano
ethoxyethanol-water mixtures have been performed at 298.15 K by McKinley and
Nibarger®2. Later the Douheret®” *' group reponedl densities, dielectric constants
and isentropic compressibilities for this mixed solvent media at 298.15 K. Excess
apparent molal heat capacities and volumes of 2—etho;{yethanol iﬁ the water-rich
region at different temperatures have been reported by Roux er. al® and it has
been shown that 2-ethoxyethanol behaves as a fairly typical polar nonelectrolyte

in water.

In spite of the extensive use of cellosolves as solvents and solub.ilizing

agents in many industries with interests ranging from pharmaceutical to plastic

33,34

products™ ™, the studies on the transport properties of electrolytes in these media



and their mixt_ures with water have not stimulated much interest so far. However,
the knowledge of transport properties of different electrolytes in these solvents is
capable of indicating the potential usefulness of cellosolves in various
technologies, e.g., high-cnergy noﬁaqueous batteries, ion exchangers etc. The
situation is somewhat better with the first homologue of this class, namely, 2-
methoxyethanol. Extensive studies on the fransport properties of various
eicctrolytcs have already been reported in pure Z-methoxyethanol as well as in its
binary mixtures with water> . Unfortunately, such investigations in 2-

ethoxyethanol and its aquéous mixtures are practically absent.

We have, therefore, devoted our attention to the study of the transport
properties of some electrolytes in 2-ethoxyethanol and its aqueous binary

mixtures.
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Introdu ctio'n

The majority of reactions that are of chemical or biological interest occur
in solution. It was previously believed that solvent merely provides an inert
medium for chemical reactions. The significance of solute-solvent interactions
was realized only recently as a result of extensive studies in aqueous, non-agucous

: -13
and mixed solvents' ™.

Water is the most abundant solvent in nature. In view of its extreme
importance in chemistry, biology, agriculture, geology etc. water has been
extensively used in kinetic and equilibrium studies. In spite of such extensive
studies, our knowledge of molccular interactions in water is extremely limited.
Moreover the uniqueness of water as solvent has been 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".

Extensive studies on the physical properties of different solvent systems
have been made but a lamentable gap still exists. Several classifications of organic
solvents based on their dielectric constant, organic group type, acid-base
propertics or  association  through  hydrogen-bonding'®,  donor-acceptor

® hard and soft acid-base principlss” etc. have been made; the

pl'_opf:‘:rtif:s1
properties of different solvent systems show a wide divergence of properties
which would naturally be reflecied on the thermogiyna;hic and tfansport properties
of electrolytes and nonelectrolytes in these solvents. The determination of
thermodynamic and transport properties of different electrolytes in various
solvents would thus provide an important step in this direction. Naturally, in the
development of theories dealing with electrolyte solutions, much attention has
been dévoted to ion-solvent interactions which are the “controlling forces™ in
infinitely dilute solutions whefe ion-ion interactions are absent. Ion-solvent (or

‘broadly speaking solutc-solvent) interactions manifest themselves in all

thermodynamic and transport properties of electrolytes generally obtained by



extrapolation to infinite difution. By separating these functions into icnic
contributions, it is possible to determine the contributions due to cations and
anions in the solute-solvent interactions. Thus ion-solvent (or solute-solvent)
interactions play very important rolc in understanding the physicochemical

properties of solutions.

One of the reasons for the intricacies in solution chemistry isl that the
structure of the solvent molceule is not known with certainty. The introduction of
an ion or solute modifics the solvent structure to an uncertain magnitude whercas
the solute molecules are also modified and the interplay of forces like solute-
solute, solute-solvent and solvent-solvent interactions becomes predominant
though the isolated picture of any of them is still not known completely to the

solution chemists,

The problem of ion-solvent interactions which is closely akin to jonic
solvation can be studied from different angles using almost all the available

physico-chemical techniques.

lon-solvent interactions can be studied spectroscopically where special
solvent shifts or the chemical shifis determine their qualitative and quantitative
nature, But cven qualitative or quantitative apportioning of the ion-solvent

interactions into the various possible factors is still an uphil} task.

The ion-solvent interactions can also be studicd from the thermodynamic
peint of view where the changes in free energy, enthalpy and entropy associated
with a. particular reaction can be qualitatively and quantitatively evaluated (using
various physico-chemical techniqueé) from which conclusions regarding the

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

Similarly, the ion-solvent intcractions can be studied using solvational
approaches involving the studies of different propertics e.g., viscosity,
conductance etc. of electrolytes and hence to derive the various factors associated

with ionic solvation.
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We shall particularly dwell upon the different aspects of transport and
thermodynamic properties as the present dissertation is intimately related to the
studies of viscosities, conductance of different tetraalkylammonium bromide salts

in 2-ethoxyethanol and its binary mixtures with water.

Viscosity

Viscosity is one of the most important transport properties us¢d for the
determination of jon-solvent interactions and it has been studicd extensively'®>!.
Viscosity is not a thermodynamic quantity, but viscosity of an electrolytic solution
together with the thermodynamic property, Vg, the partial molar volume gives
much information and insight regarding ion-solvent interactions and the structures
of the electrolytic solutions. The viscosity relationships of electrqutic solutions
are highly complicated. There are strong electrical forces between the ions and
solvent, and the separation of these forces is not really possible. But from careful
analysis, valid conclusion can be drawn as to the structure and the nature of

solvation.

Viscosity is a measure of the friction between adjacent, relatively moving,
parallel planes of the liquid. Anything that increases or decreases the interaction
between the planes will raise or lower the friction and therefore increase or

decreasc the viscosity.

The first systematic measurements of viscosities of a number of electrolyte
solutions over a wide concentration range were attempted by Gruneisen™ in 1905.
He noted nonlinearity and negative curvature in the viscosity-concentration curves
(irrespective of low or high concentration). In 1929, Jones and Dole® suggested
an empirical equation (1), quantitatively cori'elatixlg the relative viscosities (v},) of

the electrolytes with molar concentration (c):
=1+ Ac” + Be | )

The equation reduces to
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(o -1)/ " =4 + Be* | @

where 4 and B are constants specific to ion-ion and ion-solvent interactions
respectively. The eguation is applic.able equally to aqueous and non-aquebus_
solvent systems where there is no ion association and has been used extensively.
“The term Ac” originally aseribed to Gruneisen effect arose, from the long range
Coulombic forces between the ions. The significance of the term had since then
been realized due to the development of Debye Huckel theory™® of interionic

attractions (1923), Falkenhagen’hszs‘ﬂ

theoretical calculation of the constamt 4,
using the equilibrium theory and the theﬁry of irreversible process in electrolytes
developed by Onsager and Fuoss™. The A-coefficient depends on the ion-ion
interactions and can be calculated from the physical properties of the solvent and

solution using the Falkcnhagcn—chon”_equation.

. 0 oY

Ay, = DTN 1-—0.6863[ - G’I*J 3)
o (br)}é A AL A

For most solutions, both aqueous and non-aqueous, the equation is valid. upto .

0.1M"™%®. At higher concentrations, the extended Jones- Dole equation (4)

involving an additional constant D, originally used by Kaminsky *, has been used

by several workers *'72,

g, =1+ de/t + Be+ De? @

The constant D cannot be evaluated properly and the significance of the constant
is also not always meaningful and, therefore, equation (1) is used by most of the

workers,

The plots of {7, -1)/ o against ¢’ for the electrolytes should give the value of
A but in general the values come out to be negative or considerable scatter or

deviation from linearity occur”**. Thus, instead of determining the A-values
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from the plots or by least squares method, the A values are generally caleulated

using the Falkenhagen-Vernon equation (3).

1n some solvents with very low relative permittivitics (& <20) cven at the
low concentrations at which B is determined, partial association takes place. Only
the fraction « is then in the form of “frec” ions; the rest, 1-@ being ion-paired.

This can be taken into account, by modifying equation (2) to
in, —1- Alac)?1fac = B, + B (1—a)/a (4a)

where B; pertains to the free ions and B, to the ion pairs. A plot of the left hand

side of the above equation against {1-« )/« yields B; as the intercept.

The B-coefficient may be either positive or negative and it is actually the
ion-solvent interaction parameter. It is conditioned by the ion-size and the solvent
and cannot be calculated a priori. The B-coetticients are obtained as slopes of the
straight lines using the least squares method and the intercepts being equal to the
A-values. The factors which influence B-values are°,

(1) The effect of ionic solvation and the action of the field of the ion in

" producing long range order in solvent increase # or B-values. _

{2) The destruction of the three dimensional structure of solvent molecules (i.c.,
structure breaking effect or depolymerisation effect) decreases n-values.

(3) High molal volume and low relative permittivity, which yiekd high B-values
for similar solvents. -

(4) Reduced B-values are obtained when the primary solvation of ions is sterically
hindered in high molal volume solvents or if either ion of a binary electrolyte

cannot be specifically solvated.
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Viscosities at higher concentrations
1t had been found that the viscosity values at high concentrations (1M to

saturation) can be represented by the empirical formula suggested by Andrade®.
1 = Aexp(b/T) %)

" Several alternative formulations have been proposed for representing the result of

viscosity measurements in the high concentration rangt‘;:3843

and the equation
suggested by Angell™* based on an extension of the free volume theory of
transport phenomena in liguids and fused salts to ionic solutions is particularly

noteworthy. The equation is

’

I = Aexpl- K'/(N, - N)] . (6)

where N represents the concentration of the salt in eqv.litre'], A and K' are
constants supposed to be independent of the salt composition and Ny is the
hypothetical concentration at which the system becomes glass. The equation was
recast by Majumdar et. al.***, introducing the limiting condition that as

N — 0,1 — 1, the viscosity of the pure solvent. Thus we have

KN

RS ¥

ln(??/,?()) = ]n }?r\e." =
Equation (7) predicts a straight line passing thrdugh the origin for the plot of
Inn,, vs. N/(No-N), if a suitable choice for Ny is made. This equation has been

tested by Majumdar et al using the data from the litcrature and from their own
experimental results. The best choice for &y and K’ was selecied by a trial and

error method. The set of K’ and Np which produces minimum deviation between

N, {€xpt) and 1, {theo) was accepted. In dilute sofutions, N<< N and we have

B = oxp {KN/N2 )= 14+ KN/N? (8)
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which is nothing but the Jones-Dole equation with the ion-ion interaction term
rcprésentcd as B= K'/N}. The agreement between B-values determined in this

way and those obtained using the Jones-Dole equation has been found to be good

for several electrolytes.
Further, equation (7} written in the form

N NN, o
ng, K K’

closely resembles the Vand’s equation (41) for tluidity (reciprocal of viscosity)

25¢ 1
o 10y
T (10)

where ¢ is the molar concentration of the solute and ¥V is the effective rigid

molar volume of the salt and @ is the interaction constant.

Division of B-cocfficient into ionic values

The viscosity B coefficients have been determined by a large number of

. . 34, 45-97
workers in agucous, mixed and non-aqueous solvents™ ** #

. However, the B-
coefficients as determined experimentally using Jones-Dole equation, do not give
any impression regarding ion-solvent interactions unless there is some way to
identify the separate contributions of cations and anions in the total solute-solvent
interactions. The division of B-values into ionic components is quite arbitrarily
based on some approximation or assumptions, the validity of which may be

questioned.

The following methods have been used for the division of B-values into
ionic components;
(1) Cox and Wolfenden® carried out the division on the assumption that Bjo

values of Li* and 105 in LilO; are proportional to the jonic volumes which are

212067
B2 FEB (509




again proportional to the third power of the ionic mobilities. The method of
Gurney” and also of Kaminsky™ is based on

B _.=B

Py - {in water) (11 -

"

The argument in favour of this assignment is based on the fact that the B-
coefficient for KCl is very small and that the mobilities of K™ and CI' are very
similar over the temperature range 15-45°C.The assignment is supported from
other thermodynamic properties”. Nightingalcm, however, preferred RbCl or

CsCl rather than KCI from mobility considerations.

(2) The method suggested by Desnoyers and Perron®' is based on the assumption
that the fon EtsN" in water is probably closest to being neither structure
breaker nor a structure maker. Thus they suggest that it is possible to apply,

with a high degree of accuracy, Einstein’s equation'®,

B=0.0025V° (12)
“and by having an accurate value of the partial molal volume of the ion V7 it is

possible to calculate a value of 0.359 for B(EtsN") in water at 298.15 K.

75

On the other hand, Sacco et. al.”, proposed the widely used “reference

clectrolyte” method. Thus for tetraphenylphosphonium tetraphenylborate in water,

we have
B(Pr,B" )= B(Ph,P* )= B(PhPEPH, )2 | (13)

B(Ph PBPh,)} (since Ph PBPh is scarcely soluble in water) has been
- obtained

B(NaBPh,) + B(Ph,PBr)— B(NaBr)= B(Ph,PBPh,) (14)

The ionic B-values obtaincd by these methods are in good agreement with those

obtained by other methods.
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The criteria adopted for the separation of B-coefficients in non-aqueous
solvents differ from those generally used in water. However, the methods are
based on the equality of equivalent conductances of counter ions at infinite

dilution. Thus

(a) Criss and Mastroianni™® assumed B(K*) = B(CI) in methanol (based on
equal mobilities of ions'®?). They also adopted B(Me.N') = 0.25 at 298.15 K
as the initial value for acetonitrile solutions.

(b) For acetonitrile solutions. Tuan and Fuoss'™ proposed the equality
B (BuN") =B(Ph.B) - ' (15)
since they thought that these ions have similar mobilities. However, according to

Springer et.al'%, 2{Bu,N*)=614 and A°(Ph,B }=583 at 29815 K in

acetonitrile.

(¢) Gopal and Rastogi”® resolved the B-coefficients in N-methylpropionamide

solutions assuming that
B(Er,N*)=B(r") - | (16)
at all tem peratures. In dimethylsulphoxide, the .divisions of B~coefficients were

carried out by Yao and Bennion™ assuming
Bi(i - Pe), BuN*]= B{Ph,B 1= 0.5 B[(i— Pe), BuNPR,B]  (17)

at all temperatufes. Wide use of this method has been made by other authors for
dimethylsulphoxide™, sulpholane®™, hexamethylphosphotriamide®® and ethylene

05

carbonate'” solutions.

The methods, however, have been strongly criticized by Krumgalz'™.

According to him, any method of resolution based on the equality of limiting

' equivalent conductance for certain ion suffers from the drawback that it is
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impossible to select any two ions for which 22 =1° inall solvents at proper

temperatures. Thus, though A’ (K *): A(CIM)at 298.15 K in methanol, but not in
ethanol and iIn other solvents. In addition, if the mobilities of some ions are even
equal at infinite dilution, it is not necessarily true at moderate concentrations for
which B-coefficient \;ailjcs are calculated. Further, according to him, equality of
dimensions of (i-Pe); BuN"or (i-Am)s BuN" and Ph,B" does not nccessarily‘imply
equality of B-coefficienis of these ions and they are likely to be solvent and ion-

- structure dependent.

106,107

Krumgalz later on proposed a method for the resolution of B-

"

coefficients. The method is based on the fact that the large tetraalkylammonium

108,109
4’

ions are not solvate in organic solvents (in the normal sense involving

significant electrostatic interaction). Thus, the ionic B-values for large R4N* ions
(R >Buy) in organic solvents are proportional to their ionic dimensions. Thus we

have
B(RNX)=a+ bR NI (18)
where a = B{X ) and b is a constant dependent on temperature and. solvent nature.

The extrapolation of the plot of B(RNX) (R>Pr or Bu) against [rRN')J?
to zero cation dimension given directly B(X") in the proper solvent from which
other ionic B-values can be calculated.

The ionic B-values can also be calculated from the cquatioﬁs

B(RdN")T_B(R;N"} = B(R,NX)~ B(RNX) a9)
and _ : )
BRN) B'(RLN*) = [A{r ) l[r(R;N*]T (20)

Thie radii of the tetraalkylammonium ions have been calculated from the accurate

conductometric data’'®.
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Gill and Sharma’® used BU4NBPE4 a§ a reference electrolyte. The method
of resolution of B is based on the assumption, like Krumgalz, that BuyN" and
PhsB’ ions with large R-groups are not solvated in non-aqueous solvents and their
dimensions in such solvents are constant. The ionic radii of BusN"(5.00A) and of
Ph413’(5.35A)' have been, in fact, found to remain constant in different non-
aqueous and mixed non-aqueous solvents by Gill and co-workers. They proposed

the equation

B(Ph, ") B(Bu,N* )= [r{p, 8 I (Bu, N = (5357500 21y
“and
B (BuNBPhy) = B(BuiN') + B(PhB) @2)

The method requires only the B-values of B(Bu,NBPhy and is equally
applicable to mixed non-aqueous solvents. The ionic B-values obtained by this
method agree well with those reported by Sacco er.al.” in different organic

solvents using the assumption

Bli~ dm,BuN* Y= B(Ph B~ ) =05 B(i- Am,BuNBPh,)  (23)

71,724 ;78

Lawrence and Sacco and Sacco ata employed Bu,;NBBu;
(tetrabutylammonium tetrabutylborate) and PhyPBPhy (tctrhphenj*lphOSphonium
trtraphenylborate) as reference electrolytes because th.e cation and anion in each
case are symmeirically shaped and have almost equal van der Waals® volumes.
Thus, We have,

B{BuN") v, (BuN?)

BlBu, B} V,[BuB) 9

or, .
B(Bu,N*)= B(Bu4NBBu4y[I + v, (Bu )} (25)

v, (Bu,N*)

A similar division can be made for the PhyPBPhy system.
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Lawrence ef.ar.” reported the viscosity measurements of tetraalkyl-
ammonium bromides in DMSO and HMPT. The B-coefficients 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)
values obtained using BuyNBBu, and PhsPBPh; as reference salts.- They
concluded that the ‘reference salt’ method is the best available method for the
separation of viscosity B-coefficients into ionic contributions. Their analysis is in

agreement with the conclusions made by Thomson et.al B8,

Jenkins and Pritcheit'"

suggested a least square analytical technigue to
examine additivity relationship for combined jon thermodynamics data, to effect
app.ortioning into single-ion components for alkali halides by employing Fajans’

"2 and ‘volcano plots’ of Morris'®. The principle was

competition principle
extended to derive absolute single ion B-values for alkali metals and halides in
wiler. They also obéewed that B(Cs")=B(T) suggested by Krum galz'® to be more
reliable than B(X")= B(CI) 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 and anomalous results may arise unless proper mathematical

theory is developed to calculate the B-values.

Temperature dependence of By, values

A regularity in the behaviour of B, and dB./dT has been observed both in
aqueous and non-aqueous solvents'® and useful generatization have been made by

Kaminsky®, He observed that

(a) Within a group of the periodic table, the Bj,,-values decrease as the crystal

jonic radii increase.
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(b) Within a group of periodic system, the temperature coefficient of By, values
increases as the jonic radius increases. The results can be summarized as

follows:
(i) A and dA/dT>0 | . _ (26)
(ii) Bion< 0 and aBiyy, / dT >0 - (27
are characteristic of structure breaking ion, and
(iii} Bign >0 and dBion / dT< 0 - - (28)
arc_charactcristic of structure making ions.

When an ion is surrounded by a solvation sheath, the properties of the
solvent molecules within this sheath may be different from those present in the
bulk structufe. This is well reﬂcbtcd in the *Cosphere’ model of Gumey] “A,B,C
zone of Frank and Wen'"® and hydrated radius of Nightingale'®.

Stokes and Mills'® gave an analysis of viscosity incorporating the basic

-ideas presented before. The viscosity of a difute electrolyte solution has been
equated to the viscosity of the solvent (#770) plus the viscosity changes resulting
from competition between various effect occurring in the ionic neighborhood. Thu

L

* *
n=to+n +n°+u" +7° =n, +nfde + Bo) (29)
(Jones-Dole equation)

n,* is the positive increment in viscosity caused by Coulombic interaction. Thus,

nE+ nt+ 5" =n,Bc (30)

B-coefficient can thus be interpretedin terms of competitive viscosity effects.

1086

Following Stokes and Mills'® and Krumgalz' ™, we can write By, as

Bm" = ij:'iml' +B-On'en.!’ +Bfm +BR::mf (31)

MM jan on on
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whercas according to Lawrence and Sacco’,
- Bion = By + Beon + Bshape. + Bord + Bpisord ; (32)

BE™ s defined as the positive increment arising from the obstruction to

the viscous flow of the solvent caused by the shape and size of the ions (the tetm
comesponds to 7° or Byhape)s Boriem 15 the positive increment arising from the

alignment or structure-making action of the electric field of the ion on the dipoles
of the solvent molecules (the term corresponds to 47 or Bu). B.Y is the negative

increment related to the destruction of the solvent structure in the region of ionic
cosphere arising from the opposing tendencies of the ion to orientate the solvent
molecules around itself centrosymmetrically and solvent to keep its own structure

) reinf

(this corresponds to r;D or Boisard). B

e 1is the positive increment conditioned by
the effect of reinforcement of the water structure by large tetraalkylammonium
ions due to hydrophobic hydration. The phenomenon is inherent in the intrinsic
water structure and absent in organic solvents. B, and B account for viscosity
increascs atiributed to the van der Waals volume and the volume of the solvated

ions.

Thus, small and highly charged cations like Li* and Mg*? from a firmly

Einst
ion

attached primary solvation sheath around these ions (BE™ or 5* positive).

At ordinary temperatures, alignment of the solvent molecules around the

o oa (17) 1s smalt for the ions. Thus

inner layer also causes increase in B®™ ("), B

will be larger and positive as B + B > B . However, B o and B

o0 ian ion

. Bion

would be small for ions of largest crystal radii (within a group) like Cs* or T due

to small surface charge densities resulting in weak orienting and structure forming

effect. B:" would be large due to structural disorder in the immediate

< iDn

neighborhood of the ion due to competition between the ionic field and the bulk

ion on ifon ion

B < structure. Thus B5™ + B2 = B and B o, is negative.
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Tons of intermediate size (e.g., K™ and CI') have a close balances of viscous

Emst . poient — B g4 that B is close to zero.

fon ion o

forces in their vicinity,i.e., B

Large molecular ions like tetraalkylammonium ions have large B

because of large size but B and B would be small i.e., BI™™ + Bore*

>> B and B-would be positive and large. The values would be further reinforced

in water arising from B due to hydrophobic hydrations.

The increase in temperature will have no effect on B bput the

orientation of sclvent molecules in the secondary layer will be decreased due to

increasing thermal motion leading to decrease in BY® will decrease slowly with

ion

‘the increase in temperature as there will 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 B"™ and

B

It is clear that in case of structure-making ions, the ions are‘ﬁrm}y
surrounded by a solvation sheath and the secondary solvation zone will be
considerably ordered leading to an increase in B, and concomitant decrg:ase in
entropy of solvation and the mobility of ions. Structure-breaking ions, on the other
hand, are not solvated to a great extent and the secondary solvation zone will be
disordered leading to a decrease in By values and increase in entropy of solvation
and the mobility of ions. Moreover, the temperature-induced change in viscosity
of ions {or entropy of selvation or mobility of ions} would be more pronounced in
case of smaller ion than in case of larger ions. So there is a clear correlation
between the viscosity, entropy of solvation and the mobility of ions, Thus the
ionic B-coefficients and entropy of solvation of ions have rightly been used as
probes of ion-solvent interactions and as a direct indication of structure-making

and structure-breaking characters of ions.
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The linear plot of ionic B-coefficients against the ratios of mobility-
viscosity products at two temperatures (a more sensitive variable than ionic

99,114

mobility) by Gurney ciearly demonstrates a close relation between ionic B-

coefficients and ionic mobilities.

Gumey also demonstrated a clear correlation between the molar eniropy of

solution vatues with B-coefficients of salts. The ionic B-values show a linear

relationship with the partial molar ionic entropies of hydration S;

5T =50 50 - (33)

where S, =8, +48°, S) is the calculated sum of the rotational and

translational entropies of the gaseous ions. Gumey obtained a single linear plot
between fonic entropies and jonic B-coefficients for all monatomic ions by

equating the entropy of the hydrogen ion (SEH) to -5.5 cal mole™ deg™. Asmus''®

used the entropy of hydration to corrclate ionic B-values and Nightingale'®

showed ‘that a single lincar rclationship can be obtained with it for both -

monatomic and polyatomic ions.

The correlation was utilized by Abraham er. al."” to assign single-ion B-
coefficients so that a piot of AS""'®'", the electrostatic entropy of solvation

o 118119
S

> i , the entropic contributions of the first and second solvation layers of

OraA
ions against B-points (laken from the works of Nightingale) for both cations and
anions lic on the same curve of the line. There are excellent linear cotrelations

between AS? and AS], and the single-ion B-coefficients. Both entropy criteria

(AS? and AS?, ) and Bj,, values indicate that in water the ions Li", Na*, Ag" and F

.are net structure-makers, the ions Rb*, Cs*, Cl, Br, I and CIO, are structure
breakers and K* is a border line case [in non- aqueo.us solvents e.g., formamide,
methanol,  N-methylformamide, dimethylformamide, dimcthylsulfoxide,

acetonitrile, all the above ions are structure-makers with the exception of weakly
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structure-breaking ion ClOj in formamide and the border line cases of ClO; in

methanol and I in formamide].
Themeodynamics of viscous flow

Assuming viscous flow as a rafe process, the viscosity can be represented
by using the Eyring approaoh120
- . | aH” 48"
5= A4 exp(E, /RT)=(hN/V) exp (AG /RTI_) = {hN/V') exp. [_Rf“—_—_"] (34)

s

R

where E,;; is the experimental energy of activation which is determined from the

plot of log s élgainst UT. 4G" , 4H “and A4S~ are the free energy, enthalpy and

entropy of activation respectively.

The problem was dealt in a different way by Nightingale and Benck'?'
who siudied the thermodynamics of viscous flow of salts and ions in aqueous

solution, E,; value can be determined using the Jones-Dole equation neglecting
the term Ac.% . Thus,

dinyg _din g, R d(l+Bc)

dyr)”~ " adyr) 1w Be d(yT) (3

#0 - Z0 _ *
AE,F oty 4E, — AE, _ (36)
AJE‘ft can be interpreted as the increase or decrease in the activation energies for

viscous flow for the pure solvents due to the presence of ions i.e., effective

influence of the viscous flow of the solvent molecules.

Feakins et.al.'? have suggested an alternative formulation based on the
transition state treaiment of the relative viscosity of the electrolytic solutions.

They suggested the following expression.
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_??—172 7 Apfihd‘uf”t

+ {37)
1000 1000 RT

where ?? and ?é’ are the partial molar volumes of the solvent and solute

respectively; A,u,‘# is the free energy of activation for viscous flow per mole of

the solvent which is given by'?°

AP * = 4GP = RT In (n,V,/hN) (38)

and 4u?” is the contribution per mole of solute to the free energy of activation

for viscous flow of solution.

The entropy (48) and enthalpy (4H) of activation of viscous flow for the

solvents and solutions (subscripts 1 and 2 respectively) can be calculated using the

following equations

459% =~d 48 * ) far and 4527 =-a( 40 * ) far 39

AHT" = 4u? ™ +TASY ¥ and 4HY? ™ = 4pl 7 +TASP " (40)

The separation of the thermodynamic parameters are based on the equality of
effects for K and CI or BPh’ and (i-Pe)s BuN" ions. In agueous solution, both
TAS? 7 and 4H?* are positive for Li* ie., the formation of the transition state

is associated with bond-breaking and a decrease in order whereas for Cs”, L&Hf *

and TAS? * are negative ie., the transition state is associated with bond-making

and an increase in order,
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Effects of shape and size

This aspect has been dealt extensively by Stokes and Mills'®, The ions in
solution can be regarded as rigid spheres suspended ‘in a continuum. The

hydrodynamic treatment presented by Einstein'®' leads to the equation
/g, =1+25¢ ‘ ' _ (41

in case of small volume fraction of spherical particles where ¢ is the volume

fraction occupied by the particles,

123

Modifications of the equation have been proposed by (i) Sinha'> on the

basis of departures from spherical shape and (ii) Vand*' on the basis of the
dependence of the flow pattemns around the neighbouring particles at higher
concentrations. Hoﬁever, considering in different as.pects of the problem,
spherical shapes have been assumed for electrolytes having hydrated ions of large
effective size (particularly polyvalent monatomic cations. Thus, we have from (1)
and (41)

2.5¢ =Ac+ Be ' (42

since the term 4+/c can be neglected in comparison with Bc and ¢ = c¥, where

V', is the partial molar volume of the solute, we get
25V, =B (43)

in the ideal case, the B- coefficient is a linear function of the solute partial molar

volume (?;) with slope equal to 2.5.

B, can be equated to

B, =237+ = 2.5x ( 4/3 (RN /1000) (44)
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assuming that the ions behave like rigid. spheres with an effective radii K.
moving in a continuum. X, calculated using equation (44) should be close to
crystallographic radii or corrected Stokes radii ifthe iong are scarcely solvated and
behave as spherical entitics. But R, values of the ious, which are higher than the

crystallographic radii indicate solvation.

The number (#) of solvent molecules bound to the ion in the primary
solvation shell can be calculated by comparing the Jones-Dole equation with that
of Einstein'® '

2

s
=25V +n
B, }000( +naV,) (45)

where V| is the bare ion molar volume, 'VS the molar volume of the solvent.

The above equation has been used by a number of workers to study the
nature of solvation. A literature survey reveals that although viscosity
measurements in pure nenagueous solvents as well as in their agueous mixturcs
have becn frequently reported, such studies in mixed nonagqueous solvents are
relatively scarce. But the viscosity measurements in mixed solvents may well
throw much [ight on the nature of solvation and ion-solvent interactions. In fact, in
case of binary mixtures when one of the compenents has H-bonded network, such
study can provide useful information on the effects induced by the cosolvent on its

structure.

Conductance

Electrolytic conductivity is a very usefu! classical experimental technique
1o determine transport as well as equilibrium propertics of dilute electrolyte
solution''%. Because of its relative simplicity and versatility, the measurement
of the conductivity of electrolyte solutions, which can be carricd out to a very high
prccisi_o.n, remains an important goal to obtain information about electrolytes in
different solvents. ' Conductivity of aqueous systems has recently provided

valuable information about the influence of the sclvent’s number-density in the
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low fluid-density regime and its effect on the ion pairing equilibrium'?"%.

Accurate theories of electrolytic conductance are available to explain the result
even upto a concentration limit of Kd (K= Debye-Huckle length, d = distance of
closest approach of free ions). Conductance measurements together with
transference number determinations provide an unequivocal method of obtaining
single-ion values. The chief limitation, however, is the colligative like nature of

the information obtained.

Since the conductometric method primarily depénds on the mobility of
ions, it can be suitably utilized 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 measuremeunts gives us

much information regarding the ion-ion and ton- solvent interactions.

However, the choice and application of theoretical 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 reviews' !*1212613¢-143

The studies on electrical conductances were persued extensively both
theoretically and experimentally during the last fifty years and a number of
important theoretical equations have been derived. We shall dwell bricfly on some
of these aspects and our discussion will be limited to the studies in non-aqueous

and mixed solvents,

The studies on the conductance of ionophores {(completely dissociated in

solutions) and ionogens (consisting of neutral molecules that yield ions by

140,141

- reacting with suitable solvents ) as a function of concentration give the

equivalent conductances at infinite ditution, the dissociation of ionogens, the
association constants of ionophores and information about the structure of

solutions in the vicinity of the ion'*.
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The successful application of the Debye-Huckle theory of interionic

attractions was made by Onsager'* in deriving the Kohlrausch’s equation.

A=4°-SJe (46)
whére
S=ad’+} @
2 3
o= (26) K = 82.406 X ]-04 ‘-—Z—éﬁ*/mﬂf‘—%l% (48)
3(2 + JE}EIRTC% ’?(‘9:?)
. 2 _ X
and k= 'Z','ﬂ = 82-487-—2—35 /S cm*mol 17 (49)
BJrrgcA r;r(s,T )

n =viscosity ii poise and Z = jonic valence.

The equation took no account for the short range interactions and shape or
size of the ions in solution. The ions were regarded as rigid charged spheres in an
electrostatic and hydrodynamic continuum i.e., the sofvent'®. In the subsequent
years Pitts (1953)'*® and Fuoss and Onsager (1957)'**** independently worked
out the solution of the problem of electrolytic conductance accounting for both

long-range and short-range interactions.

However, the A° values obtained for the equivalent conductances at

145 from those

infinite dilution using Fuoss-Onsager theory differed considerably
obtained using Pitts theory and the derivation of the Fuoss-Onsager equation was
questioned'**!*31* The observation was confirmed by Fuoss-Hsia'*(, The
original Fuoss-Onsager equation was modified by Fuoss and Hsia™ who
recalculated the relaxation field, retaining the terms ,h}ad previously been

negiected. The equation usually employed is of the form'#®
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A=A° ad’e pe

_ (] +.Ka){] " Ka/\/;)~ o +G (Ka) (50)

where G (Ka) is a complicated function of the variable. The simplified form
A=A°~Sye+Eeln c+Je— Tt | (51)

is generally employed in the analysis of experimental results.

However, it has been found that these equations have certain limitations
and in some case fail to fit the experimental data. Some of these results have been
discussed elaborately by Femandez-Prini'?>" 52 Furthér correction of equation
(51 was made by Fuoss and Accascina'>. They took into consideration the
change in the viscosity of the solutions and assumed the validity of Walden’s rule.

The new equation is

A=A —Sye+Ee n c+Je—J,c7 - BA% (52)

In most cases, however, J; is made zero, but this leads to a systematic '

deviation of the experimental data from the theoretical equations.

It has been observed that Pitts equation gives better fit to the experimental

data in aqueous solutions™,

Ion-association

The equation (52) given above successfully represents tiie behaviour of
completely dissociated electrolytes. The plot of 4 against Je (limiting Onsager
equation } is used to assign the dissociation or association of electroiytes. Thus, if
A° {experimental) is greater than A° (theoretical) i.e., if positive deviations ocour
{(ascribed to short range hard-core repulsive interactions between lons), the
electrolyte may be regarded as completely dissociated but if negative deviations

(AL <A,_) or positive deviations from the Onsager limiting tangent, the

expt
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electrolytes may be regarded to be associated. Here the electrostatic interactions

are large So as to cause association between cations and anions. The difference .in

A% and A°  would be considerable with increasing association’*.

expi

Conductance measurements help us to determine the values of the ion-pair

association constant K, for the process

M* + 475 M4 o - (53)
where K, =(t- a)/(az c yj) (54)

and a=i-a’cK y? ' (55)

For strongly associated electrolytes, K, and 4° have been determined

" using Fouss-Kraus equation'™ or Shedlovsky’s equation'*®

7{z) 1 L K, oid

A T e

where . T(Z =F(Z) - (Puoss-Kraus)
and. | T (Z) =S (2 (Shedlovsky)
F(Z)\=\1~Z(1—Z(1-Z(1— ............. YAy Hyh )

And : S(Z)=1+Z+22f2+z3f8+ ........................ : | (58)

The plot of T (2)/ A against cy2 A/T(Z) should be a straight line having an
intercept of /A° and a slope of K /(A% when K, is large, there will be
considerable uncertainty in the determined values of A° and K, from equation

{56). The Fuoss-Hsia conductance equation for associated ¢lectrolytes is given by

A= 4° ~Sac + Eloc) Infac)+ J,(ac)~ 7, (0c)? - K Ayi{ac) (59)
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This equation was modified bs’ Justice’””. The conductance of symmetrical

electrolytes in dilute solutions can be represented by the equations

A= afA° - SVac + Elac) nfae)+J,(R)ac) - J, (R)(ac)% ] (60}
(-a)la’erl)=K, | (3

In y, = ~Kg"2/{l + K ac) (62

The conductance parameters are obtained from a least square treatment after

setting
qu='ezf(2EkT) . (63)
(Bjerrum’s critical distance)

According to Justice, the method of fixing the J coefficient by setting R=q

clearly permits a better-defined value of K, to be abtained. Since the equation

(60) is a series expansion truncated at the c% tern, it would be preferable that the
resulting errors be absorbed as much as possible by J, rather than by X ,, whose

theoretical importance is greater as it contains the information concerning short-

range cation-anion interaction..

" From the experimental values of the association constant K 4> One can use

two methods in order to determine the distance of closest approach @ of two free

ions to from an jon-pair. The following equation has been proposed by Fuoss'.
K, ={4xNa’/3000) exp {¢*/a® & RT) (64)

In some cases, the magnitude of X, was too small to permit a calculation of @’

The distance parameter was finally determined from the more general equation

due to Bjerrum'*



36

K, =(axN/1000) [ ~ Zrz explzie/r € kT )dr (65)

The equation neglects specific short-range interactions except for solvation in
which the solvated ion can be approximated by a hard sphere model. The method

has been successfully utilized by Douheret'®°,

Ion-size parameter and ionic association

The equation (52) can be written as
A =A+8SYe—Felne=A° +(J-BA e = A° + Je (66)
{with J » term omitted)

Thus a plot of A" vs. ¢ gives a straight line with 4° as intercept and )’ or
(/ - BA") as slope. Assuming BA" to be negligible, a’ values can be calculated
from J'. The a” values obtained by this method in dimethylsuifoxide were much

smaller'>*

than would be expected from the sums of the crystallographic radii of
the ions. One of the reasons attributed to it is ion-solvent interactions which are
not included in the continuum theory on which the conductance equations are
based. The inclusion of dielectric saturation results in an increase in a° values
{much in conformity with the crystaliographic radii) of alkali metal saits (having

ions of high surface charge density) in sulpholane. The viscosity correction (which

2 1l

should be BAc rather than BA’c) leads to a larger value of a , still the

agreement is poor. However, little of real physical significance may be attached to

the distance of closest approach derived from J'¢%,

7 in 1975 proposed a new conductance equation. He'®

~ Fuoss'®
subseguently put forward another conductance equation in 1978 which reptaced
the old one. He classified the ion of electrolytic solutions in one of the three

categories:
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(1) those which find an ion of opposite charge in the first shell of nearest

- neighbours (contact pairs) with ry = a. The nearest neighbours to contact-pair
are the solvent molecules forming a cage around the pairs.

{2) those with overlapping Gurney co-spheres (solvent separated pairs). For
these ry = a + ns, where n is generally 1 but may be 2, 3 etc., ‘s’ is the
diameter of a sphere corresponding to the average volume (actual plus free)
per solvent molecule, and contact pairs form by a sequence of ion-solvent site
interchanges inside the R-spheres, until two ions of opposite charges become
nearest neighbours.

(3) those which find no other unpaired ion in a surrounding sphere of radius R,

where R is the diameter of the co-sphere (unpaired ions).

Thermal motion and interionic forces establish a steady state, represented by
the equilibria:
A B S (A BYSA B S AB 67)
(solvent-separated pair} contact pair neutral molecule
Contact pairs of ionogens may rearrange to neutral molecules 4'B 548 c.g.,
H;0" and CH;COQ". Let v be the fraction of solute present as unpaired (+>R)
ions. The concentration of unpaired ions is ¢v. If « be the fraction of paired
ions(r< R) , the concentration of solvent-separated pair is ¢{l ~ v} (I - a)and that

of contact pair is a o 1-ct).

The equilibrium constants for (67) are
Ky =(-afi-y)lev’s?) (68)
K. =a/(l-a)=exp(- E &T)=e (69)

where Ky describes the formation and separation of solvent-separated pairs by
diffusion in and out of spheres of diameter R around cations, and can be
calculated by continuum theory, X is the constant describing the specific short-

range ion-solvent and fon-ion interactions by which contact pairs form and
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dissociate, Es is the difference in energy between a pair in the states (» = R) and

{r = a), € is measured in units of k7. From (69}

1-a =1/(1+Ks) (70)
Sllxbstitution in equation (68) gives the conductometric pairing constant

K, (- f? = Ko/ 1=a)= K, 1+ K,) o

which determines the concentration cy of active ions, ‘active’ in the sense that
they produce the long-range interionic effects. That contact pairs behave like
electrical dipoles to an external field X, contributing only to charging current.
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 l'ong-range effects AX/X <0, the relaxation field and 4A4.<0, the
electrophoretic countercurrent). The various patterns can be- reproduced by

theoretical functions of the form -
A= pfA*(L+ AX/X )+ A4, ] (72)

=;v[A°(1+Rx)+ELJ (73)

'_ where Ry and Ep are.relaxation and hydrodynamic terms respectively. The

quantity p is the fraction of solute which coniributes to conductance current and is

given by
p=t-all-7) - | 4

In case of ionogens or for ionophores in solvents of low relative permittivity « is

very near to unity (-E,/ k7>>1) and the equation becomes
A=y[A° (1 +R)+E, ] (75)

The equilibrium constant for the effective reaction
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AT+ B 5 4B
is then

Ky =(-y) ey’ f* = KK - (76)

because K, >> [,

The parameters and the variables are related by the set of equations

Jr':I—Jr’C;\c:;lfzf2 (77
-n f = pl/2{1 + kR), B=e'lckl (78)
- e=1nfa/(1 - a)] - (79)

The details of the calculations are presented in the 1978 paper'®. The

shortcomings of the previous equations have been rectified in the present set of
equations which are more general than the previous equations and can be used in

the higher concentration regions (0.1N in aqueous solutions).

From 1992 to 1995, Blum, Turk, and co-workers'*'% have developed a

" mean spherical approximation (MSA) version of conductivity equations. Their

theory starts from some continuity and hydrodynamic equations used in the more
classical treatments, however, an important difference consists in the use of the
MSA expressions for the equilibrium and structural properties of the electrolyte
solutions. Although the difference in the derivlation of the classical and MSA
conductivity theories seem relatively small, it has been claimed the performance

of the MSA equation is good over a much wider concentration range than that

covered by the classical equations. However, no thorough study of the

performance of the new equation at the level of the experimental uncertainty of
conductivity measurement is yet available in the literature, with the exception of a
very recent study by Bianchi et. al."®” who compared the results obtained using the

old and new equations in order to evaluate their cépacity in describing the
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conductivity of different electrolyte solution. Their investigation is too limited
only to three aqueous salt solutions and the picture is consistent showing a better
performance for the classical equations as far as system electrolytes are

concerned.

Limiting ionic equivalent conductances

The limiting equivalent conductance of an eléctrolyte can be easily
determined from the theoretical equation and experimental observations, At
infinite dilution, the motion of an ion is limited solely by the interaction with
surrounding solvent molecules as the ions are infinitely apart, Under these
conditions, the validity of Kohlrausch’s law of independent migration of ions is

almost axiomatic, Thus
A =20+28 (30)

At present, the limiting equivalent conductance is the only function which
can be divided into ionic components using experimentally determined transport

_ number of ions, i.e.,
W=t,4° and A2 =rA° (81)

Thus from the accurate values of A° of ions, it is possible to separate the

o . . . . 168
contribution due to cations and anions in the solute-solvent interactions™",
However, accurate transference number determinations are limited to few solvents
only. Spiro'®®and more recently Krumgalz'’® have made extensive reviews on the

subject.

In the absence of experimentally measured transference numbers, it would
be useful to develop indirect methods to obtain the limiting ionic equivalent
conductances in orgénic solvents for which experimental transference numbers are

not yet available,
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The methods have been summarized by Krumgaiz”oal and some important

points are mentioned below:

(1 Walden equation'”"
A 7. (acetone) = A, n, (water) ' . " (82)
at 298.15 K

()  A(Pic)y, =0.267
A (EtN* Y, =0.296 based on A°(Et,NPic)=0563"""  (83)

Walden considered the products to be independent of temperature and solvent.
‘However, theA°(Er,NPic) values used by Walden were found to differ

considerably from the data of subsequent more precise studies and the values of

(ii) are considerably different for different solvents.
iy A% (BuNT)= 25 (P, B )" S (84)

(this equality holds good in nitrobenzene and its mixture with CCi4 but- is not

realized in methanol, acetonitrile and nitromethane}.
. N LT .
(v A (Bu, N7 )= 25, (Bu, B (85)

The method appears to be sound as the negative charge on boron in
- Bu4B"ion is completely shielded by four inert butyl groups as in the Bu4N+ ion
while this phehor_nenon was not observed in case of Ph4B". But the method could

not be checked due to kack of accurate transference data.

W (RN )=2E 6 N n, - (00103 €, 1 B (86)
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where Z and 1, are the charge and crystailographic radius of the relevant ion;
n.and &, are the viscosity and relative permittivity of the medium; », is an

adjustable parameter taken to be equal to 0.85 for dipolar non-associated solvents

and 1.13 for hydrogen-bonded and other associated solvent.

However, large discrepancies were observed between the experimental and

T 170
calculated values' ™ o

. In a later paper ™ Krumgalz examined Giil’s approach
more critically using conductance values in a number of solvents and found the
method to be reliable in three solvents e.g., l-butanol, acetonitrile and

nitromethane.

iy A%{i~ AmyBunt )= 32 (P, B} @7
It has been found from transference measurements that the 4 (1' — Am;BuN *) and
A (Ph‘,B‘)values differ from each other by 1%.

iy 25(Ph,B ) =1012% (i — Am, B}

(88)

‘The equality is found to be true for various organic sclvents. Krumgalz'7®
suggested a method for determining the Jimiting ion conductnces in organic
solvents or mixtures of organic solvents. The method is based on the fact that the
large tetraalkyl (aryl) onium jons are not solvated in organic solvents in the kinetic
sense due 10 the extremely weak electrostatic interactions between the soivent
molecules and the large ions with low surface charge density. The phenomenon of
non-solvation s confirmed by N.M.R. measurements and is utilized as a suitable
model for apportioning A° values into ionic components for non-agueous

efectrolytic solutions.

Considering the motion of a solvated ion in an electrostatic fieid as a
whole, 1t is possible to calculate the radius of the moving particle by the Stokes

equation
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r, = |4|F* AnNny 2y (89

where A is a coefficient varying from 6 ( in the case of prefect sticking) to 4 ( in

the case of perfeet slipping).

Since the », values, the real dimension of the non-solvated tetraalky (aryl)

onium ions, must be constant, we have

A% = constant ' 90
I

This - relation has been verified using A, values determined with precise
transference numbcrs.- The product becomes constant and independent of the
chemical nature of the organic solvents for the i — Am4B' . Ph4As+ and Ph4B" ions
and for tetraalkylammonium cations Starting from Et4N". The relationship éan be
well utilized to determine A values of ions in other organic solvents from the

-determined A° values.

We have used Bu NBPh as the ‘reference electrolyte’, but instcad of -
equal division, we divided the A, values using the method similar to that

proposed by Krumgaiz'" for division of viscosity B-values

A°(Bu,N*)  rlPnBT) 535
';-u_JOW(Ph‘:B?)- B r(Bu:N+) T500 Lo7 ' eb

The r-values have been taken from the works of Gilt ef.al. 17817,

\

Though nothing can be said definitely regarding the accuracy of the

method, some indirect cvidences regarding the reliability of the values may be

provided. The values of the ratio )J’(BPh;)fZO(Bu4N+)beC()mes 1.06 if we

choose » (Bu,N') = 385 A and #(BPh;)=4.08A as suggested by

Krumgalz'*'%,
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180-184
1 al

Fuoss ¢ assumed, from extensive measurements A° values of

R,NBPh, salts in various mixed organic solvents, that the limiting transference
number of Bu, N inBu,NBPh,is 0.519 independent of the solvent (this is
claimed to be valid within +1%). This gives 1.079 for 2°(Bu,N" )/ 2°(P#,B")

which is close to 1.07.

D’Aprano  and Fuoss'™ used Bu,NBPh,to calculate single-ion
conductance in  mixed organic solvents applying the relations

2°(Bu,N*)=0213%,  and  2°(Ph,B )=0201/p,  which  means

2%(Bu N ) /3 (Ph, B )= 106

Moreover, since the charge is equal to the number of ions, the equivalent
conductances of these ions depends on their mobilities, the division may be in

terms of the reciprocai of their vander Waal’s volume i.e.,
2°{Bu,N*) 29(Ph,B™)=1868/179.1 = 104 (92)

The van der Waal’s volumes have been taken from the works of
Lawerence and Sacco’’. However, the ratio comes out to be slightly lower than

the usual 1.06-1.08.

In absence of accurate transference data in binary mixtures of organic
solvents, it is difficult to compare the single-ion values and to test the validity of
equation (91), but the values calculated by this method appear to be correct in
different organic or mixed organic solvents. However, in agueous .binary mixtures
the solvation pattern may be different and the validity of this method may be

questioned. In absence of a suitable method, nothing car be said conclusively.
Recently, Gilt et. al."® proposed the following equation

2°(Bu, N Va® (Ph, B )= [535 — (0.0103¢, + r /50000103, +7,)]  (93)
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and the ratio is to 1.07 as uscd by us.

Solvation number'®®

- If'the limiting conductance of the ion i of charge Z; is known, the effective
radius of the solvated ion can easily be determived from the Stokes’ law. The

volume of the solvation shell ¥, can be written as

v = (@3l - r}) ‘ | %)

3

where 1. is the crystallographic radius of the ion. The solva_tion number, n,, would

then be obtained from
n, =V./Ve (95)

Assuming Stokes’ relation to hold, the ionic solvated volume should be obtained,

(86

because of packing effects’™, from

V2 =435 ' | 96y

when Vf is expressed in mol/mole and r; in Angstroms. However, this method of

determimation of solvation numbers is not applicable to ions of medium size

127,32,134

though a number of empirica and theoretical corrections'™ ' have been

suggested in order to apply it to most of ions.

Stokes’ law and Walden’s rule
The limiting conductance A of a spherical ion of radius R; moving in a

solvent of dielectric continuum can be written, according to  Stokes’

hydrodynamics, as

2 = 0819Z,|/ R, o7
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where 4,, the macroscopic viscosity of the solvent, is expressed in poise

and R; in Angstroms. If the radius R; is assumed to be the same in every organic

solvent, as would be the case of bulky organic ions, we get

Ar7,=0.819 Z/ R;= constant - (98)

9! The effective radii obtained using this

This is known as Walden rule
equation can be used to estimate the solvation numbers. The failure of the Stokes’
. radii to give effective size of the solvated ions for small ions is often attributed to

the inapplicability of Stokes’ law to molecular motion.

Robinson and Stokes'**, Nightingale'® and others'”*'”* have suggested a
method of correcting the radii. The tetraalkylammonium ions were assuméd to be
not solvated 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 fronln one serious flaw, The basic assumption on which this
approach -rests is that the Walden product is invariant with temperature.

5 indicate that his assumption is incorrect and that the .

Experimental results
resulting solvation numbers obtained from this type of correction to Stokes’ law.
are meaningless. The idea of microscopic viscosity'® was invoked without much

196,197

SUGCESS but it has been found that

An? = constant : (99)

where p = 0.7 for alkali meta] or halide ions and p =1 for the large

ionsl98,!99.

Attempts to explain the change in the Stokes’ radius R; have been made.
The apparent increse in the real radius r has been attributed fo ion-dipole

polarization and the effect of dielectric saturation on R. Fuoss noticed®™ the
dependence of the Walden product, A°#z,0on the relative permitiivity and

considered the effect of electrostatic forees on the hydrodynamics of the system.
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He proposed that the dielectric relaxation in the solvent caused by ion motion

leads to excess frictional resistance. He proposed the relation:
,ﬁ0=ﬁdaU6ﬂgﬁQA/eR§) (100)
from {vhich the classical Stokes® radius, may be derived as
Ri=R,+Ad/e (101)

‘where R is the hydrodynamic radius of the ion in a hypothetical medium of
relative permittinty where all electrostatic forces vanish and A is an empirical

constant.

In 1961, Boyd'® gave the expression
A =Felz, [/67:7;,]:;.[1 +2/27Vm 2l e, | _ (102)

considering the effect of dielectric relaxation on ionic motion; t is the Debye

relaxaton time for the sotvent dipoles.

'%9 treated the ion as a rigid sphere of radius r; moving with a

Zwanzig
steady velocity v; through a viscous incompressible dieleciric continuum. The

- conductance equation suggested by Zwanzig is

2 ZleF
" A + A, [Zfzez(ef G a,]r/ e’ (Z g’ r+l};3J

(103)

where €, a. are the static and the limiting high frequency (optical)

dielectric constants respectively, A, =6 and 4, = 3/8 for perfect sticking and

A,=4 and Ap =3/4 for perfect sl ippi.ng. The above equation can be written as

A = Ar) i + B) (104)
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The theory predicts®™! that 4° passes through a maximum of (27/4)B at 7~

- {3B). The phenomenon of maximum conductance is well known. The relationship

holds good to a reasonable extent for cations in aprotic solvents but fails in case of
Y

anions. The conductance, however, fails off rather more rapidly than predicted

with increasing radius.

For comparison of the results in different solvents, equation (103) can be

rearranged as™?

2 F,v A ZZ 2{._.0 ot
l.‘oe :Av?n,j + D3 ne ('zr Sr)r (105)
A, Ae, (28, +1}]0
L= A+ (4,22 )P (106)

In order to test the Zwanzig’s theory, the equation (106) was applied to
methanol, ethanol, acetonitrile, butanol and pentanol solutions where accurate

conductance and transference data are avaifable™

1205 All the plots were found to
be linear. But the radii calculated from the intercepts and slopes are far apart from
equal except in some cases where moderate success is noted. It is noted that the
relaxation effect is not the predominant factor in affecting ionic mobilities and that
these mobility differences could be explained qualitatively if the microscopic

properties of the solvation from Stokes’ law'®® is taken into account.

It is noted that the Zwanzig’s theory is successful for large organic cations
in aprotic media where solvation is likely to be minimum and where viscous
friction predominates over that caused by dielectric relaxation. The theory breaks
‘ 'down whenever the dielectric relaxation term becomes large ie., for solvent of
high P* and for ions of small r;. Like any continuum theory, Zwanzig’s theory has

the inherent weakness of its ability to account for the structural features™”’ e.g.,

(1) Tt does not allow for any correlation in the reorientation of the solvent

molecules as the ion passes by and this may be the reason why the equation does

not apply to hydrogen bonded solvents?®.
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(2) The theory does not distinguish between positively and negatively
charged lons and therefore cannot explain why certain anions in dipolar aprotic

media posses considerably higher molar conductances than the fastest cations®”’.

The Walden product in case of mixed solvents does not show any
constancy but it passes through a maximum in case of DMF - H,0, DMA -H;0,

209212

mixgures and other aqueous binary mixtures” 2", To derive expressions for

the variation of the Walden products with the composition of mixed polar

18818219 with different models for fon-

solvents, various attempts have been made
solvent interactions but no satisfactory expression has been derived taking into

account all types of ion-solvent interactions because:

(1) it is difficult to include all types of interactions between ions as well as
solvents fn a single mathematical expression, and

(2) it is not possible to account for some specific properties of different
kinds of jons and solvent molecules®. Tons moving in a di.eiectfic medinm
experience a frictional force due to dielectric loss arising from ion-solvent
interaction with the hydrodynamic force. Zwanig’s expression though account for
a change in Walden product with solvent composition does not account for the
maxima, Hemmes*> suggested that the major deviations in the Walden product
are due to the variation of the electrochemical equilibrium between ions and
solvent molecules with the composition of mixed polar solvents. In case where
more than one type of solvated complexes are formed, there should be a maximum
and / or a minimum in the Walden product. This is supported by experimental
observations. Hubbard and Onsager’”* have developed the kinetic theory of jon-
solvent interaction within the frame work of continuam mechanics where the

concept of kinetic polarization deficiency has been introduced,

However, quantitative expression is still awaited. Further

72222 paturally must be in terms of (1) sophisticated treatment of

improvements
dielectric saturation, and (2) Specific structural effects involving ion-solvent

interactions.
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6l

Experimental Section
(Materials and Methods)

Chemicals

All salts were of Fluka’s purum or puriss grade.

These are purified in the manner given in the literature'”. Generally these
salts were purified by recrystallisation, Higher tetraalkyl homologous were
recrystallised second time to ensure the highest purity. The crystallized salts dried

in vacuum and stored in glass bottles in darken dessicator over fused CaCls.

Tetraethylammonium bromide (Et;NBr) was recrystallised from methanol

- and dried at 363 K for 24 hours.

Tetrapropylammonium bromide (PryNBr) was taken in a minimum volume

of methanol, reprecipitated from dry ether and dried at 363 K for 48 hours.

Tetrabutylammonium bromide (BusNBr) was taken in a minirﬁum volume
of acetone. Ether was added to the solution tili the commencement of
precipitation. The solution was theo cooled and the resulting crystals were filtered.
Afier a preliminary drying, the salt was finally ground in a morter and dried at
333K for 48 hours. |

Tetrapentylammoniumn bromide (PensNBr) was recrystallised from acetone

and ether mixtures and dried in vacuo at 333K for 48 hdurs.

Tetraheptylammonium bromide (HepsNBr) was washed with ether and

dried in vacuo at room temperature for 48 hours.

Tetrabutylammonium tetraphenylborate (BuyNBPh,) was prepared by

dissolving sodium tetraphenylborate in distilled water (2% solution) and filtered
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to remove a small amount of insoluable impurities. To this an equivalent amount
of teti’abutylammonium bromide in 2% aquous solution was slowly added. The
bulky white precipitate thus obtained was washed five times by decantation. After
preliminary drying the product was recrystallised four times from 1:3 water-
acetone mfxture and finally dried for several days at 313.15 K and 10 mm.Hg
pressure (m.p.496.15-498.15 K).

Solvents

2-Ethoxyethancl (G. R. E. Merck) was dried with potassium carbonate and
distilled twice in all giass distillation set immediately before use and the middle
fraction was collected. The purified solution has a density (po) of 0.92497 gem?
and a coefficient of viscosity (1o} of 1.8277 mPa s at 298.15 K; these values are
found to be in good agreement with the literature values™'®.

The mixed solvents containing 25%, 50%, 75% of 2-ethoxyethanol by
weight were prepared" accurately by mixing 2-ethoxyethanol with tripie distilled |
water. Solvent properties of 2-ethoxyethanol + water mixtures at 308.15, 313.05,
318.15 and 323.15 K are given in Table-1.
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\Table 1. Properties of 2-ethxyethanol (1) + water (2) Mixtures with w; = 0.25,
0.50 and 0.75 at (308.15, 313.15, 318.15 and 323.15) K

K O f(g.cm3) _ T;Uf(mPa.S) £
w=0.25

308.15 1.00354 1.8430 | 60.13

313.15 1.00021 1.5293 58.70

318.15 . 0.99751 1.2738 57.37

323.15 0.99582 1.0923 56.11
w=0.50 '

308.15 0.99361 1.9234 4430

31315 0.98514 1.7195 43.03

318.15 0.98004 1.4552 41.95

323.15 0.97610 1.2762 40.90
wr=0.75

308.15 0.95451 1.7002 " 27.93

313.15 0.95147 1.5293 27.29

318,15 0.94873 1.3498 26.68

323.15 0.94625 1.1901 26.10
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Preparation of experimental Solutions

A stock solution of each salt in puré as well as in different mixed solvents
was prepared and the working solutions were obtained by mass dilution. The
molar concentrations of the solutions were calculated from molality and density

values.

Methods

{a) Density measurements

The densities were measured with an Ostwald-Sprengal type pycknometer
haﬁng a bulb volume of 25 cm’ and an internal diameter of the capacity of abéut-
I mm. The pycknometer was calibrated at 308,15, 313.15, 318,15 and 323.15 K
with double distitled water. The precision of the density measurement was £3 X
10° gem®. The measurements were made in a water bath maintained with an
accuracy of + 0,005 K of the desired temperature by means of a mercury-in-glass
thermoregulator and the absolute temperature was determined by a platinum .

resistance thermometer and Muller bridge®.
(b} Viscosity measurement

The kinematic viscosities were measured by means of a suspended-level
Ubbelohde® viscometer with a flow time about 539s for distilled water at 298.15
K. The time of efflux was measured with a stop watch capablle of recording + 0.1
s. The viscometer was always kept in a vertical position in water.thermostat. The
kinematic viscosity (v) and the absolute viscosity (1) are given by the following

equations:
v=Ct - Kt “ (n

7 =vp | @

where f is the efflux time, p is the density and C and X are the characteristic

constants of the viscometer. The values of constants C and K , determined by
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- using water, methanol, acetonitrile and 2-ethoxyethanol as the calibrating liquids
at 308.15, 313.15, 318.15 and 323.15 K. were found to be 1.646 x10~ cm’s™ and
- 0.02331647 em® respectively. The precision of the viscosity measurements was
+0.02%. In all the cases the experiments were performed at least in five replicates

and the results were averaged.

Relative viscosities (1) ﬁere obtained using the equation (3):
1, =0/ = pUpoty - - 3

where #, 70, p, pgp and {, {y are the absolute viscosities, densities and flow times for

the solution and solvent respectively.

The measurements were carried out in a thermostatic bath maintained with
an accuracy of £0.01 K of the desired temperature’. A 60 W heating element and
a toluene-mercury thermoregulator were used to maintain the temperature of the
expérimental thermostat which was placed in a hot cum cold thermostat. The
temperature of the hot-cum-cold thermostat was preset at the desired temperature
using a contact thermometer and relay system. The abscolute temperature was

determined by a calibrated platinum resistance thermometer and Muller bridgé.
(c) Conductance measurements

Conductance measurements were carried out on a Philips Pye-Unicam PW
9509 conductive meter with an accuracy of #0.01%. A 2000 Hz cycle was used.
The cell constant (0.75]1 ecm™) of the dip type conductance cell was accurately
determined using standard KCl solutions following the method of Lind and
coworkers®, Conductivity cell was sealed to the side of 500cm® conical flask
closed by a ground glass cap fitted with a side arm through which dry and pure
nitrogen was passed to prevent the admission of air into the cell when solvent or
solution were added. The measurements were made in an oil bath maintained at
298,15 £ 0.005 K as described earlier under density measurements: All data were

corrected with the specific conductance of the solvent.
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Conductometric study of some tetraalkylammonium and
alkali metal salts in 2-ethoxyethanol in the feinperature

range 308.15-323.15K

Introduction

Studies ‘on the transport properties of electrolytes in different solvent
media are ofr great importance to obtain information as to the solvation and
association behavior of ions in solutions. Earlier, these properti_cﬁ have been
investigated """ for a wiae variety of electrolytes in different solvents from
" conductometry which is one of the most direct methods to study these _behavior._' |
Varjous c,oﬁcepts cdﬁcerning ion-association have béen derived from the -
conductivity data of electrolyte solutions. In the present study, an attempt has been
made to unravel the nature of ion-ion and ion-solvent interactions for some
tctralkylﬁmmonium bromide salts (R4NBr) namely tetracthylammonium bromide
(Et4NBr), tetrapropylammonium bromide (Pr:NBr), tetrabutylammonium bromide
{(BusNBr), tetrapentylammoniilm_ bromidé (PenyNBr) aﬁd tetraheptyldmmonium |
bromide (HepsNBr) along with two alkali metal salts sodium tetraphenylborate
(NaBPhs) and sodium bromide (NaBr) in 2-ethoxyethanol lby measuring their
electrical condrt;ctariées in the temperature range 308.15—323.1.5 K The solvent 2-
ethoxyethanol is-an amphiprotic dipolar solvent with low relative permittivity (€ =
13.38 at 298.15 K)'%. It has unique S(;Ivating _propertics associated with its “quasi-

aprotic” character and is a good industrial solvent>*.

Experimental

2-Ethoxyethanol (G. R. E. Merck) was dried with potassium carbonate and
distilled twice in an all glass distillation set immediately before use and the middle:

fraction was collectéd. The purified solvent had a density (p,) of 0.92497 g om™

and a coeflicient of viscosity {n7,) of 1.8277 mPa.s at 298.15 K; these values are

12,14

found to be in good agreement with the literature values'>'. The densities,”

1
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viscosities and the relative permiltivitiesll of 2-ethoxyethanol at 308.15, 313.15,

318.15 and 323.15 K are reported in Table 1.

Tetraalkylammonium bromides were (ﬁ" purum or puriss grade (Fluka) and
were purified as described in the literature'®. These salts werc purified by
recrystallization and the higher homologues (tetrapentylammonium bromide and
tetraheptylammonium bromide) were recrystallized twice to ensure maximum
purity. The recrystailized salts were dried in vacuo at elevated temperatures for 12
~ h. Sodium tetraphenylborate (NaBPhg) was recrystalliséd three times from acetone
and then dried under vacuum at 353.15 K for 72 h. Sodium bromide (NaBr) was
dried in vacuo for 72 h immediately prior to use and was used without further

purification.

Conductance measurements were carricd out on a Pye-Unicam PW 9509
conductivity meter at a frequency of 2000 Hz using a dip-type cell of cell constant
1.15 cm™ and having an accuracy of 0.1%. The measurements were made in a
water bath maintained within £ 0.005 K of the desired temperature. The details of

1817 golytions were

the experimental procedure have been described carlier
prepared by mass for the conduntance runs, the molalities being converted to
molaritics by the use of densitics measured with an Ostwald-Sprengel type
pycknometer of about 25 em’® capacity. Several independent solutions were
prepared and runs were pecformed to ensure the reproducibility of the results. Due

correction was made for the specific conductance of the solvent.

In order to avoid moisture pickup, all solutions were. prepared in a
dehumidified room with utmost care. In ail cases, the experiments were performed
at least in five replicates for each solution and at each temperature, and the results

were averaged.

Results and discussion

The measured molar conductances (A1) of electrolyte solutions as fupctions \
of molar concentration (¢) in 2- ethoxyethanol at 308.15, 313.15, 318.15 and
323,15 K are given in Table 2.
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The conductance data have been analyzed by the 1978 Fuoss conduntance
concentration equation *® '°, For a given set of conductivity values (), ¢, 4; ; j=1,
..., H), three adjustable parameters -- the limiting molar conductivity’ (A°), |
association constant (K,), and the association diameter (R}, are derived from the

fbllowing set of equations:

A=p/A°(1+RX)+EL] . )
p=1-a(-7) 2)
y=1-K,e"f* 3)
P
o= 21 + kR) “)
82
B= 5T (5)
K,=K,(1+K,) 6)

where RX 1is the relaxation field effect, EL is the electrophoretic
countercurrent, ¥ is the fraction of unpaired ions, and « is the fraction of contact- -
pairs, K, is the overall pairing constant evaluated from the association constant of
contact-pairs, Ks, of solvent- separated pairs, Kz, £ is the relative permittivity of
the solvent, e is the electronic charge, kg is the Boltzmann constant, k¥’ is the
radius of the ion atmosphere, ¢ is the molar concentration of the solution, fis the
activity coefficient, T is the temperature in absolute scale, and Bis twice the
Bjerrum distance. The computations were performed on a computer using the -
program as suggested by Fuoss. The initial 4° values for the iteration procedure
were obtained from Shedlovsky éxtrapolationm of the data. Input for the program
is the set (¢;, 4y j=1,..... ), n, &, 17, T, initial value of A°, and an instruction

to cover a preselected range of R values.

~ In practice, calculations are performed by finding the values of A° and

oo which minimize the standard deviation, o,

ot = Z[A {caled)- 4 J {obsd ) / (n-2) )
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for a scquence of R values and then plotting o against R; the best-fit R
corresponds to the minimum in o (%) vs. R curve. However, for all of these
electrolytes investigated, since a preliminary scan using a unit increment of R
values from 4 to 20 produced no significant minima in the o (%) vs. R curves, the
R valuec was assumed to be R = a + d, wheré a is the sum of the ionic

crystrallographic radii and d is given by'®

d=1.183(M/pg)** ®)
where M is the molecular weight of the solvent and p, its density.

- The values of 4°, Ky, and R obtained by this procedurc are reported in
Table 3.

In order to investigate the specific behavior of the individual ions
comprising these clectrolyles, it is necessary to split the limiting molar clectrolyte

conductances into their ionoic components.

In the absence of accurate transport number data for the system in the
temperaturc range investigated here, we have used the “reference electrolyte”
method for the division of 4 into their jonic components. Tetrabutylammonium
tetraphenylborate  (BusNBPhy) has becn used as the “reference electrolyte™ .
This electrolyte was used as the “reference electrolyte” also by Fuoss and Hirsh?®
to evaluate the limiting fonic conductances in several organic solvents. We have
divided the A? values of BusNBPhs into ionic components using the following

relationships®.

A (BuNBPhg) =2*(Bu,N* )+ 2°(Ph,B") ©)

2(BuN')  rlPrB) 535
(PR,BT} #BuNT) 500

(10)
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The ionic radii (+) values have been taken from the literature®’. The
limiting ion conductances calculated from the above equations are recorded in

Table 4.

The limiting molar conductivity (4°) of the “reference electrolyte”
BusNBPhy was obtained by considering the Kohlrausch rule which allows the
calculation of A” value for a given electrolyte by the appropriate combination of
others. The A7 values of BusNBPhs, NaBPh, and NaBr obtained in this medium

have been used to obtain the A° value of BusNBPh, through the following

equation:
A’ (BuNBPhy = A°(BuNBr) + A°(NaBPhy) - A’ (NaBr) (11)

The standard Gibbs energy changes for the ion association processes,

AG; , have been calculated from the association constants using the equation:

4G} =—RTn K (T} (12)

where 7 is the temperature in absolute scale and R is the universal gas

constant,

In order to evaluate the standard enthalpy change, AH,, and the standard

entropy change, AS?, the AGY values were fitted to an equation in T of the type:
AGE = a, +a,(30815-T) (13)

and the coefficients of the fits are compiled in Table 5, together with the

o % values of the {its.

“The AH?, and AS} vaiues of the ion-association processes can then be

evaluated from the temperature dependence of AG; values as follows:



el v
AH ) = q{M] (14)
dr
r
dAG;
480 = - ! 15

the standard values of the thermodynamic parameters at 308.15K can, therefore,

be expressed as:

AGrg,s = a, (i6)
ASgyss = a, (17)
AH s s = a, +308.15a, (18)

and can be found in Table 5.

Table 3 shows that for all salt the limiting molar conductances (Ao)

increase as the temperature increases. The A’values been fitted to the following
P g

cquation in T:
A° = b, +5,(308.15-T) (19)

and the coefficients of these fits along with their standard percentage errors (o %)

are given in Table 6.

The single ion conductivities (/1:) at different temperatures were also

fitted to the following equation:
A ey +¢,(308.15-T) | (20)

and the coefficients of these fits are given in Table 7 together with the standard

percentage errors { ¢ %o).
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The Walden product values ( A1z, ) for the ions studied here in 2-ethoxy-

ethanol solutions show pronounced variations with increasing temperature (Table

4).Therefore, the Stokes’ law cannot be applied to the ion conductances in 2-
cthoxyethanol since the 4]y, values, according to this law, would be expected

to be practically independent of tempcrature32. Since the ions are often far from
being spherical and since they are of the same order of magnitude as the solvent
molecules, it is questionable whether the retarding effect of the latter can be
accurately described by the macroscopic viscosity as has been done in the
derivation of the Stokes law. Hence, the Stokes law cannot be considered
quantitatively reliablc. Such failure of this law has alsc been reported recently in

ethylene glycol solution of a variety of ions™.

From Table 4, we see that the limiting ionic conductivity values of the
tetraalkylammonium ions decrease in the order: EuN' > PryN* > BuyN' > PhyB™ >
PensN™ > HepsN'. Now, a comparison of this trend in mobility with the
crystallographic size of these fons, which is in the order’” Et;N* < PryN* < Bu,N*
< PhyB™ < PemyN' < HepsN', shows that the larger the size of the bare ion, the
smaller its ionic mobility. This indicates that the relative actual sizes of these ions
as they exist in solutions follow the order: EuN' < PnNT < BuyN' < PhyB™ <
Hep,N". This obscwétion, thus, clearly demonstrates that these ions would remain
unsolvated in 2-ethoxyethanol solutions which is quite expected because of their
large crystallographic. radii'” and hence low surface charge density. Had these ions
been solvated in this medium, their limiting ionic conductivity values should have
been in the reverse order: Et4N" < PryN" < BusN™ < PhyB™ < PengN' < Hcp4N+,
~ because smaller jons with greater surface charge densities are expécted to be more
solvated resulting in a bigger solvodynamic entity - which is obviously not the
casc here. The bromide ion is found to be solvated in 2-cthoxycthanol from our

previous study’.

The limiting ionic equivalent conductivity of Na* ion is found to be
- smaller than that of the Br ion in 2-cthoxycthanol (Table 4). Now, a comparison

of this trend in mobility with the crystallographic size of ions, which is in the
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order”® Br > Na' , shows that the larger the size of the bare ion, the greater its .
ionic mobility; this is contrary to the cxpectation. However, it is well known that
these ions do not exist as bare ions in a variety of solvents, but are solvated®. This
trend of variation of ionic mobilities should, therefore, indicatc the relative actual
size of the ions as they exist in solutions conbemcd. In other words, the sizes of
the ions as they cxist in solutions follow the order: Na' > Br’, which indicates that
the extent of solvation also decreases in the same order. This can be attributed to
the high charge density on these small ions which varies in the order Na* > Br’
since their crystallographic sizes™ vary in the reverse order. Thus, the jon with
greater charge density (Na®) is more solvated in 2-ethoxyethanol. Similar trend

has also been reported in other solvents™%,

The association constants (K} listed in Table 3 indicate that all these

salts are appreciably associated in the present medium over the entire temperature
range investigated in this study. This is quite expected owing to the low relative
permittivity of the solvent. T he most outstanding feature of the association
constants given in table 3 is the fact that the salts containing larger ions shows
considerable amount of association. Furthermore, the process of ionic association
in 2-ethoxyethanol does not exhibit the simple dependence upon ionic size
predicted by electrostatic theory®'. This type of behavior has also been reported
for tetraalkylammonium salts in other solvents'>**% Moreover an increase in the
tempcrafurc results in a lower level of ion-pairing for each of these salts (¢f. Table
3).

It is observed from Table 5 that the AS,, . values of ion association for

the tetraalkylammonium salts are positive. These positive ASS,,s values may be

~ attributed to the increasing number of degrees of freedom upon association mainly

due to the release of solvent molecules for these systems as shown below:
M™n(EE) + X m(EE) = MXz(EE) + (n+m— z)EE 20

(for scarcely solvated RyN" and phaB ions, n=m = 0)
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In other words, the solvation of the bromide ion in (R4NBr) solutions and that for
sodium ion in NaBPh, solutions would be weakened as soon as the ion pairs are
formed. A decrease in the entropy for NaBr solution, on the other hand, suggests
that the ion pairs that are formed here organize the solvent molecules in their

vicinity better than the ions do. Such loss of entropy has also been reported carlier

. = 435
in the solvent media®®’.

It is especially noteworthy that the AH, . values for all of these
electrolytes are negative (Table 5). The electrostatic theories of ionic association

1 however, never give negative values for AHY, ., because the theoretical
equation for AH®  contains the [1+ (ding/dinT) » ] term. According to the
experimental values of(dlns/d In T)p, there are few solvents”*” which make
theoretical values of AHZ,,, and/or ASY,, negative. Though, for instance,

AH? s negative™ when {dIng/dInT), > ~1, almost all of the solvents used

for the investigation of the electrolyte solutions do not meet the requirement® —

the (dlns/dInT), value for 2-cthoxyethanal is -1.39. Thus the experimental

value of {ding/dInT) , makes the theoretical AHy, s value positive for the

present solvent system, contrary to the observation.

The negative values of Ay, can be interpreted by considering the
participation of a specific covalent interaction in the ion-association reaction
which somewhat works between the ions and hence, the binding enthalpy between
the 1ons is Sufﬁ'cicntly negative to compénsate for the positive contribution from
the weakening of ion solvation. In this ca‘sc, AGS s of the ion association should
have a .Iarge negative value (a large K value) and should depend on the kind of

ions arid this is found to be true here (¢f. Table 3).

It may thus be concluded that the electrolyte investigated here, are highly
associated and exist in the form of solvent-separated ion-pair in 2-cthoxyethanol.

The sodium and bromide ions are found to. be appreciably solvated where as the
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tetraalkylammonium and tetraphenyl borate ions are found to remain scarcely
solvated in this solvént medium. The solvation of the bromide ions for
tetraalkylammonium bromide solution and that for the sodium ions for sodium
tetraphenylborate solutions are weakened as soon as these ion pairs are formed.
For sodium bromide sclution, on the other hand, the ion pairs that are formed are

found to organize the solvent molecules in their vicinity better than the ions do.

It may thus be concluded that the electrolytes investigated here, are
appreciably associated to form- ion-pairs in 2-ethoxyethanol. Moreover, the
tetraalkylammonioum ions are found to be scarcely solvated in present solvent
medium. The solvation of the bromide ion in these trtralkylammonium bromide is
found to be weakened as soon as the ion-pairs are formed. An increase in the

temperature results in a lower level of ion-pairing for each of these salts.
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Table 1. Properties of 2-ethoxyethanol at 308,15, 313.15, 318.15 and 323.15 K

T(K) P, / gem? n, /mPas g
308.15 0.91735 1.518 12,81
313.15 ¢.91370 1.359 12.52
318.15 0.90994 1.189 12.25 |
I323.15 0.90602 1.089 11.99
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Table 2. Equivalent conductances (/A) and corresponding molarities

(¢) of five tetraakylammonium bromides and two alkali metal saits in
2-ethoxyecthanol at 308.15, 313,15, 318.15 and 323.15 K.

10°%/moldm®  A/Scm’mol™ 10°c/mol dm’ A/Scm*mol™!
Et4yNBr .
T =308.15 K T=313.15K
0.5353 34.93 0.5332 36.20
- 1.0706 33.26 1.0664 34.46
1.6060 32.08 1.5996 3317
2.1413 30.96 2.1328 32.09
2.6766 30.03 2.6660 31.14
32119 29.20 3.1993 30.28
3.7472 28.42 3.7325 29.49
4.2826 2771 42657 28.75
T=318.15K T=323.15K
0.5310 37.44 0.5287 38.92
1.0620 35.74 1.0575 37.09
1.5930 34.44 1.5862 35.77
2.1240 33.34 2.1149 34.67
2.6550 32.37 2.6436 33.69
3.1860 31.49 3.1724 32.81
3.7170 30.68 3.7011 32.00
4.2480 29.93 42298 31.20

Table 2(contd.)
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Table 2(contd.)
10%/mol dm®*  A/Scm’mol™ 10*c/mot dm® A/Scm*mol™
PrsNBr .

T =308.15 K T=313.15K
0.4201 34.02 0.4184 35.08
0.8402 33.39 0.8368 34.40
1.2602 32.81 1.2552 33.82
1.6803 32.33 1.6736 33.33
2.1004 31.90 2.0921 32.90
2.5205 31.51 2.5105 32.51
2.9055 "~ 3115 2.9289 ' 32.15
3.3606 30.82 3.3473 31.82

T=318.15K T=323.15K
0.4167 36.29 0.4149 37.64
0.8334 35.46 0.8298 36.63
1.2451 34.89 1.2447 36.10
1.6668 34.39 1.6596 35.61
2.0835 33.96 2.0746 35.18
2.5002 33.57 2.4895 34.79

29169 33.21 29044 34.44
3.3336 32.88 3.3193 . 34.10

Table 2(contd.)
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Table 2(contd.)
10%/mol dm®*  A/Scm’mol™ 10%c/mol dm® A/Sem?mol™
' BuyNBr .
T=30815K : T=313.15K
9.4451 30.26 0.4433 31.18
0.8902 28.67 0.8866 29.55
1.3353 27.47 1.3299 28.35
17804 ' 26.46 1.7733 27.29
2.2255 25.56 2.2166 26.39
2.6706 24.76 ' 2.6599 25.60
3.1157 2401 3.1032 24.91
3.5608 2332 3.5465 24.19
T=318.15K T=323.15K
0.4415 32.08 04396 32.96
0.8831 3037 - 0.8792 31.20
13246 29.16 : 1.3189 29.97
1.7661 28.15 1.7585 28.98
2.2077 27.26 2.1981 28.11
2.6492 26.45 2.6377 2732
3.0907 So2sm 3.0773 26.59
3.5323 25.02 3.5169 2591

Table 2(contd.)
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Table 2{contd.)

10*c/mol dm® A/Scm’*mol™ 10%c/mol dm? A/Scm*mol™
PensNBr
T=308.15K T=313.15K
0.4188 28.92 04171 29.78
0.8376 27.94 0.8342 28.77
1.2564 2722 12513 27.97
1.6752 26.62 1.6884 2739
20940 25.98  2.0855 26.85
2.5127 25.55 2.5027 26.33
2.9315 2522 2.9198 25.89
3.3503 | 24.71 3.3369 25.50
T=318.15K T=323.15 K
0.4154 30.57 04136 3136
08309 29.61 0.8272 30.17
1.2463 28.89 1.2409 29.48
1.6617 2822 . 1.6545 2891
2.0771 27.68 2068t 2839
2.4926 - 27.20 2.4817 27.93
2:9078 26.69 2.8953 27.51
3.3234 26.30 | 3.3090 27.11

Table 2{contd.)
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Table 2(contd.}
10%c/mol dm® A/Scm’mol™ 10°¢/mol dn® A/Scm*mol™
HepaNBr
T=308.15K . T=313.15K
0.4505 | 2540 | 0.4487 25.78
0.9009 24.74 0.8973 25.36
1.3514 2442 - 1.3460 249
1.8019 24,15 1.7946 24.68
2.2523 o 23.92 2.2433 24.40
2.7028 2370 | 2.6919 24,15
3.1533 2351 3.1406 23.92
3.6037 2333 ' 3.5892 23.71
T=318.15K T=323.15K

0.4468 26.70 : 0.4449 27.52
0.8937 26;09 (.8898 26.84
1.3405 2573 1.3347 26.46
1.7873 | 2541 1.7796 26.15
2.2342 25,13 2.2245 . 25.87
2.6810 24,88 2.6694 25.62
3.1278 , - 2465 3.1143 25.39
3.5746 24 44 3.5592 25.18

Table 2 (contd.)
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Table 2 (contd.)
10°/mol dre® A/Sem’mol™ 10%/mol dm’ A/Scm*mol™
NaBPh,
T=308.15K T=313.15K

0.5969 25.48 0.5944 26.24
1.1922 24.14 L1872 24.93
1.4902 23.60 1.4839 24.33

~2.0863 22.67 2.0776 2344
2.6824 21.87 2.6712 22.61
2.9805 21.50 2.9690 22.30
3.2785 21.15 3.2648 21.93
3.5765 20.81 3.5616 21.59

T=318.15K | T=323.15K

0.5918 YAV 0.5852 27.92
1.1820 25.72 1.1769 26.51
1.4775 _ 25.11 14711 25.90
2.0684 2422 - 2.0595 25.01
2.6594 2346 2.6479 ‘ 24.28
2.9589 - 23.05 2.9462 23.90
3.2603 22.73 32462 23.50
3.5469 2239 3.5306 23.20

Table 2 (contd.)
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5

Table 2 (contd.)
10%/moldm®  A/Scm’mol™ 10%¢/mol dm’ A/Sem’mol™
NaBr
T=308.15K T=313.15K

0.5685 25.18 0.5663 25.99
1.1371 24.38 11326 25.21
1.7056 23.80 1.6989 24.65
22742 2335 22651 24.18

. 2.8427 22.90 2.8314 23.76
34113 2251 3.3977 23.39
3.9798 22.21 3.9482 23.05
4.5484 21.90 45303 272

T=318.15K T=323.15K

0.5640 26.77 0.5615 27.55
1.1279 25.98 | 1.1231 26.75
1.6919 25.42 1.6846 26.20
2.2558 25.00 22461 25.74
28198 24.58 2.8076 2533
33837 24.20 3.3692 2497
3.9477 23.84 3.9307 24.63

45116 23.49 : 4.4922 24.32
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Table 3. Derived conductivity parameters of five tetraakylammonium

bromides and two alkali metal salts in 2-ethoxyethanol at 308.15, 313.15,
318.15 and 323.15 K.

TIK A /Sommol” K _/dm’mol” R/A %
Et;NBr
308.15 38.43::0.14 1250439 11.41 0.28
313.15 39,7620.13 121536 11.41 0.26
318.15 41.110.15 1141239 11.42 0.29
323.15 42.65+0.13 1095433 1143 0.25
| PryNBr
308.15 35.7940.06 279415 11.93 0.16
“313.15 36.9020.05 253411 11.93 0.12
318.15 38.1520.02 23545 11.94 0.06
323.15 39.52:£0.04 217 8 11.95 0.10
| BiyNBr
308.15 33.5340.17 1792160 12.41 037
313.15 34.4740.12 1700247 12.41 0.26
318.15 35.3840.11 160643 12.42 0.42
323.15 36,23+0.12 1497231 1243 0.18
Pens;NBr
308.15 30.87-£0.04 742413 12.70 0.11
313.15 31.770.03 704+ 8 12.70 0.07
318.15 32.680.05 64615 12.71 0.13
323.15 - 33.3240.07 56021 12.72 0.19

Table 3(contd.)



Table 3(contd.)

T/K A’/ Sem®mol™ K, /dm’mol™ | R/A c%
HepsNBr

308.15 26.58+0.05 112414 13.29 0.18

313.15 27.20+:0.03 111£15 13.29 0.19

318.15 28.14+0.02 1067 '13.31 0.09

32315 29.00+0.03 | 90+ 8 13.31 0.11
NaBPh,

308.15 28.36:0.08 127634 11,76 0.21

313.15 29.36+0.05 1252421 11.76 0.13

318.15 30.04+0.05 110320 11.76 0.13

323.15 30.86£0.06 1014::22 11.78 0.15
NaBr

308.15 26.90£0.03 300+ 8 8.36 0.09

313.15 27.79+0.03 259+ 9 8.36 0.1

318.15 78.64+0.64 202£15 8.37 0.19

32315 26.46+0.03 156+ 8 8.38 0.1¢
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Table 4. Limiting ionic conductances in 2-ethoxyethanol at 308.15,

313.15, 318.15 and 323.13 K.

T/K lui /Sem*mol™

‘ Et;N* PrsN* BusN" Pen N™
308.15 22.99 20.35 18.09 15.43
313,15 2392 21.06 18.63 15.93
318.15 24.74 21.78 19.01 16.31"
323.15 25.87 22.74 19.45 16.54
T/K A% /Sem “mol™

HepsN" Na’ PhyB" Br

308.15 11.14 11.46 16.90 15.44
313.15 11.36 11.55 {741 i5.84
318.15 24.74 12.27 17.77 16.37
323.15 12.22 ~12.68 18.17 16.78
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Table 5. Coefficients of Eq. (13), and the thermodynamic standard data of ion

association,
a, a, do 4 30815 a|-
Elcctro'l'y-te' ' wgn&]s_/@nrl. : “Sgns.xs/m_ll“‘“rl o° At 308 15 ] Jmol ™
Et;Nbr ~18286.5 34.60 0.05 ~7624.5
PrsNBr .—14414.7r 2.32 0.04 '.'.13699'8
Bu‘;NBlr-. -19204.6 30.23 0.04 -9899.2
Pem;NBr -16993.7 4.71 0.19 -15542.3
. a, a, a4 308.15 a,
' Electrolyte AGEUS IS/Jmol_] asgoﬁls/m_lmol"l ' cr_" N{_EOS_IS/JME.’_I
HepsNBr -12181.2 1.53 0.44 -11709.7
NaBPhy | | -18387.0 15:69 _ 0.17 -13552.1 ( |
NaBr -71.26 0.21 -36665.4

-14706.6



Table 6. Cocfficients of Eq. (19).

Electrolyte by - _ by o%
EtNBr 38.39 - -0.2802 0.03
Pr4NBr 35.72 0.2488 0.05
BusNBr 33.55 -0.1802 0.03
PenyNBr 30.92 -0.1652 0.12
HepsNBr 26.50 0.1652 0.12
NaBPh, 28.43 -0.1636 0.12

NaBr 26.92 -0.1912 0.03




Table 7. Coefficients of the polynomial Eq. (20).

ion Co of | a %
ELN" 22.96 10.1892 0.11
PrN* 20.30 .0.1578 0.12
BusN* 18.13 -0.0892 0.09
Pen,N" 15.50 0.0742 022
HepN" 11.08 -0.0730 - 0.23
Na® 11.49 -0.0796 0.15
PhyB" 16.94 -0.0834 0.10
Br 15.43 . 20.0910 0.09

92
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Viscosities of some tetraalkylammonium bromides in
2-eth0xyethahol at 308.15, 313.15, 318.15 and 323.15 K

Introduction

Recently, we have initiated a comprehensive program to study the
solvation and association behaviour of several 1:1 electrolytes in different
~ nonaqueous solvénts from the measurements of _various  transports,
thermodynamic and spectroscopic properties'. As a part of this series of
inircstigations, we have, \i‘/cr'y recently, ;cportedﬁ'?» the rcsuli_s of conductance _
'measure.ments on a mmber of tetraalkylammonium salts e.g,
' tctracthylammoniuﬁl bromide (EL;NB:_'), tetrapropylammbnium bromide (PmNBr),
tctrabufylammonium bromide (BusNBr), 'tctrapentylammoniuni bromide
" (PenyNBr), and tetréheptylammonium bromide (HepsNBr) in 2-ethoxyethanol at
308.15, 313.15, 318.15 and 323.15 K. We have now extended this work to study
the viscometric behavior of these electrolyte solutions since viscometry is _wéll-_

suited to provide information concemingthe solvation of the ions and their effects |

g0 -

on the structure of the solvent in the near environment of the solute particles™ .
Experimental

2-Ethoxyethanol (G. R. E. Merck) was dried withpOtassiﬁm'cafbonatc and

di_stil]cd twice in an all glass'distillation set immediately before use and the middle
fraction was collected. The densities, and viscosities of 2-ethoxyethanol at 308.15,- :
313.15,3 18.15 and 323. 15 K are reported in Table 1. The phy-s_,,ical pmﬁcn?cs of the
purified solvent are found to be in good agreement with the literature values' ", Also
included in this table are the relative permittivities (&) of 2-ethoxyethanol at .
diﬁ'ereni temperatures obtained from the literature™'!, '

' Tetraalkylamm_o'nium.bromides.were of purum or puriss grade (Fluka) and
were purified as’ described in t_hé literature'®. These salts were purified by

recrystallization and the higher homologues (tetrapentylammonium bromide and
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tetraheptylammonium bromide) were recrystallized twice to ensure maximum
purity. The recrystallized salts were dried in vacuo at elevated temperatures {or

12h immediately prior to use.

The kinematic viscosities (v) were measured by means of a suspended
level Ubbelohde viscometer. The viscometer was kept in a vertical position in a
water thermostat controiled to+ 0.01 K. The kinematic viscosity (v) and the

absolute viscosity (7) are given by the following equations:
v=Ct-K/t (0
n=vp | @

where ¢ is the efflux time, pis the density, and C and K are the characteristic

constants of the viscometer. The values of the constants C and X, determined by
using the density and the viscosity values of water and 2-methoxyethanol'’, were
found to be 1.646 x 10° cm® s? and —0.02331647 cm’, respectively. The
calibration constants were also checked with methanoi'®. The estimated error of
the viscosity measurements was +0.05 %. The required densities (p) were
measured with an Ostwald-Sprengel type pycknometer having a bulb volume of
25 ¢m’ and an internal diameter of the capillary of about 0.1 cm. The relative

viscosity (77,) was obtained as the ratio of the absolute viscosity of the solution

(77} to that of the pure solvent (7, ).

The solutions were prepared by mass for the viscosity runs, the molalities
being converted to molarities by the use of densities. In order to avoid moisture
pick-up, all solutions were prepared in a dehumidified room with utmost care. In
all cases the experiments were performed at least in five replicates for cach
solution and the results were averaged. Several independent solutions were

prepared and the runs were performed to ensure the reproducibility of the results,
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Resuits and discussion
\

The measured relative viscosities (7,) and densities (p) of eledtrolyte

solutions as functions of molar concentrations (¢) at 308.15, 313.15, 318.15 and

323,15 K are given in Table 2.

The relative viscosities of the electrolytes in solution are generally

analyzed by the Jones-Dole equation'”:
7. =1+ A4c"™ + Be (3)

where 4 and B, the characteristic parameters for salt and solvent, depend

on ion-ion and ion-solvent interactions, respectively.

As the electrolytes investigated here are found to be somewhat associated

from our earlier conductivity measurements®’, the viscosity data have been

analyzed by the following equation '*:

7, = 1+ A(@e)"® + Bac + B'(1 - a)c ' 4

Here 4, B, and B’ are the characteristic constants and « is the degree of

dissociation of the ion pair.

Eq. (4) can be rearranged to give-
12 . I r( 1 - .
fr7. ~ 1~ A{ec) }faz::BJer—-—— (5)
. o

For the evaluation of B-coefficients from Eq. (5), plots of
fn, -1- Alee)? Y ac against.'(l—q)f « were constructed. These were found to -
be linear in all cases. A representative plot displays the variation of
[7, —1— Afac)'?}/ ac against (1 —-ar)/ o at 308.15 K (Fig.1). The values of o were

calculated from the conductance data®’ using the equations described in the

litcraturc?. The A4 values were calculated theoretically from the physical
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parameters of the solvent and the limiting jonic equivalent conductances using the

Falkenhagen and Vernon equation .

‘ o o 032
0.2577TA 1-06863 A=A 6)
AD

T YRR

where 7, is the coefficient of viscosity of the solvent, ¢ s its relative permittivity,

T is the temperature in absolute scale, and A, /“Li, and A are the [imiting

equivalent conductivities of the electrolyte, cation, and anion respectively. The
values of the 4 coefficients thus obtained are recorded in Table 3. These have
been used for the analysis of the viscosity data. The viscosity B-coefficients have
also been included in Table 3. The viscosity data have also been analyzed on the
basis of the transition-state treatment of the relative viscosity of electrolyte

solutions, as suggested by Feakins et. al.”":

- VIB— VZO + V10 (Apg‘t - aﬂF#J (7)

(000 1000 RT

In the above equation, V:O and V;" are the partial molar volumes of the
solvent and solute, respectively. The contribution per mole of solute to the free
energy of activation for viscous flow of the solution, Au,”, has been determined
from the above relationship and is reported in Table 3. The free cﬁergy of

activation per mole of the pure solvent, Ax,” is given by the equation:
0 0= T}U-PEO
Ap, = AGI = RTIn —-};};‘-‘;—‘* (8)

where N is the Avogadro’s number and the other symbols have their usual

significance.
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The action parameters for viscous flow for the electrolytes obtained from

Eq. (7) are given in Table 3.

The viscosity B-coefficients shown in Table 3 are largé and positive for all
the electrolytes studied. The B values for the tetraalkylammonium bromides

increase regularly as we go from tetracthylammonium bromide through
tetraheptylammonium bromide, From this table we see that Az;” values for all the
electrolytes are also large and positive, aﬁd they follow the same pattern as the B

values. B

In order to investigate the specific behavior of the individual ions
comprising these electrolytes, it is necessary to split the viscosity B-coefficients

into their ionic components.

Krumgalz®® proposed a method, to be applied for nonaqueous solvents,
based on his contention that the larger tetraalkylammonium ions are essentially
unsolvated in such solvents. Plots of the B-coefficients of iodides of these cations
in several organic solvents against the cubes of the radii of the ions are indeed _
found to be linear for BusN" and larger cations, values being known upto HepyN"
2_2. The intercepts of the straight lines then give the B-coefficient of the counterion,

iodide,

BR,N")=B(I')+br] . (9)

The slope depends on the solvent and the temperature. The_ B-coefficient of
PryNI may conform to the straight line obtained using the larger cations in some
solvents and not in others, whereas the values for Et;NI and Me;NI generally fall
below the line, Possibly the position of these tetraalkylammonium ions are caused
by the shape of these ions during the viscous flow process in 2-ethoxyethanol
making a relatively smaller contribution to B-values. This would result from a

more compact arrangement of the alky! groups around the central nitrogen.
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Since, the tetraatkylammonium tons investigated in this work are found to
be unsolvated in 2-gthoxyethano!l from our earlier conductivity study®’, the
method of Krumgalz®® described above should, in principle, be applicable to the
present viscosity data. In fact, we oﬁtai:icd very good straight lines (cji Fig. 2) for
tetraalkylammonium bromides with tetrapropylammonium and larger cations
when B (R4NBr) values are plotted against the cubes of the radii of the cations (r) |

obtained from the literature™

at all temperatures investigated (EuNBr being an
exception, B-coefficients of which always fall below the lines). The ionic
viscosity B-coefficients obtained following the Krumgalz method® are given in

Table 4,

The observed order of the viscosity B-values for the tetraalkylammonium

ions (Table 3), HepsN* > PensN' > BusN* > PryN" > Et4N" (anion being common),

shows that the obstruction of the solvent viscous flow increases with an increase

in the size of these species in solution. This clearly indicates lack of solvation of
these ions in 2-ethoxyethanol solutions. Had these ions been solvated in 2-
cthoxyethanol, the smaller ions with greater charge density would have been more
solvated and the order of the ionic viscosity B-coefficients would have been in the

reverse order which is, obviously, not the case here.

Fig. 3 shows the temperature depcndcncc of the viscosity B-coefficients of
the bromide and tetraalkylammonium ions in 2-ethoxyethanol. For all the ions
studied, the B—valﬁes arc positive and their temperature coefficients are small;
although positive coefficients are exhibited by the tetraalkylammonium ions, they
are negligibly small. Bromide ion, however, shows a comparatively larger
negative temperature coefficient. The temperature dependence of the B-
coefficients for the tetraalkylammonium ions in methanol, N-methylformamide,
N-methylpropionamide, and N-methylacetamide are also small’®*?’_ and we find
the same behavior in the present solvent medium, This finding is in sharp contrast
to the abnormally Jarge temperature dependence of the B-coefficients in water'®,
and the remarkable difference can be ascribed to the extensive-hydrogen-bonded

structure of water. The negligibly small dB/dT values of the tetraalkylammonium
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ions indicate that they behave neither as structure breaker nor as structure maker
in 2-ethoxyethanol whereas the negative dB/dT value {or bromide ion in this

medium demonstrates its structure-making behavior.

The ionic free energies of activation for viscous flow, Az, (ion), based on
a method similar to that used for the separation of the viscosity B-coefficients
have been presented in Table 4. The Azy” values of the tetraalkylammonium ions
are always found to be positive thus indicating that the formation of the transition
state is madc less favorable in the presence of these fons. The ionic Aps? values in

the present series of tetraalkylammonium ions increase steadily with the formula
weight of the cations (¢f. Table 4); this behavior is reasonable when solvation

effects are not over-riding.



100

References

1

Gr ~1 O o B W b)Y

10
11
12
13

14

15

16
17
18
19
20
2]

22
23

C. Guha, J. M Chakraborty, S. Karanjai and B. Das. J. Phys. Chem., 107,
12814 (2003). | '

D. Das, B. Das and D. K. Hazra. J. Solution Chem., 32, 77 (2003).

D. Das, B. Das and D. K. Hazra. J. Selution Chem., 32, 85 (2003).

J. M. Chakraborty and B. Das. Z. Phys. Chem., 218, 219 (2004).

D. Das, B. Das and D. K. Hazra. J. Mol Lig., 111, 15 (2004).

P, Haldar and B. Das. Z. Phys, Chem., 218, 599 (2004).

P. Haldar and B. Das. Z Phys. Chem.,, 218, 1129 (2004).

R.W., Gurney, In lonic processes in solution, Dover Publications, New
York, 1962.

J. Crudden, G. M. Delaney, D. Feakins, P. J. O’Reilley, W. E. Waghome
and K. G. Lawrence. J. Chem. Soc., Faraday Trans. 1, 82, 2195 (1986).
H. D. B. Jenkins and Y. Marcus. Chem. Rev. 95, 2695 (1995),

G. Douheret and A. Pal. J. Chem. Eng. Data., 32, 40 (1998).

Y. Marcus, In Jon solvation, John Wiley & Sons, New York, 1983,

M. 1. Aralaguppi, C. V. Jadar and T. M. Aminabhavi. J Chem. Eng. Data.,
42, 301 (1997). ' -
A. Pal and S. Kumar, Phys. Chem. Lig. 41, 423 (2003).

G. Chandrasekhar, P. Ventatesu and M, V. Prabhakara Rao. J. Chem. Eng.
Data., 45, 590 (2004).

D. F. Evans, C. Zawoyski and R. L. Kay. J. Phys. Chem., 69, 387, (1965).
B. Das and D. K. Hazra, I. Chem. Eng. Data, 38, 361 (1 993).

N. Saha, B. Das and D. K. Hazra, J. Chem. Eng. Data., 40, 1264, (1995).
G. Jones and M. Dole, J, Am. Chem. Soc., 51, 2950, (1929).

H. Falkenhagen and E. L, Vernon. Phys. Z. 33, 140, (1932).

D. Feakins, D. J. Freemantle and K. G. Lawrence. J. Chem. Soc., Faraday
Trans. 1, 70, 795 (1974).

S. Krumgalz. J. Chem. Soc., Faraday Trans. 1,76, 1275 (1980).

P. K. Muhuri and D. K. Hazra, Z. Naturforsch. 48a, 523 (1993).



24

25
26

27

101

D. S. Gill and M. B. Sekhri, J. Chem. Soc., Faraday Trans., 1,78, 119
(1982). '
J. F, Coetzee and G. P, Cunningham, J. Am Chem, Soc., 87, 2529 (1965).

R. L. Kay, T. Vituccio, C. Zawoyski and D. F. Evans, J. Phys. Chem., 70,

2336 (1966).

R.L. Kay, C. Zawoyski and D. F. Evans, J. Phys. Chem., 69, 4208 (1965),



102

Table 1. Physicochemical properties of 2-ethoxyethanol at different

temperatures.

Lol cm” n,/ mPa. s
T/K €
exptl. lit. exptl. lit.

298.15 0.92497 0.92502 (11) 1.8277 1.85 (12) 13.38

0.9252 (12)
0.9258 (13)
308.15 091735 091674 (14)  1.5179 L1281
0.91671 (15)
0.9163 (i3)
313.15 0.91370 1.3594 12.52
318.15 0.90994 1.1893 12.25

323.15 0.90602 1.087% 11.99
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Table 2. Molar concentrations, densities and relativq viscosifies of some
tetraalkylammoniumbromides in 2-ethoxyethanol at 308.15, 313.15, 318.15
and 323.15K ‘

¢ /mol dm™ big em™ 7. ¢ /mol dm™ polg cm” 7,
308.15 K
EtNBr Pr;NBr
0.01015 0.91836 1.0080 = 0.01008 0.91838 1.0091
0.02031 0.91933 1.0160 0.02016 0.91935 1.0181
0.03046 0.92029 1.0237 0.03024 {1.92032 1.0271
0.04062 0.92127 1.0314 0.04032 0.92130 1.0362
0.05077 0.92222 1.0397 0.05040 0.92226 1.0453
0.06092 0.92318 1.0477 0.06048 0.92323 1.0541
BusNBr ' PenysNBr
0.00999 0.91842 1.0106 0.00996 0.91844 1.0111
0.0199 0.91939 1.0211 0.01992 0.91941 1.0214
0.02997 0.92037 1.0312 0.02988 0.92039 1.0317
0.03996 0.92136 1.0411 0.03984 0.92138 | 0418
0.04995 0.92233 1.0511 0.04980 0.92234 1.0518
0.05994 (.92331 - 10611 0.05976 0.92333 1.0621
HepNBr '

- 0.01012 0.91847  1.0128
0.02024 0.91944 1.0246
0.03036 0.92043 1.0346
0.04048 0.92142 1.0458
0.05060 0.92238 1.056}
0.06072 0.92336 1.0689
313.15K
EuNBr PrsNBr
0.01011 0.91471 1.0081 0.01004 0.91473 1.0092
0.02023 0.91572 1.0162 0.02008 0.91575 1.0183
0.03034 0.91674 1.0239 0.03012 0.91675 1.0274

Table 2. Continued
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Table 2. (Contd.)

¢ /mot dm” plg em” 7, ¢ /mol dm™ plg om” 7,
0.04046 0.91774 1.0319 0.04616 0.91775 1.0363
0.05058 0.91876 1.0401 0.05021 ‘091876 1.0457
0.06070  0.91975 1.0480 0.06025 0.91975 1.0545
BusNBr PensNBr '

0.00995 0.91475 1.0107 0.00992 0.91476 1.0112
0.01990 0.91577 1.0212 0.01984 0.91576 1.0216
0.02985 0.91676 1.0314 (.02976 0.91677 1.0319
0.03980 0.91778 1.0412 0.03968 0.91779 1.0423%
0.04976 0.91878 1.0512 0.04961 0.91879 1.0521
0.05971 0.91979 1.0612 0.05935 091982  1.0621
HepsNBr

0.01008 0.91481 1.0129

0.02016 0.91581 1.0249

©0.03024 0.91682 1.0368

0.04032 0.91785 1.0462

4.05038 0.91885 1.0566

0.06049 0.91987 1.0695

318.15K

EtyNBr PryNBr

0.01007 (3.91095 1.0083 0.0.1000 0.91099 1.0094
0.02014 0.91196 1.0163 (.02000 0.91198 1.0183
0.03022 0.91297 1.0239 (.03000 0.91298 1.0277
0.04029 0.9139¢6 1.0321 0.04000 0.91 3;99 " 1.0368
£.05037 0.91498 1.0401 0.0500 0.91501 1.0461
0.06045 0.91601 1.0482 0.06000 0.91604 1.0549
BusNBr PenyNBr

0.00991 0.91101 1.0109 0.Q0988 091103 1.0115
(0.01982 0.91201 1.0213 0.0197¢6 0.91202 1.022¢
0.02973 0.91299 1.0315 0.02%64 0.91300 1.0323

Table 2 (Contd.)
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Table 2 {Contd.)
¢ /moldm>  plgom™ 7, ¢ /mol dm™ plgem™ 7,
0.03%564 0.91401 1.0413 0.03952 0.91403 1.0425
0.04956 0.91504 1.0515 0.04941 0.91505 1.0527
0.05947 0.91607 1.0613 0.05929 0.91608 1.0630
HepsNBr r
0.01004 0.91107 1.0133
0.02008 0.91207 1.0253
0.03012 0.91305 1.0373
0.04016 0.91409 1.0468
0.05020 0.91509 1.0571
0.06024 0.91612 1.0699
323.15K
Et4NBr PryNBr
0.01003 0.90703 1.0084 0.00996 0.90703 1.0095
0.02006 0.90802 1.0165 0.01991 0.90805 1.0187
0.03009 0.90905 1.0240 0.02987 0.90907 1.0280
0.04012 0.91004 1.0324 (.03983 0.91009 1.0371
0.05016 0.91107 1.0407 0.04980 091112 1.0465
0.06019 0.91208 1.0485 0.05975 0‘.91213 1.0554
BusNBr _ PeryNBr
0.00987 0.90708 1.0110 0.00984 0.90709 1.0116
0.01978 0.90806 1.0215 0.01967 0.90807 1.0222
0.02960 10.90909 1.0316 0.02951 0.90911 1.0325
0.03947 0.91012 1.0413 0.03935 0.91014 1.0427
0.04934 091115 1.0515 0.04920 091116 1.0530
0.05921 0.91215 1.0614 0.05904 0.91216 1.0631
HepsNBr
0.00999 0.90704 1.0135
0.01999 0.90812 1.0257
0.02999 0.90916 1.0378
0.03999 0.91019 1.0474

" 0.04999 091118 1.0577
0.05999 0.9122] 1.0706
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Table 3. Theoretical A-coefficients, the viscosity B-coefficients and the free
energies of activation for viscous flow of electrolytes in 2-ethoxycthanol at

308.15, 313.15, 318.15, and 323.15 K.

Electrolyte A/dmimol B /dm® mol” Az?* kI mol”
308.15 K
Et,NBr 0.0290 0.216+0.001 21.52
Pr,NBr 0.0309 0.444+0.001 29.02
- BusNBr 0.0328 0.554 + 0.005 33.44
Pen NBr 0.0356 0.649+0.001  37.51
Hep,NBr 0.0417 0.833 + 0.002 4555
313.15K :
Et,NBr 0.0316 0.196+ 0.001 20.91
Pr,NBr 0.0339 0.428:+ 0.001 28.65
Bu,NBr 0.0361 0.534+ 0.006 33.02
PenNBr 0.0391 0.629£ 0.001 37.13
HepsNBr 0.0460 0.820 +0.004 45.46
318.15 K
Et,NBr 0.0354 0.179+0.001 20.41
PrNBr . 0.0378 0.411+0.001 28.23
Bu,NBr 0.0406 0.512+0.004 3254
PenyNBr 0.0444 0.603 + 0.001 36.62
Hep{NBr 0.0514 - 0.814+ 0.004 45.57
323,15 K
Et,NBr 0.0377 0.168 + 0.002 2016
Pr,NBr 0.0404 0.396+ 0.001 27.95
Bu;NBr 0.0444 0.493  0.005 32.32
PenyNBr 0.0476 0.587+ 0.001 36.40

HepsNBr 0.0551 0.800+ 0.004 45,52
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‘Table 4. Ionic viscositiy B-coefficients, and ionic free energies of activation

for viscous flow in 2-ethoxyethaunol at 308.15, 313.15, J318.15, and 323.15 -K.

Br

ion 308.15K - 313.15K 318.15K 323.15K
B /dm’ mol |
EGLN'  0.099 0.102 0117, 0125
PriN* 0.327 0.333 0.349 0353
BuN*- 0.437 0.439 0.450 0.450
PensN* 0.532 0.534 0.541 10.544
" HepN* 0.716 0.725 0.752 0.757
Br 0.117 0.095 0.062 0.044
- A kI mol _
BN 6.56 6.65 7.19 743
PrN' 14.06 - 1439 1501 ~ 15.22
" BusN* 18.48 18.76 19.32 19.59
PensN* 22.55 22.87 23.40 23.67
" HepsN' 30.59° 31.20 3235 32.79
14.96 14.2 13.2 12.713
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ethoxyethanol for Et;NBr (O), PraNBr (A), BusNBr (), PenyNBr (@) and
Hep,NBr (&).
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Electrical conductances of some tetraalkylammoninm and
alkali metal salts in 2-ethoxyethanol + water mixtures at.

308.15, 313.15, 318.15 and 323.15 K

Introduction

Studies on fhe transport properties of electrolytes in different solvent
media are of great importance .1‘.0 obtain information as to the solvation and
association behavior of ions in solutions. These properties have been
investigatf:.dl'8 for a wide variety of electrolytes in different solvents in great detail
by onc of us. The solvent properties like the viscosity and the relative permtittivity
have also been taken into account in dctermihing the extent of ionic association
and the solute-solvent interactions which enabled many to inierpret the unique
structure of the solvent. The present paper fcports the molar conductivitics of four
tetraalkylammonium salts, namely tetracthylammonium bromide (Et;NBr), and -
tetrapropylammonium bromide (PrsNBr), tetrabuylammoniurm bromide (Bu,NBr),
tetrapentylammeonivm bromide (PeryNBr) and two alkali metal salts e.g., sodium
bromide (NaBr) and sodium tetraphenylborate (NaBPhy) in 2-ethoxyethanol-water
m1xtures at 308.15, 313.15, 318.15 and 323.15 K to 1r1vest1gatc the ion-ton and

-

mn—solvent interactions in the:,e medla

Experimental

» 2-Ethoxyethanol (G. R. E. Merck) was dried with p.otassiur-n carbonate and
-distillcd twice in an all glass distillation set immediately before use and the middle
fraction was collected. The purified solvent had a density (,0,) of 0.92497 g-cm™
and a viscosity (77,) of 1.8277 mPas at 298.15 K; these values are found to be iﬁ
good agreement with the literature values,”'® Triply distilled water with a specific
conductance of less than 10 S.cm™ at 308.15 K was used for the preparation of .
. the mixed solvents by mass. The physical properties of 2-cth0kyethan¢l—§vater
‘mixed solvents used in this study at 308.15, 313.15, 318.15 and 323.15 X are’

Teported in Table 1. The relative permittivitics of 2-ethoxyethanol-water mixtures
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at the experimental temperatures were obtained with the equations as described in
the literature'' using the literature density and relative permittivity data of the pure

7,12

solvents™"* and the densities of the mixed solvents given in Table 1.

Tetracthylammonium bromide (EuNBr), tetrapropylammonium bromide
(PrsNB1), tetrabutylammoenium bromide (BusNBr) and tetrapentylammonium
bromide (PensNBr) were of Fluka purum grade and were purified by
recrystallization from acetone and the recrystallized salts were dried in vacuo at
333.15 K for 48 .

Sodium tetraphenylborate (Fluka, purissimum) was recrystallized from
acetone and dried in vacuo at 353.15 K for 72 . Sodium bromide (Fluka, purum)

was dried in vacuo for 72 h and was used without further purification.

Conductance measurements were carried out on a Pye-Unicam PW 9509
conductivity meter at a frequency of 2000 Hz using a dip-type cell of cell constant
1.15 cm™ and having a precision of 0.10 %. The cell was calibrated by the method
of Lind and co-workers” using aqueous potassium chloride solutions. The
‘measurements were made in a water bath maintained within + 0.005 K of the
desired temperature. The details of the experimental procedure have been
described earlier."*'® Solutions were prepared by mass for the conductance runs,
the molalities being converted to molarities by the use of densities measured with

3 capacity. Several

an Osfwald-Sprengcl type pycnometer of about 25 ch
independent solutions were prepared and runs were performed to ensure the
reproducibility of the results. Due correction was made for the specific
conductance of the solvent by subtracting the specific conductance of the relevant

solvent medium from those of the salt solutions.

The kinematic viscosities were measured using a suspended level

Ubbelohde-type viscometer.

In order to avoid moisture pickup, all solutiors were prepared in a

dehumidified room with utmost care. In all cases, the experiments were performed
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at least in five replicates for each solution and at each temperature, and the results

wete averaged (repeatibilities were always within £ 0.10 S-cm®mol™).

Results and Discussion

The measured molar conductances (A) of electrolyte solutions as
functions of molar concentration {¢) in 2-ethoxyethanol-water mixtures with
w; = 0,25, 0.50 and 0.75 at 308.15, 313.15, 318.15 and 323.15 K are given in
Table 2.

The conductance data have been analyzed by the 1978 Fuoss conductance-
concentration equation.”"” For a given set of conductivity values (¢, A; /=1, ...,
r), three adjustable parameters - the limiting molar conductivity (4°), association

constant (K,) , and the association diameter (R), are derived from the following

set of equations ;

A= p[A°(1+ RX + EL] 6}
p=l-a(l-y) 2)
}V:l_KAcyzfz p (3)
mFe P

IR = R @

ez

b= ek, T ©),
K, =K, (0+K,) (6)

where RX is the relaxation field effect, EL is the electrophoretic countercurrent, y
is the fraction of uni)aired ions, and a is the fraction of contact-pairs, K, is the
overall pairing constant evaluated from the association constants of contact-pairs,

Ks, of solvent-separated pairs, Kz, ¢ is the relative permittivity of the solvent, e is
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the electronic charge, iy is the Boltzmann constant, £ is the radius of the ion
atmosphere, ¢ is the molarity of the solution, f'is the activity coeflicient, T is the
temperature in absolute scale, and £ is twice the Bjerrum distance. The
computations were performed on a éomputer using the program as suggested by
Fuoss. The initial A’values for the iteration procedure were obtained from
Shedlovsky extrapolation'® of the data. Input for the program is the set (cj; A =
1, ....m, n, €, 1, T, initial value of A%, and an instruction to cover a preselected

range of R values.

In practice, calculations are made by finding the values of A’ and «

which minimize the standard deviation, o,

o = (3" 4, (caled)-4,(obsd)]* /pn~2)} %)

for a sequence of R values and then plotting ¢ against R; the best-fit R
corresponds to the minimum in ¢ vs. R curve. However, for the electrolytes
investigated here, since a preliminary scan using a unit increment of R values from
4 to 20 produced no significant minima in the o vs. R curves, the R value was
assumed to be R = a + d, where a is the sum of the ionic crystallographic radii and

d is given by'’
d=1.183M/ p,)"? , ®

where M is the molecular weight of the solvent and p, its density.
The values of 4°, Ks, and R obtained by this procedure are reported in
Table 3.

In order to investigate the specific behavior of the individual jons
comprising these electrolytes, it is necessary to split the limiting molar electrolyte

conductances into their ionic components.
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The limiting ionic molar conductivities have been evaluated using
tetrabutylammonium tetraphenylborate (Bus;NBPhy) as the “reference electrolyte”

from the following equations'>*":

4"(Bu4NBPh4 )=A"Bu,N* )+ A(PhB") )

A°(Bu,N*) r(Ph,B) 535
A°(Ph,B~) rBu,N') 500

(10)

The A’ values of BusNBPh; have been obtained by an appropriate
combination of those of NaBr, NaBPh;, BusNBr using the Kohlrausch additivity

rule:

A%Bu,NBPh, ) = A°(Bu,NBr) + A°(NaBPh, ) — A*(NaBr) (1)

The r-values for the BusN' and PhsB™ ions were taken from the

' Iiteratum_21 .

~ Table 3 and Figures 1-3 show that the equivalent conductivity values -
(A°) of the electrolytes investigated increase as the temperature increases in

all 2-ethoxyethanol-water mixtures. The A’values have been fitted to the

following polynomial in 7%
A8 em® - mol™ = a, + a,(308.15 ~T/K) + a,(30815 ~ T/K)* (12)

and the coefficients of these fits along with the standard deviations (o ) are given
in Table 4.

The association constants (K} listed in Table 3 for the electrolytes
investigated are practically negligible (i.e., the K, values are either very close to
or less than 10 in the mixed solvent media with w, = 0.25, and 0.50 over the entire
temperature range. So, the numerical values of K4 should not be taken seriousty.?
One can only conclude that these electrolytes exist essentially as free ions in both

the solvent mixtures in the temperature range 308.15 to 323. 15 K. This is expected
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because the relative permittivities of the solvent mixtures are fairly high (40.96
< £ <60.13). For NaB.Ph,;, however, slight ionic association is noticed even in
these solvent mixtures especially in the low temperature region. In the solvent
mixture with w; = 0,75 with comparatively lower relative permittivity, all of these
clectrolytes are found to be somewhat more associated. Interestingly, the salt
NaBr exist in the form of free ions over the entire composition range, irrespective

of the temperature,

From Table 4, we sce that the limiting ionic conductivity values of the
tetraalkylammonium ions decrease in the order: Et2N" > Pry;N™ > BuyN' > PenyN*
in the present 2-ethoxyethanol-water mixtures over the entire termperature range.
Now, a comparison ofthié trend in mobility with the crystallographic size of these
ions, which is in the order” : Et;N' < Pp,N* < BuyN* < PenyN*, shows that the
larger the size of the bare ion, the smaller its ionic mobility. This indicates that the
relative actual sizes of these ions as they exist in solutions follow the order: EtyN"
< PrsN* < BuN* < PenyN™. This observation, thus, clearly demonstrates that these
ions would remain unsolvated in aqueous 2-ethoxyethanol solutions which is quite
expected because of their large crystatlographic radii’> and hence low surface
charge density. Had these ions been solvated in these media, their limiting ionic
conductivity values should have been in the reverse order: EtsN" <Pr,N" < BuyN*
< PenyN", because smaller ions with greater surface charge densities are expected
to be more solvated resulting in a bigger solvodynamic entity — which is obviously
not the case here. The bromide ion is found to be solvated in 2-¢thoxyethanol

from our previous study’.

The limiting molar conductivity values (A®) of sodium bromide are
always found to be higher than those of sodium tetraphenylaborate. This means
that the mobility of the bromide ion (Br) is greater than that of the
tetraphenylborate ion (PhsB7) (cation being common} in all of the mixed solvent
media over the entire temperature range investigated. Now, a comparison of this
trend in mobility with the crystallographic sizes of these ions, which is in the

order®” : Br < PhyB", shows that the larger the size of the bare ion, the smaller is
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its ionic mobility. This indicates that the relative actual sizes of these ions as they

exist in solutions follow the order: B < PHuB".

An important conclusion concermning iou solvation can be drawn if one
compares the variation in the mobility difference between the bromide and
tetraphenylborate ions, ie., A°{Br )—A"(Ph,B™) with the composition of the
mixed solvent media (¢f Table 4). In pure 2-cthoxyethanol (Chapter 1), the
mobility of the tetraphenylborate ion is always greater than that of the bromide ion
thus indicating that the relative actual size of the tetraphenylborate ion is smalier
than that of the bromide ion in this medium. That is, the bromide ions must remain
significantly solvated in 2-ethoxyethanol thus making them bigger hydrodynamic
entities as compared to the tetraphenylborate ions. But the situation is entirely
different in 2-cthoxyethanol-water systems, where a reverse trend in the mobilities
and hence in the actual sizes for these ions in solutions is observed. Furthermore,
the richer the solvent medium in water, the greater is the difference in the
mobilities of these ions. Now, since the tetraphenylborate ion is expected to
remain unsolvated in solution becavse of its large size and hence very low surface
charge density, the extent of solvation of the bromide ion must decrease -
monotonically with the addition of water to 2-ethoxyethanol. In other words, the
solvation of the bromide ion gradually weakened as the 2-ethoxyethanol content

of the medium increases.

A similar behavior of decreasing solvation with .incrcasing amount of 2-
ethoxyethanol in aqueous 2-ethoxyethanol mixtures is also exhibited by sodium
ion. This can be easily ascertained by comparing thc compositio'n. dependence of
the mobility difference (Table 4) between the sodium ion with any of the
tetraalkylammonium or the tetraphenyiborate ion which is known to be unsolvated
in pure 2-cthoxyethanol (Chapter II) as well as In ils agueons mixture (sce

above).

The Walden product values (A'z, ) for the clectrolytes studied here show

pronounced variations with increasing temperature (Table 3). Therefore, the
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Stokes law cannot be applied in 2-ethoxyethanol-water because the Ay, values,

according to this law, would be expected to be independent of tf:rr‘lperalture.23
Since the ions are often far from being spherical and since they are of the same
order of magnitude as the solvent mdlecules, it is questionable whether the
retarding effect of the later can be accurately described by the macroscopic
viscosity as has been done in the derivation of the Stokes law. Hence, the Stokes
law cannot be considered quantitatively reliable. Such failure of this law has also
been observed earlier in other solvent media. **

Thus, it can be concluded that the tetraalkylammonium bromides
investigated here exist essentially in the form of firee ions aqueous 2-
ethexyethanol solutions v?i_th wy = 0.25 and 0.50 over the entire temperature range
investigated (308.15 to 323.15) K. Slight ionic association was observed in the
mixed solvent medium with wy = 0.75. For sodium tetraphenylborate, on the other
hand, slight ionic association was always observed and the extent of ionic
association is found to increase with increasing amount of 2-ethoxyethanol in the
present mixed solvent media. The electrostatic ion-solvent interaction is found to
be very weak for the tetraalkylammonium jons and the tetraphenylborate ion in
the aqueous 2-ethoxyethanol mixtures investigated. The solvations of the bromide
ot and of the sodiﬁm ion were found to be gradually weakened as the 2-
ethoxyethanol content of the medium incre’a‘scs. Furthermore, the limiting
equivalent conductivity values of the electrolytes increase monotonically as the
temperature increases in all 2-ethoxyethanol-water mixtures which have beén

described by polynomial equations.
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" Table 1. Properties of 2-ethoxyethanol + water mixtures with wy = 0.25, 0.50 and
0.75 at 308.15, 313.15, 318.15 and 323.15 K

TIK P, Kgrem’) 7, kmPass) - g
w, = 0.25
308.15 100354 1.8430 . 6013
313.15 1.00021 15293 5870
318.15 0.99781 1.2738 57.37
323.15 0.99582 1.0923 5611
w, =0.50 |
308.15 | 0.99361 1.9234 4430
313.15 0.98514 17195 - 43.03
318.15 0.98004 1.4552 4195 .
32315 097610 12762 40.96
w, =0.75
308.15 0.95451 ° 17002 . 27.93
313.15 0.95147 15203 2729
318.15 0.94873 1.3498 ,lI26.68

32315 0.94625 1.1901 - 26.10
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Table 2. Equivalent conductances and corresponding niolarities of
electrolytes in 2-ethoxyethanel + water mixtures with w; = 0,25, 0.50 and 0.75 ‘
at 308.15, 313.15, 318.15 and 323.15 K

Wy = Q.25 wy = 0.50 ) Wy, = 0,75

cAmol-dm™y A f{Sem®mol?) e/(mol-dm™ A/S-cm®mel™)  efmol-dm™) A AS-cm®mol™)

T=308.15K

Et,NBr
0.005122 66.77 0.002120 58.49 0.000501 49.08
0.007683 64.95 0.003181 57.55 0.000752 48.54
0.010244 63.64 0.004240 56.84 0.001002 48.18
0.012055 62.39 0.005300 56.23 0.001253 - 47.80
0.015367 61.24 0.006358 55.66 0.001504 47.55
0.617928 60.19 0.007420 - 55.12 0.001754 4737
0.020489 59.30 0.008482 54.60 0.002005 47.08
0.025611 57.59 0.010600 53.77 0.002506 46.68

Pr,NBr
0.007359 62.21 0.003045 55.17 0.000763 - 44.07
0.010052 60.78 0.004060 54.43 0001017 - 43.44
0.012565 59.61 0.005075 5379 - 0001271 42.88
0.015078 58.50 0.006090 5337 0.001525 42.38
0.017591 57.47 0.007105 5278 0.001780 41.93
0.025130 . 54.75 0.010150 51.63 0.002542 40.94

BusNBr
0.005012 61.25 0.002013 54.14 . 0.000503 43.37
0.007518 59.72 0.003020 5331 0.000754 42.97
0.010024 58.26 0.004026 52:90 0.003005 42,57
0012530  57.06 0.005033 . 5245 0.001257 42.26
0.015036 55.93 0.006040 51,99 0.001508 41.98
0.017542 55.01 0.007646 51.66 0.001759 41.72
0.020048 54.12. . 0.008053 51.16 0.002010 41.43
0.025060 52.23 0.010066 50.57 0.002513 40.98

Table 2 (contd.)
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w; = 0.25

Wy = 0.50

wy =075

“effmol-dm™®y A ASem®mol™y ci{mol-dm™) A/(S-cm®mol’)  eimol-dm™) A /(S-cm®mat™)

0.005008
0.007312
0.010016
0.012520
0.015024
0.017528
0.020032
0.025040

0.005006
0.007509
0.010012
D.012515
0.015018
0.017521]
0020024
0.025030

0.005112
0.007668
0.010224
0.012780
0.013337
0.017893
0.020449
0.025561

58.9]
5735
55.91
54.87
53.78
5277
5192
50.20

76.50
7191
76.601
75.35
74.31
73.28
72.36
70.59

49.29
47.73
46.36
45.30
44.27
43.26
42.50

40.88

Pen;NBr
0.002103 50.89
0.003154 50.10
0.004205 4946

0.005256 4891
0.006308 48.35
0.007359 41.97
0.008410 4744
0.010513 46.70

NaBr
0.00199¢ 6(.04
0.002908 59.37

0.003998 5878

- 0.004597 5823

0.0059%96 5710

0.006996 5732
0.007995 56.91
0.009994  56.03
NaBPh,
0.002085 40.28
0.003128 39.32
0.00417] 38.60
0.005213 38.17
0.006256 37.56
0.007299 37.13
0.008342 36.56
0.010427 3577

0.000499
0.000748
0.000997
0.001247
0.001496
0.001745
0.001995
0.002493

0.00052¢6
0.000789
0.001052
0.001315
0.001578

0.001841 ,

0.002103
0.002629

0.000501
0.000752

0.001003 -

0.001254
0.001504
0.001755
0.0020006

0.002507

40.i4
39.57
39.10
38.66
38.30
37.93
37.60
37.06

43.50
4298
42.69
42.44
42.22
42.00
41.74
41.30

32710
32.17
31.71
3119
30.78
30.42
30.06
29.47

Tabile 2 (contd.)
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wy =0.25

Wy = 0.50

W, = 075 .

cimol-dm™) A/Sem®mol") cimoldm™) A/Semmol') c/mol-dm™) A/S-cm*mol™)

0.005099
0.007649
0.010198
0.012748
0.015298
0.017848
0.020398
0.025498

0.005003
0.007505
0.010007
0.012509
0.015012
0.017514
0.020016
0.025021

0.004950
0.007484
0.009980
(.012475
0.014970
0.017466
0.019961
0.024953

71.97
70.34
68.93
67.70
66.61
65.50
64.52
62.87

68.95
67.15
65.75
64.75
63.55
62.52
61.50
59.71

66.34
64.67
63.23
61.96
60.92
59.83

58.96 .
57.19°

T=313.15K
EtyNBr .

0.002110-  63.03

0003165 6255
0004220  61.6)
0.005275 6104
0.006330  60.34
0.007386  59.98

0.008441 59.47
0.010551 58.48
PT4NBY

0.002020 60.88

0.003031 60.05

0.004041 59.39
0.005052 58.99
0.006062 58.40
0.007072 57.97

0.008083 57.53
0.010104 56.81
Bus;NBr

0.002004 58.89
0.003006 58.22
0.004008 57.64
0.005010 \5‘7.09
6.006012 56.55

0.007014 56.17

0.008016 55.76
0.010020 55.09

0.000499
0.000748
0.000998
0.001247
0.001496
0.001746
0.001995
0.002494

0.000506
0.000759
0.001012
0.001265
0.001518
0.001771
'0.002024
0.002530

0.060500

0.000750

0.001001
0.001251
0.001501
0.001751
0.002001
0.002501

5332
52.92
52.52
52.12
51.85
5149
5122
50.71

49.20
48.34
47.12
47.11
46.50
46.01
45.50
4492 -

48.57
- 48.11
47.67
47.33
47.04
46.77
C 4647
46.01

Table 2 (contd.)
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wy = 0.25

W = 0.50

w, =075

c/molrdm™) AAS-emPmol™) effmol-dm™) A AS-cm*mol’) cAmol-dm?) A #(S-cm*moi™)

0.004986
0.007478
0.009971
0.012464
0.014958
0.017451
0.019944
0.024932

0.004984
0.007475
0.009967
0.012459
0.014951
0.017442
0.019935
0.024920

0.005089
0.007634
0.010178
0.012724
0.015269
0.017814.
0.020360
0.025451

63.99

62.31
60.97
59.77
58.77
57.76
56.81
55.15

34.88
83.21
81.87
80.74
79.59
78.48
77.60
75.76

53.84
52.40
51.08
4991
48.86
47.83
47.20

45.46

_ PeryNBr
0.002093 55.91
0.003139  54.79
0.004186  54.23
0.005232 5371
0.006279  53.20
0.007325 52.69
0008372 5232

0.010465 51.50

NaBr
0.001989 64.84
0.002984 64.34
0.003979 63.83
0.004974 63.13
0.005908 62.66

0.006563 62.18
0.007958 61.82

0009948 - 60.92
NaBPh,
0.002076 44.32
0.003114 43.68
0.004151 42.88
0.005189 42,39
0.006227 41.91
0.007265 41.92
0.008303 41.29
0.010379 40.95

0.000496
0.000745
0.000993
0.001241
0.001489
0.001737
0.001985
0.002482

§.000523
0.000785
06.001047
0.001368
0.001570
0.001832
0.002094
0.002617

0.000499
0.000749

0.600998 -

0.001247
0.001497
0.001747
0.001996
0.002496

45.93
45.26
4493
4457
44.26
43.98
43.72

43,19

49.10
48.66
48.30
47.95
47.63
47.32
47.06
46.58

38.07
37.40
36.97
36.55
36.13
3578
3541
3478
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wy; =0.25

0.50

w, = Q.75

c/(moldm™) A /A(Sem*mol™) cimot-dm™) AAS-em®mol™) ¢/(mol-dm™) A AS-emZmol™)

© 0.005079
0.007619
0.010158
0.012698
0.015238
0.017778
0.020318
0.025398

0.004984
0.007476
0.009968
0.012461
0.014953
0.017446
0.019939
0.024925

0.004970
0.007455
0.009941
0.012426
0.014912
0.017398
0.015884
0.024857

77.18
75.47
74.03
72.77
71.60
70.65
69.64
67.80

73.84

72.37
70.83
69.58
68.48
6741
66.40

" 64.63

71.43
69.75
68.20
67.04
65.92
64.84
63.92

62.12

T

0.002099
0.003149
0.004198
0.005248
0.006298
0.007347
0.008397
0.010496

0.002010
0.003015
0.004020
0.005025
0.006031
0.007036
0.008041
0.010051

0.001993
0.002990
0.003987
0.004984
0.005981
0.006978
0.007975
0.009968

=318.15K
EuNBr
68.60
67.64
66.69
66.12
65.58
65.06
64.55
63.55
 PruNBr
65.67
65.00
64.42
63.88
63.34
62.96
62.43
61.58
BuyNBr
6371
63.20
6245
62.00
61.53
61.05
60.57
59.89

0.000496
0.000744
0.000992
0.001240
0.001488
0.001736
0.001984
0.002480

0.000503
0.000755
0.001007

0.001258

0.001510
0.001762
0.002013
0.002516

0.000498

0.000746 -

0.000995
0.001244
0.001493
0.001741
0.001990
0.002488

58.68
5794
57.37
56.86
56.46
56.11
55.70
5501

54,84
- 5391
53.15
52.54
51.99
51.38
50.81
49.91

5447
54.00
53.67
5331
53.00
52.72
52.41
52.02
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Wy = 0.25

wy = 0.50

Wy = 0.75

effmol-dm™) A AS-cm®mol™) e/(mol-dm™) A AS-em®mol™)

cimol-dm™) A /(S-cm*mol™)

0.004966
0.007449
0.009932
0.012416
0.014900
0.017384
0.019868
0.024836

0.004%64
0.007446
0.009928
0.012410
0.014893
0.017375
(0.019838
0.024824 .

0.005069
0.007604
0.010139
0.012675
0015210
0.017746
0.020281
0.025354

69.07
67.52
66.15
65.00
63.89
62.87
61.96
60.31

90.60
89.04
87.83
86.62
85.54
84.54

83.64

31.74

0.002082
0.003123
0.004164
0.005205
0.006246
0.007287
0.008329
0.010411

0.001979
0.002969
0.003958
0004048
0.005938
0.006927
0.007917
0.009896

PenyNBr

60.52
59.88
59.08

58.60.

57.95
57.50
57.03
56.19
NaBr
71.24
7040
69.73
69.12
68.55
63.14
67.70
66.79

- NaBPh,

0.002064
0.003097
0.004130
0.005163
0.006193
0.007228
0.008261
0.010326

49 .40
48.43
47.94
47.46
46.63
46.21
45.76

44.83 .

0.000494
0.000740
0.000987
0.001234
0.001481
0.001728
0.001974
0.002468

0.000520
0.000781
0.601041
0.001301
0.001561
0.001822
0.002082
0.002602

0.000496
0.000744

0.000993

0.001241
0.0G1489
0.001737
0.001983
0.002482

. 5126
50.78
5034
49.92
49.57
49.20
48.87
48.30

5572
55.20
54.76
34.41
53.99
53.69
53.36
5287

43.52
4298
42.51
42.15
41.77
41.50
41.15
4(.62

Table 2 (contd.)
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Tabie 2 (contd.)

w, =025 w, = 0.50 wi =0.75

c{mol-dm™) A {S-em®mol”) ef{mol-dm?) A/S-emmol®)  of{mol-dm?) AJ/(S-cm®mol™)

T=323.15K

EtsNBr
0.065060 83.00 0.002087 73.79 0.000494 64.23
0.007590 80.76 0.003130 72.83 0.000740 63.33
0.010120 79.24 0.004174 72.11 0.000987 62,74
0.012651 78.02 0.005217 71.49 0.001234 62.01
0015181 76.80 - 0.00626] | 70.91 0.001481 61.53
0.017712 75.77 0.007303 70.37 0001727 61,02
0.020243 74.69 0.008483 69.83 0.001974 60.54
0.025304 . 72.87 0.010436 68.99 0.002468 59.65

PrsNBr
0.004965 79.15 0.001998 71.06 0.000501 61.32
0.007448 77.47 0.602998 7039 0.000751 60.39
0.009931 75.82 0.003997 69.80 0.001001 39.62
0012414 74.67 0.004996 65.25 0.001252 58.76
0.014898 73.57 0.0059%6 68.72 0.001502 - 58.19
0.017382 72,49 0.006995 68.19 0.001752 57.61
0.019866 71.43 0.0079%4 67.80 0.002003 56.98
0.024834 69.70 0.009994 66.94 0.002503 5577

Bu,NBr
0.004951 76.14 0.001982 69.13 0.00G495 60.12
0.007427 74.18 0.002973 68.29 0.000742 59.50
0.009904 72.60 0.003964 67.61 0.000990 59.11
0.012380 71.32 0.004955 67.20 0.001237 58.90
0.014857 70.07 0.005946 66.77 0.001485 58.47
0017334 69.03 0.006937 66.16 0.001732 58.17
0.019812 67.839 0.007928 65.84 0.001980 57.90
0.024767 66.06 0.009911 64.98 (1.002475 5743

Table 2 (contd.)
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Table 2 (contd.}

Wy = (.25 w; = 0.50 L 0.75

ei{mol-dm™} A/XS-em*mol™} e/(mol-dm™) AAS-cm*mol™)  efmol-dm™) A AS-cm*mol™)

PeryNBr _
0.004947 74.58 0.002070 66,19 0.000491 57.23
0.007422 72.90 (.003105 65.38 0.000737 56.62
(.0098%6 71.44 0.004140 64.49 0.000982 56.21
0.012370 70.33 0.005175 63.96 0.001228 55.72
0.014845 69.25 0.006210 63.44 0.001473 55.39
0.017320 68.30 0.007245 63.07 0.001719 5499
0019795 67.34 0.008281 62.68 0.001964 54.65
0.024746 65.67 0.010351 61.92 0.002455 54.09
NaBr
0.004945 90.25 0.001968 F7.25 0.000518 62.96
0.0074i18 94.63 0.002951 76.23 0.000777 62.32
0.009891 93.11 0.003935 75.72 0.001035 61.80
0.012365 01.87 0.004919 75.01 0.001294 61.42
0.014838 00.78 (.005903 74,53 0.001553 61.03
0017312 89.76 0.006887 74.05 0.001812 60.70
0.015786 88.80 0.007871 73.43 0.00207] 60.35
0.024734 86.84 0.009839 72.67 0.002589 39.79
NaBPh,
(.005050 62.96 - 0.002053 54.29 0.000494 49,37
.007576 61.38 0.003079 53.58 0.000741 48.74
6.010102 60.09 0.004106 52.85 0.000988 48.40
0.012628 58.92 0.005133 52.21 (001234 48.04
0.015154 5780 0.006159 51.63 0.001481 47.73
0.017681 56.84 0.007186 51.21 0.001728 47.45
0.020208 5592 0.008213 50.65 0.001975 47.19

0.025262 54.66 0.010267 49.87 0.002469 46.70
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Table 3. Derived conductivity parameters of electrolytes in 2-ethoxyethanol- .
water mixtures with w, = 0.25, 0.50, and 0.75 a¢ 308.15, 313.15, 318.15 and
323.15K

. LI}
K A KsemPmol™y K, /(dm*mot') A’r, /(S-con® mol'Pass) R/ 4 1000/ A’

wy =0.25
Et;NBr
308.15  72.90 £0.06 11.77 £0.12 0.1343 9.29 0.07
313.15 7845 +£0.06 10.I16 +£0.09 0.1200 9.31 0.06
3i8.15 84.05 0.0 9.10 £ 0.09 0.1071 9.31 0.06
323.15 90,28 +0.17 8.85 £0.24 0.0986 9.30 0.15
Pr,NBr
30815 6993 £0.05 1276 £0.11 0.1288 10.81 0.06
313.15 7522 £0.13  11.12 £0.23 0.1150 10.83 0.14
31815 80.64 £0.06 994 £0.14 0.1027 10.83 0.09
32315 8622 10.08 894 +0.12 0.0942 10.82 0.08
Bu,NBr |
308.15 67.35 £0.11 1331 £023 0.1241 10.29 0.12
313.15 72,67 + 0.06 11,74 +0.11 01111 10.31 0.06
31815  78.15 £0.06 1046 £0.09 0.0996 10.31 0.06
323.15 83.52 +0.08  10.54 £0.13 0.0912 10.30 0.07
Peny,NBr
308.15 6480 £0.08 1341 +0.18 0.1194 10.58 - 0.09
© 313,15 70001 2005 11.72 £0.10 0.1072 10.60 0.16
31815 - 7555 +0.04 1002 £0.07 0.0963 10.60 0.04
323.15 81.33 +0.05 8.73 £0.08 0.0888 10.59 0.05
NaBr
308.15 85.714 £ 0.07 8.26 = 0.11 0.1580 6.24 0.07
313.15 91.53 £0.11 745 £0.15 0.1400 6.26 0.10
318.15 97.62 £0.13 6.03 £0.18 0.1243 6.26 0.13
32315 103.83 £0.12 579 £0.14 0.1134 0.25 0.1
‘ NaBPh,
308.15 5521 +0.08 16.52 £0.22 0.1018 9.64 0.10
313.15 60.00 £0.12 0.0918 9.64 J 0.15

13.78 £0.30

Table 3 (contd.)



Table 3 {contd.}

131

1]
A’A(S-emPmol") K, A(dm>mol™) A’ /(Sem® mol'Pas) R/A 1000 /A

K
w; =0.25 .
31815 6473 £0.10 ~ 1211 £0.23 0.0825 9.00 0.12
32315 69.63 £0.12 10.01 +0.23 0.0761 9.65 0.13
wy = 0.50
EtuNBr
308.15  62.13 £0.03 1139 £0.13 0.1195 9.63 0.04
31315  67.06 £0.14 9.57 £0.57 0.1153 9.65 0.19
318.15 7282 +008 9.01 £0.36 0.1060 9.65 0.10
323.15 7826 £0.03 6.97 £0.11 0.0942 9.66 0.04
Pr,NBr
308.15  59.17 £0.11 10,41 £ 0.49 0.1138 10.15 Q.16
31315 64.35 £0.05 821 £0.22 0.1106 10.17 0.08
318.15  69.60 £0.10 6.83 £0.39 0.1013 10.17 0.14
323.15 7530 £0.10 574 £0.35 0.0961 10.18 0.i12
: ~ BwNBr ,}
30815 57.13 £0.07 7.96 +£0.34 0.1099 10.63 0.12
313.15 6231 £0.04 8.07 £0.17 0.1071 - 10.65 0.06
318.15  67.54 2010 6.79 +0.38 0.0983 10.65 0.13
323.15  73.14 £0.09 596 £0.11 0.0933 10.66 0.11
| PenyNBr
308.15 5420 £ 0.04 11,83 +0.18 0.1042 10,92 0.06
313.15 5929 £0.11 1035 £0.49 0.1019 10.94 0.17
31815 64.49 £0.08 0.04 +0.32 0.0938 10.94 0,11
323.15 70.21 £0.09 692 +0.33 0.0896 10.95 0.12
NaBr )
308.15 63.53 £0.08 6.83 034 0.1222 6.58 0.11
31315 -68.69 £0.16 550 +0.62 0.1181 k 6.60 0.21
31815 7537 x0.06 521 £0.21 0.1097 6.60 0.07
323,15 R1.70 £0.10 4,20 +0.34 (3.1043 6.61 G.12
' NaBPh, |
308.15 43.57 £0.09 1832 +0.62 0.0838 998 0.17

Table 3 (contd.)
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. 0
7K A’AS-em®mol’y K, Adm*mol") A'r/(S-em® mol*-Pas) R/ A 1000/ A°

313.15
31815
323.15

308.15
313.15
318.15
323.15

308.15
313.15
318.15
323.15

" 308.15
313.15
318.15
32315

308.15
313.15
318.15
323.15

308.15
31315
318.15
323.15

4784 +0.08
5223 £ 013

58.42 +£0.07

51.38 + 0.04
56.02 £0.07
61.82 1:0.04
68.00 +0.05

49.63 £0.11
5244 £0.09
58.59 £ 0.05
65.56 £0.12

45.68 £0.04
51,09 +0.03
57.19+ 0.09
63.07 £0.07

42.61 £0.03
48.35 £0.05
54.11 £ 0.06
60.34 +0.05

45.70 £ 0.08
53173 £0.06
58.69 £ 0.05
66.33 £0.05

1422 £0.51
12.59 £0.72
10.11 032

W) = 0.75
Et,NBrt

11.52 £ 0.77
[2.38 129
23.72 £ 0.66
32.84 £0.88

P I’4NB|’

49.58 +1.32
52.69 £ 1.94
5317 1.1
5331 £2.15

Bu,NBr

17.85+0.93
1560 +0.58
8.82 £ 0.93
7.01 £ 1.16

Pen,NBr

38.73 +0.69
20.14 = 1.10
19.9;-1 +1021
16,56 +0.96

241 £ 140
540 £1.18
330 £096
501 £0.76

NaBr

0.0823
0.0760
0.0746

0.0874
0.0857

0.0834

0.0809

0.0894
0.0802
0.0791
0.0780

0.0777
0.0781
0.0772
0.0750

6.0894
0.0802
0.0791
0.0780

0.0777
0.0791
0.0792
0.0789

1G.00
10.00
10.01

10.23
10.23
10.23
10.23

10.75
10.75
10.75
10.76

11.23

11.23
11.23
11.23

11.52
11.52
11:52
11.53

7.18
7.18
7.18
719

0.15
0.22
0.10

0.07
0.12
0.06
0.07

0.10
0.14
0.08
0.15

0.08
0.05
0.09
0.19

0.05
0.10
0.11
0.08

0.13
0.1

6.09 -

0.07

Table 3 (contd,)
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Table 3 (contd.)

0
7K A’ /(SemPmol")y K, Adm’mol™) A’y (Sem® mol™-Pas) R/4 1000/ A°

NaBPh,
308,15 3327 £0.05 3964 £1.76 - 0.0660 £0.58 0.12
313,15 4070 2005 4346 2136 ' 0.0622 10.58 010
31815 4620 £0.03 23.50 +0.79 0.0624 10.58 0.07

32315 5210 £0.04 1027 £0.84 0.0620 10.59 (.08




Table 4. Coefficients of Eq. (12) and the standard deviations (5 )

w, Electrolyte a,/ -a,/ a,/! o/
(S-cm®mol”)  (S-em®molK™)  (SemPmoiK?) (S-am’mol™)
025 EtNBr 7293 £0.13 10528 £0.0406  0.0068 +£0.0026  0.13
Pr,NBr 6993 £0,01  1.0423 £0.0021  0.0029'£00001  0.01
BuNBr 7293 £0,13  [.0528 £0.0406 0.0068 £0.0026 ~ 0.13 -
PenyNBr  69.93 £001 10423 £0.0021  0.0029 £0.0001  0.01
NaBr 85.73 £0.03  1.1442 £0.0089  0.0042 £0.0001  0.04
NaBPh, 5522 £0.04 09433 £0.0114  0.0011+£0.0007  0.05
050 E4NBr 62,07 £0.25 - 1.0065 £0.0805  0.0051 00041 026
| PR,NBr  59.19 £008  0.9948 £0.0266  0.0052 £0.0017  0.08
BuNBr 6207 £025  |.0065 +0.0805 00051 £0.0041 026
" PensNBr 59.19 +£0.08 09948 £0.0266  0.0052 £0.0017  0.08
NaBr 6344 £0.29  1.0483 +0.0926 00117 £0.0059  0.42
‘NaBPh,  43.50 £026  0.8608 £0.0832  0.0092 £0.0053 030
0.75 E4NBr 5134 £0.17  0.8822 £0.0546 00154 £0.0035  0.17
PrNBr  49.50 £0.55  0.4548 £0.1764  0.0416 £0.0113 056
BuNBr 5134 +0.17 0.8822 £0.0546  0.0i54 £0.0035  0.17
PensNBr 49.50 +0.55 0.4548 +0.1764  0.0416 200113  0.56
NaBr 4568 £0.04  1.1445 £00014  0.0151 £0.0009  0.08
NaBPhy 3529 4005  1.0457 £0.0163  0.005! £0.0010  0.08
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Fiﬁure 1. Temperature dependence of the limiting molar conductances of
tetraethylammonium bromide (¢, w; = 0.25; a, w; = 0.50; 0, w, = 0.75) and
tetrapropylammenium bromide (e, w; = 0.25; 4, w; = 0.50; m, w; = 0.75) in 2- '

ethoxyethanol- water mixtures.
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Figure 2. Temperature dependence of the limiting molar conductances of
tetrabutylammonium bromide (o, w; = 0.25; A, w; = 0.50; o0, wy = 0.75) and
tetrapentylammonium bromide (e, w; = 0.25; &, wy = 0.50; m, w; = 0.75) in 2- -

ethoxyethanol-water mixtures.
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Figure 3. Temperature dependence of the limiting molar conductances of sodium
bromide (o, wy = 0.23; a, w, = 0.30; a, w, = 0.75) and sodium tetraphenylborate

(o, w,=0.25; &, w;=0.30; m, w = 0.73) in 2-cthoxyethanol-water mixtures.
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Viscosities of some tetraalkylammonium and alkali metal
salts in 2-ethoxyethanol + water mixed solvent media at

308.15, 313.15, 318.15 and 323.15 K

Introduction

Recently, w.e have initiated a comprehensive program to study the
solvation and association behaviour of several 1:1 electrolytes in different
nonaqueous solvents from the’ measuremen.ts of various transport, thermodynamic
and spectroscopic properties'™. As a part of this series of investigations, we have,
very recently, reported ®7 the results of conductance measurements on a number of
tetraalkylammonium salts eg., tetraethylammonium bromide (Et4NBr),
tetrapropylammonium  bromide (PryNBr), tefrabutylammonium bromide
(BusNBr), tetrapentylammonium bromide (PensNBi), and tetraheptylammonium
bromide (Hep;NBr) in 2-ethoxyethanol at 308.15, 313.15, 318.15 and 323.15 K.
We have now extended this work to study the viscomefric behavior of these
electrolyte solutions since viscométry is well-suited to provide information
concerning the solvation of the ions and their effects on the structure of the

solvent in the near environment of the solute particles®°.

Experimental

2-Ethoxyethanol (G. R. E. Merck) was dried with potassium carbonate and

distilled twice in an all glass distillation set immediately before use and the middle

fraction was collected. The purified solvent had a density ( 2, ) of 0.92497 gem™
and a viscosity (n,) of 1.8277 mPa-s at 298.15 K; these values are found to be in

good agreement with the literature values'"'?, Triply distilied water with a specific
conductance of less than 10° S-cm™ at 308.15 K was used for the prépara'tion of
. the mixed solvents by mass. The physical properties of 2-ethoxyethanol-water
mixed solvents nsed in this study at 308.15, 313;15, 318.15, and 323.15 K are

reported in Table 1. The relative permittivities of 2-ethoxyethanol-water mixtures .
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at the experimental temperatures were obtained with the equations as described in
the literature'® using the literature density and relative permittivity data of the pure

7,14

solvents” " and the densities of the mixed solvents given in Table 1.

Tetraalkylammonium bromides were of purum or puriss grade (Fluka) and
were purified as described in the literature'’. These salts were purified by
recrystallization. The recrystallized salts were dried in vacuo at elevated

temperatures for 12 h immediately prior to use.

Sodium tetraphenylborate (Fluka, purissimum) was recrystallized from
acetone and dried in vacuo at 353,15 K for 72 h. Sodium bromide (Fluka, purum)

was dried in vacuo for 72 h and was used without further purification.

The kinematic viscosities (v) were measured by means of a suspended
level Ubbelohde viscometer. The viscometer was kept in a vertical position in a
water thermostat controlled to+:0.01 K, The kinematic viscosity (v) and the

absolute viscosity (77) are given by the following equations:

v=Ct-K/t n
n=vp (2)

where ¢ is the efflux time, pis the density, and C and K are the characteristic
constants of the viscometer. The values of the constants C and K, determined by
using the density and the viscosity values of water and 2-methoxyethanol'®, were
found to be 1.646 x 10° cm? s? and -0.02331647 cm?, respectively. The
calibration constants were also checked with methanol'’. The estimated error of
the viscosity measurements was +0.05 %. The required densities (o) were
measured with an Ostwald-Sprengel type pycknometer having a bulb votume of
25 c¢m® and an internal diameter of the capillary of about 0.1 cm. The relative

viscosity (77,) was obtained as the ratio of the absolute viscosity of the solution

{7} to that of the pure solvent (7, ).
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The solutions were prepared by maés for the viscosity runs, the
molalities being converted to molaritics by the use of densities. In order to avoid
moisture pick-up, all solutions were prepared in a dehumidified room with utmost
care. In all cases the experiments were performed at least in several replicates for
cach solution and the results were averaged. Several independent solutions were

preparcd and the ruos were performed to ensure the reproducibility of the results.

Results and discussion

The measured relative viscositics (77, ) and densities (o) of electrolyte

solutions as functions of molar concentrations (c) at 308.15, 313.15, 318.15 and
323.15 K are gi\l*cn in Table 2. |

The relative viscositics of the electrolytes in solution are generally

" analyzed by the Jones-Dole equation’®;
n, =1+ Ac® + Be | 3)

where A and B, the characteristic parameters for salt and solvent, depend on ion-

ion and ion-solvent interactions, respectively.

As the clectrolytes investigated here are found to be somewhat associated
from our earlier conductivity measurements (Chapter V), the viscosity data have

been analyzed by the following equation”:

b

7. =1+ A(ee)'” + Bae + B'(1—a)e : . @

Here 4, B, and B'are the characteristic constants and « is the degree of
dissociation of the ion pair.
l-ay

[??r*l—A(aC)lajfa(J:B*‘rB’[ __] ()
’ [o 4
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For the evaluation of B-coefficients from Eq. (5), plots of
{57, —1— A(exc)? )/ ac against (1-a)/a were constructed. These were found to

be linear in all cases, The values of o were calculated from the conductance data
(Chapter V) using the equations described in the literature’. The 4 values were
calculated theoretically from the physical parameters of the solvent and the .
limiting ionic equivalent conductances using the Falkenhagen and Vernon

equation’”;

0.2577A° Po2Y
i} v

where 7, is the coeffi cient of viscosity of the solvent, £ is its relative permittivity,

T is the temperature in absolute scale, and A°, A, and 2 arc the limiting
equivalent conductivities of the electrolyte, cation, and anion respectively. The
values of the 4 coefficients thus obtained are recorded in Table 3. These have
been used for the analysis of the viscosity data. The viscosity B-coefficients have

also been included in Table 3. |

The viscosity data have also been analyzed on the basis of the transition-
state treatment of the relative viscosity of electrolyte solutions, as suggested by

Feakins et. al.”%

-y [Aﬂé” -Aﬂf*] @
1000 1000 RT .

In the above equation, V-l0 and P:z" are the partial molar volumes of the
solvent and solute, respectively. The contribution per mole of solute to the free
energy of activation for viscous flow of the solution, Az,”, has been. determined
from the above felationship and is rcﬁorted in Table 3. The free energy. of

activation per mole of the pure solvent, Az’ is given by the equation:
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- \'

VU

Au® = AG™ = RT In| P01 8
Ay 1 n N (8)

where N is the Avogadro’s number and the other symbols have their usual

significance.

The activation parameters for viscous flow for the electrolytes obtained

from Eg. (7) are given in Table 3.

The viscosity B-coefficients shown in Table 3 are found to be large and
positive in 2-ethoxyethanol-water mixtures for the electrolytes studied. The B
values for the tetraalkylammonium bromides increase regularly as we go from

tetraethylammonium bromide to tetrabutylammonium bromide. From this table
we see that Ay values for all the electrofytes are also large and positive, and they

follow the same pattern as the B values.

In order to investigate the specific behavior of the individual ions
comprising these electrolytes, it is necessary to split the viscosity B-coefficients of -
the electrolytes into- their ionic components. The ionic B-values were calculated
using tetrabutylammonium tetraphenylborate (BusNBPh,) as the “reference
electrolyte” from the following equations"*:

B(BU4NBP1’14) = B(BU4N+) + B (Ph4B_) (9)

(10)

BI‘h,B' _ ri'fh‘B‘ _(5.35}3
» 5.00

BuyN* Bu,N*

The r-values for the BuyN" and PhyB™ ions were taken from the literature nAH

The {onic B-coefficients obtained from the above relationships are given in
Table 4. This table shows that in 2-eth0xyethénol-water mixed solvent media the
viscosity B-coefficients for all cations and anions are positive and are also very
high with the exception of sodium ion. The observed order of the ionic B values
for the molecular ions, PhyB™ > BuyN" > PrN™ > EQN*, shows that the _obstruction
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of the solvent viscous flow increases with an increase of size of these sbecies in
solution. This cleariy indicates lack of solvation of these ions in 2-ethoxyethanol-
water mixed solvent media within the tempefalure range investigated. Had these
ions been solvated in aqueous 2-ethoxyethanol solutions, the smaller ions with
greater charge density would have been more solvated and the order of the ionic
viscosity B-coefficients would have been in the reverse order which is, obviously,
not the case here, In case of Na' ion, it might be that the viscosity of the solvent is
very little modified by its presence in solution resulting in a very low viscosity B

coeflicient for this {on,

Figs. 1-3 shows the temperature dependence of the jonic viscosity B-
coefficients in 2-cthoxyethanol-water mixturcs. For all the ions studied, the B-
valt.xes are positive {except sodium ion for which B-values are found to slightly .
ncgative at least for two temperatures investigated in 2-ethoxyethanol-water
mixture containing 75 per cent of 2-ethoxyethano!) and their temperature |
coefficients (which are always positive) arc negligibly small. The tempe;'ature
dependence of the B-coefficients for the tetraalkylammonium ions in methanol,
N-methylformamide, N-methylpropionamide, and N-methylacetamide are also -
small 1%?>% angd we find the same behavior in the present mixed solvent media.
This finding is in sharp contrast to the abnormally large temperature dependence
of the B~coefficients in water'®, and the remarkable difference can be ascribed to
the extensive hydrogen-bonded structure of water. The negligibly small 4B/dT
values of the investigated ions indicate that they behave neither as structure

breaker nor as structure maker in 2-ethoxyethanol-water mixtures.

The ionic free energies of activation for viscous flow, Azy” (ion), based on
a method similar to that uscd for the separation of the viscbsity B-cocfficients
have been presented in Table 4. The Aul*values of the ions investigated are

always found to be positive thus indicating that the formation of the transition

state is made less favorable in the presence of these ions in 2-cthoxyethanol-water
mixed solvent media. The ionic Az’ values for the tetraalkylammonium and

tetraphenylborate jons increase monotonically with the formula weight of these
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ions (¢f. Table 4) thus supporting their scarce solvation in the present mixed

solvent media.

The composition dependence of the ionic viscosity B-coefficients in 2-
cthoxyecthanol-water mixtures are depicted in Figs. 4-7. The reason for the
observed change in the viscosity B-cocfficients of the ions (except the sodium ion)
in the region of 70-80 weight per cent of 2-ethoxyethanol may be attributed to the
structural changes and changed ion-solvent interactions in this region.
Intennolecular'hydrogen bonding gives water a distinct geomeltrical structure in
the form of three dimensional arrays. Due to lack of non-chemical forces, water
has an open and flexible structure 2. The addition of 2-ethoxyethanol to water first
strengthens the three dimensional structure of water. Further addition Of. 2-
cthoxyethano! causes depolymerisation of water structure but interactions between
2-cthoxycthanol and water lead to the formation of 2-ethoxyethanol-water
complexes, with a bigger solvodynamic entity. Viscosity thus increases upto
approximately 40-50 weight per cent of 2-ethoxyethanol after which 2-
ethoxyethanol-water structure breaks down leading to a decrease in the viscosity

B-coefficients of the ions.

it may thus be concluded that the tetraalkylammonium, tetraphenylborate
and bromide ions greatly modify the viscosity ofth.e 2-ethoxyethanol-water mixed
solvent media. In case of Na' ion, however, the viscosity of the solvent is very
little modificd by its presence in solution resulting in a very low viscosity B-
coefficient for this ion. The tetraalkylammonium and tetraphenylborate ions are
found to remain unsolvated in 2-ethoxyethanol-water mixed solvent media within
the temperature range investigated. Moreover, the investigated ions behave neither
as structure breaker nor as structure maker Emd the formation of the transition state
is made less favorable in the presence of thesc ions in 2-ethoxyethanol-water

mixed solvent media.
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Table 1. Properties of 2-ethoxyethanol + water mixtures with 0.25, (.50, and

0.75 mass fractions (w;) of 2-cthoxyethbanol at 308.15, 313.15, 318.13 alid

32315 K

T/K Pﬁ fg em” 71, /mPa s £
w, =0.25

30815 1.00354 1.8430 60.13

315.15 1.00021 15293 5870

318.15 0.99781 (2738 57.37

323.15 0.99582 1.0923 56.11
w, =0.50

308.15 0.99361 1.9234 4430

313.15 0.98514 17195 43.03

318.15 0.98004 [.4552 41.95

323.15 0.97610 1 2762 40.96
W, = 0.I75

308.15 0.95451 17002 ' 27.93

313.15 0.95147 1.5293 27.29

318.15 0.94873 13498 26,68

323.15 0.94625 1.1901 26.10
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Table 2. Molar concentrations, densities and relative viseosities of some

tetraalkylammonium and alkali metal salts in Z-ethoxyethénol + water

mixtures with 0.25, 0.50 and 0.75 mass fractions (w;) of 2-ethoxyethanol at

308.15, 313.15, 318.15 and 323.15 K

¢/mol.dm™ plgom® n, ¢/mol.dm™ pig.em® 1,
Et,NBr
| T=1308.15K T=113.15K
0.00998 1.00479 1.0036 0.00995 1.00144 1.0038
0.01996 100606 1.0069 0.01989 1 00266 [ 0074
0.02994 1 00725 1.0103 0.02984 {00389 1.0109
0.03992 1.00854 1.0133 0.03979 1.00513 1.0146
0.04950 1.00982 1.6172 0.04973 1.00636 1.0182
0.05988 1.01104 1.0205 0.05968 1.0076} 1.0219
T=308.15K T=313.15K
0.00992 0.99902 1.0039 0.00990 0.99702 1.0041
0.01984 1.00023 10076 0.01980 0.99823 1.0078
0.02977 1.00144 10113 0.0297! 0.99944 1.0110
0.03969 1.00266 1.0151 0.03961 1.00065 1.0147
0.0496] 1 00388 1.0186 0.04951 100186 {0181
0.05953 1.00510 1.0221 0.05941 1.00308 1.0216
) PryNBr
'l T=308.15K 7T=313.15K
0.01016 1.00481 1.0039 0.01013 100148 1.0041
L 0.02032 1 00602 1.0075 0.02025 1.00275 1.0081
0.03048 1.00736 1.0111 . 0.03038 1.00403 1.0120
0.04064 1.00865 1.0147 004051 100531 L0159
0.05080 100993 1.0183 0.05063 1.00660 1.0198
0.06096 101118 1.0219 0.06076 1.00789 1.0237

Table 2 (contd.)



149

Table 2 (contd.)

c/mol.dm™ yog ;’g.__cm"‘ 3, c/mol.dm™ plgem? /A
T=318.15K i  7=32315K
0.01010 0.99904 = 1.0042 0.01008 099705  1.0044
0.02020 -~ 1.00028 " 1.0082 0.02016 0.99828 1.0085
0.03030 1.00152 10123 0.03024 099951  1.0127
0.04040° - 1.00276 1.0159 004032 - 100075  1.0167
0.05050 1.00400 1.0199 0.05040 1.00199 1.0209
0.06060 1.00525 1.0239 0.06048 1.00324 1.0250
- BusNBr
T=308.15K T=313.15K
0:01023 1.00482 10052 0.01020 LOD147 1.0053
0.02046 1.00615 1.0101 0.02039 1.00273 1.0103
0.03069 1.00739 1.0149 0.03059 100400 10151
0.04092 100867 1.0194 0.04078 - 1.00528 11,0196
0.05115 - 1.00995 1.0243 0.05098 1.00665 1.0246
0.06138 1.01123 1.0289 0.06117 1.00784 1.0204
T=1318.15K ' , T=323.15K
001017 - 099905 1.0054 0.01015 0.99706 1.0055
0.02034 100030 1.0105 0.02030 0.99830 1.0106
0.03031 1.00155 1.0153 0.03045 0.99955 1.0155
0.04068 = 1.00281 1.0198 0.04060 100080 1.0202
0.05085 1.00407 10248 0.05075 1.00206 1.0254
0.06102 - 1.00534 1.0297 0.06090 1.00332 1.0302
' NaBr _ .
| 7-30815K T=31315K
- 0.01023 1.00421 1.0025 0.01020 £.00086 1.0026
0.02046 1.00488 1.0049 0.02039 '1.00151 1.0050
0.03069 1.00554 1.0072 - 0.03059 1.00216 1.0074
0.04092 1.00621  1.0096 0.04078 1.00281 =~ 1.0099
0.05115 1.00688 1.0118 0.05098 1.00347 1.0122
006138  1.00755  1.0141 10.06117 1.00412 1.0146

Table 2 (contd’)
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Table 2 (contd.)

c/mol.dm™ plgem” n, - e/mol.dm™ o lg.cm n,
7=318.15K  r=323.15K
001017 0.99844  1.0027 0.01015 0.99643 1.0028
0.02034 0.99908 1.0051 0.02030 0.99704 1.0053
0.03051 0.99971 1.0075 003045 099766 1.0077
0.04068 100034 1.0102 0.04060 009829  1.0105 -
0.05085 | 00098 1.0126 0.05074 0.99889 1.0131
006102 1.0016] 10151 0.06089 0.99950 10156
NaBPh,
T=308.15K T‘;3|3.15K
0.01012 1.00488 1.0058 0.01009 100152  (.0060
0.02024 - 100622 10113 0.02017 1.00284 L0116
0.03036 100755 1.0169 0.03026 (00417 10175
 0.04048 1.00889 10223 004034 100550 1.0232
0.05060 1.01023 1.0278 0.05043 1:00684 1.0289
0.06072 101157 1.0332 0.06052 100818 1.0345
T=318.15K | T=323.15K
0.01006 .  0.99912 1.0062 0.01004 0.99711 1.0064
002012 1.00043 10121 0.02008 0.99841 10124
0.03018 1.00175 1.0178 0.03012 0.99972 1.0179
0.04025 1.00307 1.0235 0.04016 100103 . 1.0244
0.05031 1.00440 1.0295 0.05021 1.00235 1.0304
0.06037 - 1.00573 - 1.0352 0.06025 1.00367 1.0364
Wy = 0.50
Et,NBr
T=30815K - T=313.15K
0.01003 0.09505 [.0055 0.00004 0.98657 1.0057
0.02006 0.99648 - 1.0108 0.01989 098800 - 10111
0.03000 0.99702 1.0161 0.02983 0.98943 1.0167
004012  0.99935 1.0213 0.03978 0.99086 £.0221
0.05015  1.00079 10264 0.04972 0.99229 1.0278
0.06018 1.00222 1,032 0.05967 0.99373 1.0331

Table 2 (contd.)
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Tabie 2 {contd.)
c/mol.dm™ olgem™ 7, . c/mol.dm™ pigem® 7,

T=31815K T=323.15K
©0.00989 0.98146 1.0058 0.00985 0.97751 1.0060
0.01979 0.98289 1.014 . 0.0197] 0.97893 10119
0.02968 0.98432 1.0171 0.02956 0.98035 16177
0.03957 0.98575 1.0236 0.03941 0.98177 1.0232
0.04947 0.98727 1.0282 0.04927 0.98319 1.0295
0.05936 0.98862 1.0337 0.05912 0.98462 1.0349

PryNBr

- T=308.15K T=313.15K
0.00982 0.99502 1.0059 0.00974 0.98654 1.0061
0.01964 0.99638 LOLIS 0.01947 0.98794 10121
0.02946 0.99783 1.0171 0.02921 0.98935 1.0179
0.03928 0.99926. 1.0227 0.03895 0.99075 1.0238
0.04910 1.00064 1.0283 0.04868 0.99217 1.0297
0.05892 1.00208 1.0339 0.05842 0.99358 1.0357

T=318.15 K Cr=32305K
0.00969 0.98144 10062 0.00964 0.97729 1.0064
0.01937 098284 1.0122 0.01929 0.97848 10123
0.02906 098424 - 10181 0.02892 0.97967 1.0182
0.03874 0.98564 1.0239 0.03856 0.98087 1.0244
0.04843 0.98705 10299 0.04819 0.98207 1.0303
0.05812 0.98847 1.0356 0.05781 0.98327 1.0363

BusNBr

T=308.15K ‘ T=313.15K
0.01009 0.99506 1.007] 0.01000 0.98658 1.0072
0.02018 0.99650 1.0138 0.02001 0.98802 1.0i41
0.03027  0.99795 10205  0.03001 0.98047 - 1.0210
0.04036 0.99939 1.0271 0.04002 0.99092 1.0276
0.05045 1.00084 1.0338 0.05002 0.99238 1.0343
0.06054  1.00228 1.0404 - 0.06003 0.99385 . 1.0411

Table 2 (contd.)
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c/mol.dm™ P ’;g’cm«s n. . ¢hmol.dm™ p ;’g.ch 7,
T=318.15K T=323.15K
0.00995 0.98148 1.0074 0.00991 £.97732 1.0075
0.01990 0.98292 1.0143 0.01982 0.97855 1.0146
0.02986 0.98436 1.0210 0.02972 0.97978 1.0213
0.03981 0.98581 1.0278 0.03962 098102 . 1.0282
0.04977 0.98727 1.0346 0.04951 0.98226 1.0351
0.05972 0.98873 1.0414 0.05941 0.98350 1.0420
| NaBr |
T=308.15K T=313.15K
0.01036 0.99442 10031 - 0.01027 0.98594 1.0033"
0.02072 0.99523. 1.0061 0.02054 0.98674 1.0064
0.03108 0.99604 1.0090 0.03081 0.98754 1.0096
0.04144 0.99685 10119 0.04109 0.98834 1.0124
0.05180 0.99766 1.0147 0.05136 0.98914 1.0157
0.06216 0.99847 1.0176 0.06163 0.98995 1.0188
T=318.15K T=323.45K
0.01022 0.98082 1.0034 0.01018 0.97686 1.0036
0.02044 098161 .0065 0.02035 0.97762 .0068
0.03065 0.98239 1.0099 0.03053 0.97839 . 10102
0.04087 0.98317 1.0125 0.04070 0.97915 1.0128
0.05109 0.98396 1.0162 0.05088 0.97991 1.0166.
0.06130 0.98474 1.0194 0.06105 0.98068 1.0199
_ NaBPh,
T=308.15K T=313.15K
0.01037 0.99523 1.0075 0.01028 0.98675 1.0077
0.02074 0.99685 1.0148. 0.02056 0.98837 1.0151
0.03111 0.99847 10219 - 0.03085  0.99000 - 1.0226
0.04148 1.00009 1.0289 0.0411{3 0.99163 - 1.0299
0.05185 1.00171 1.0363 0.05141 10.99326 1.0373
0.06222 1.00333 1.0435 0.06170 0.99491 1.0447

Table 2 {contd.)
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Table 2 {conid.)
e/moldm®  ‘plgom? 7, cfmol.dm™ plgem’ 7,
7=318.15K T=323.15K '
0.01023 0.98164 1.0078 0.01018 0.97769 1.0080
0.02046 0,98325 1.0153 0.02037 0.97928 10153
0.03069 0.98486 10225 003056 0.98087 1.0228
0.04091 0.98648 10301 0.04075 0.98248 1.0304
0.05115 0.98810 1.0374 . 0.05094 0.98409 11,0379
0.06138  0.98973 1.0449 0.06113  0.9857] 1.0453
wy =0.75 |
EtyNBr
T=308.15K T=313.15K
0.01007 0.95571 1.0068 0.01004 0.95271 1.0071
0.02014 0.95682 1.0134 0.02008 0.95394 1.0139
0.03021 0.95821 1.0201 0.03012 0.95519 1.0208
0.04028 0.95931 1.0269 0.04016 0.95643 . 10272 .
0.05035 0.96053 1.0334 0.05020 0.95767 1.0347
0.06042 0.96172 1.0397 0.06024 0.95892 1.0415
T=318.15K T=323.15K
0.01007 0.94995 1.0073 ©0.00998 0.94745 100735
0.02002 0.95117 10142 0.01997 0.94865 1.0147
0.03003 0.95239 1.0215 0.02995 0.94986 1.0220
0.04004 0.95361 1.0285 0.03993 0.95107 1.0292
0.05005 10.95484 1:0356 0.04992 0.95228 1.0365
0.06006 0.95607 1.0425  0.05990 0,95349 ©1.0438
PrNBr _
T=308.15K T=313.15K
0.00993 0.95569 1.0076 0.00990 0.95269 1.0078
0.01986 0.95686 1.0149 0.01980 0.95391 1.0152
0.02979 0.95806 1.0222 0.02970 0.95514 1.0227
0.03972 0.95925 10295 0.03960 0.95637 1.0302
0.04965 0.96043 1,0368 0.04950 0.95761 1.0377
0.05958 0.96159 1.0441 0.05941, 0.95885 1.0453

Tab]e.2 {contd.)
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c/mol.dm® pigem? 7, ¢/mol.dm p o’ 7,

- T 7T=31IR05K T=323.05K
0.00987 0.94993 1.0079 0.00984 0.94744 1,0080
0.01974 0.95114° 1.0154 0.01969 0.94862 1.0158
0.02961 0.95235 [.0231 0.02953 0.94982 1.0235
0.03948 0.93356 1.0307 0.03938 0.95101 1.0312
0.04936 0.95478 1.0383 0.04923 0.95221 1.0389
0.05923 0.95600 1.0460 0.05907 0.95342 1.0465

| BusNBr

T=308.15K 7=313.15K
0.00978 0.95568 1.0089 0.00975 0.95267 1.005t
0.01956 0.95684 1.0174 0.01950 0.95388 1.0179
0.02934 0.95801 10259 0.02025 095509 1.0264
0.03912 0.95917 1.0344 0.03900 0.95631 1.0346
0.04890 0.96034 1.0428 0.04876 0.95754 1.0433
0.05868 0.96150 1051 0.05851 0.95876 1.0520

T=318.15K T=323.15K
0.00972 0.9499 1.0092 0.00970 0.94742 1.0094
0.01944 0.95110 1.0180 0.01939 0.94859 10181
0.02916 0.95230 1.0262 0.02909 094977 1.0268
0.03889 0.93350 1.0349 0.03878 0.95095 1.0354
0.04861 0.95470 1.0435 0.04848 0.95214 1.0442
0.05840 0.95591 1.0524 0.05818 0.95334 1.0531

NaBr

r=308.15K T=313.15 K
0.01047_ 0.95513 1.0037 0.01044 0.95210 1.0038
0.02094 0.93574 1.0073 0.02087 0.95273 1.0075
0.03141 0.95636 1.0108 0.03131 0.95336 . 10111
0.04188  0.95697 1.0143 0.04175 0.95399 1.0146
0.05235 0.95759 1.0179 0.05219 0.95462 11,0183
0.06282 .95820 1.0214 0.06263 095525 1.0219

Table 2 (comtd.)
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Table 2 {contd.)
eimoldm?®  plgem’ n chmol.dm®  plgem® 7,
T=318.15K F=323.15K
0.01041 0.94934 10040 0.01041 0.94932 1.0042
0.02081 0.94995 1.0076 $.02081 0.94901 1.6678
0.03122 0.95056 1.o11z 0.03122 (.95050 1.0115
0.04163 0.85117 1.0147 0.04163 0.95109 ‘ 1.0151
0.05243 0.95178 1.0185 $.05203 0.05168 ~ [.0187
0.06244 0.95240 1.0223 0.06243 0.95227 © 1.0228
NaBPih
T=308.15K r=313.15K
0!0.1061 0.95582 1.0002 0.01058 0.95282 - 1.0093
£.02122 0.95713 1.0130 0.02116 0.95418 10183
0.03183 0.95844 1 .0269_ (0.03173 0.95554 1,.0272
0.04244 b.959?5 1.0360 0.04231 £.95691 1.0362
0.05303 0.961006 1.0449 0.05280 0.95829 1.0453
0.06366 0'96236 | 1.0537 0.06348 0.95968 1.0542
T=318.15K T=323.15K
0.01055 0.95007 1.0065 0.01052 0.94759 1.0096
002109 0.95141 1.G185 0.02104 0.94893 . 1.OI8R
0.03164 0‘9527? 1.0277 0.03156 0.95028 o 10279
0.04219 0.95412 1.0367 0.04208 0.95164 10372
0.05274 0.95549 [,0459 0.05260 0.85300 1.0463
0.06330 0.93686 1.0551 0.06313 0.95437 10556




156

Table 3. Theoretical A-coefficients, the viscosity B-coefficients and the

free epergies of activation for viscous flow of electrolytes in 2-

ethoxyethanol + water mixtures with 0.25, 0.5¢, and 0.75 mass fractions
(w1) of 2-¢thoxyethanol at 308.15, 313.15, 318.15 and 323.15 K

Electrolyte A 1dm*?mol B jduy® mol” Apl* k] mol”!
wy =0.25 I
T=308.15K
EtNBr 0.0059 0.294 52.55
PriNBr 0.0063 0.318 61.62
BusNBr 0.0067 0447 82.78
NaBr 0.0049 0.190 35.30
NaBPh, 0.0116 0447 84.26
T=313.15K
Et;NBr 0.0067 0307 54,51
PrsNBr 0.0071 0.330 63.39
Bu,NBr 0.0075 0.450 83,93
NaBr . 0.0056 0.193 35.85
NaBPh, 0.0124 0.455 86.02
T=318.15K
ELNBr 0.0076 0313 55.68
PriNBr 0.0080 0.334 64.69
Bu,NBr 0.0084 0.454 85.30
NaBr 0.0064 0.194 36.19 -
NaBPh, 0.0133 0.474 89.06
T=323.15K
Et;NBr 0.0083 0.334 58.60
Pr,NBr 0.0088 0.342 66.20
Bu,NBr 0.0092 0.455 8628
NaBr 0.0071 0.196 36.76
NaBPhy 0.0140 0.480 90.77

Table 3 (contd.)
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Table 3 (contd.) -
Electrolyte A /dm* moi 2 B /dm’ mol Az /kd mol™
w1 =050
T=308.15K
ELNBr 0.0076 0.465 55.34
Pr{NBr 0.0081 0.512 64.04
BusNBr 0.0085 0.616 77.70
" NaBr 0.0074 - 0.224 31.29
NaBPh, 0.0108 0.608 77.61
T=313.15K |
E;NBr 0.0080 0.481 56.93
Pr,NBr 0.0084 0.535 66.39
BuyNBr 0.0088 0.632 79.50
NaBr 0.0078 0.238 32.59
NaBPhy 0.0112 0.624 79.41
T=318.15K
Et;NBr 0.0089 0489 57.85
Pr{NBr 0.0093 0.542 67.34
Bu,NBr 0.0097 0.646 81.22
NaBr 0.0085 0.244 3321
NaBPhy 0.0120 " 0.634 80.84
T=32315K
Et;NBr 0.0095 0.506 59.76
PrsNBr 0.0100 0.551 70.52
BusNBr 0.0103 0.654 84.49
NaBr 0.0090 0.257 34.58
NaBPh, 0.0126 0.645 82.58

Table 3 (contd.)
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Electrolyte AldmPmol™  Bldmmol!  AuP A mol!
w1 =025 )
T=308.15K
ELNBr 0.0130 . 0.530 44.97
Pr:NBr 0.0140 0.598 - 51.84
~ BuNBr 0.0147 0.747 63.13
NaBr 0.0147 0.193 24.02
NaBPh, 0.0188 0.634 57.88
T=313.15K
Ft,NBr 0.0134 0.553 46.35
Pr,NBr 0.0144 0.610. 52.72
BusNBr 0.0148 0.778 65.18
NaBr 0.0146 0.206 24.72
NaBPh, 0.0184 0.663 59.74
T=318.15K
Et;NBr 0.0136 0.568 47.61
Pr;NBr 0.0145 0.620 53.77
BusNBr 0.0149 0.787 66.35
NaBr 0.0144 0.227 26.03
NaBPh, 0.0182 0.693 61.98
- T=323.15K
E4NBr 0.0145 0.578 48.58
PrNBr 0.0151 0.634 55.08
BuyNBr 0.0158 0.796 67.45
NaBr 0.0149 0.242 23.49
NaBPh, 0.0189 0.706 63.24
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Table 4. Ionic viscosity B-coefficients in 2-ethoxyethanol-water mixtures at _
308.15, 313,15, 318.15 and 323.15K

fon B.:f'dm3 mol™!
T=308,15K  T=313.15K T=318.15K T=323.15K.
. Hh = 0.25 _ K
ELNT 0.163- 0177 0.189 0212
PrL,NT 0.187 0.200 0210 0.220 -
Bu,N' 0.316 0.320 0.330 0,332
Na* 0.059 C0.063 0.070 0.073
Br 0.131. 0130 0.124 0.123
PB 0.388 0.392 0.404 0.407
- wy = 0.50
EL,N* 0.298 0307 0.308 0.320
Pr,N* 0.345 0.361 0.361 . 0.365
Bu N 0.449 0458 0.466 0.468
‘Na* 0.057 0.064 0.064 - 0.071
 Br 0.167 0.174 0:181 0.186
 PhyB ~0.551 0.560 - 0.570 0.574
' wi=0.75 '
EL,N' 0317 0.330 0344 0.348
PrN* 0.385 - 0.387 0396 - 0.404
BuN" 0.534 0.555 0563 . 0.566
Na* -0.020 -0.017 0.003 0.012
Br 0.213 0223 0224 0230

PluB" 0.654 - 0.380 0.690 0.694
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Table 5. Ionic free enérgies of activation for viscous flow in 2-ethoxyethanol-
water mixtures at 308.15, 313.15, 318.15 and 323.15 K ‘

lon Au’* I mol!
T=30815K T=313.13K T=31815K T=323.15K
. wy =025 I
Et,N' 28.98 . 3085 3248 35.37
Pr,N" 38.05 39.73 41.49 42.97
BuyN* 59.21 60.27 6210 63.05
Na* 11.73 12.19 1200 1353
Br \ 23.57 23.66 23.20 23.23
PhyB” 72.53 73.83 . 7607 L7124
wy =050
EtN* 33.38 34.20 34.50 34.82
PrN" 42.08 43.66 44,03 45.58
" BuyN" 5574 $56.77 - 5991 59.55
Na* 9.33 . 9.86 9.90 9.64
Br 2196 22.73 2331 29.94
PhB” 68.28 69.55 70.94 72.94
;=075 )
EtN" Co2543. 0 2620 2724 2931
PN’ 3230 3257 - 3340 3581
‘BugN" 43.59 45.03 45,98 48.18
Na' 4.48 457 566 . 422
Br 19.54 20.15 20.37 19.27

PhaB” 53.40 55.17 56.32 59.02
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Fig. 1. Temperature dependence of the ionic viscosity B coefficients in
2-ethoxyethanol-water mixtures (w; = 0.25) for Na' (w), Br(A), E4N'(0),
PrN'(0), BuyN'(V), PhaB (o). ' |
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2-ethoxyethanol-water mixtures (w; = (,50) for Na* (m), Br{A), EuN'(o),
Pr,N* (1), BusN(V ), PhyB(e). ‘



0.8.

______ P LT
®-----"
osf .
e B = = F -
‘I_B 04 E"“'_";“"'_"'TE]' ___________ G-mem = a
""—'E o= — = [l el AP 5]
E
EH 02t b ——— & e A
0 B e it P ]
0.2 . , |
305 310 315 320

TK

163

325
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2-ethoxyethanol-water mixtures (w; = 0.73) for Na' (m), Br{A), Et;N'(0),
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Fig. 4. Solvent composition dependence of the ionic viscosity B
coefficients in 2-ethoxyethanol-water mixtures at 308.15 K: Na’ (e), Br

(m), BtuN(0), PraNT(2), BusN*(¥), ?mB'(A),
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Fig. 5. Solvent composition dependence of the fonic viscosity B coefficients
in 2-ethoxyethanol-water mixtures at 313.15 K: Na* (o), Br (a), ELN*(0),
PryN*(0), BuN'(V), PyB™ (A).
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in 2-cthoxyethanol water mixtures at 323.15 K: Na* (l), Br (w), EuN(0),
PraN*(m), BusN'(V), PhyB(A).
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Concluding Remarks

Symmetrical tetraalkylammonium and alkalt metal saits show numerous
interesting propefties that are now being actively investigated in many
. laboratories, Most of the present day knowledge on non-aqueous solutions has
~come from studies on various thermodynamic properties e.g., apparent molal
volumes, adiabatic compressibilities, heat capacitics etc. as well as on transport
properties e.g., conductance, viscosity and transference numbers. We, thercfore,
determined the thermodynamic and transport properties of _some
tetraalkylammonium and alkali metal salts in 2-ethoxyethanol and its binary
mixtures with water from their measurements of conductances and viscosities
since these are patentially capable of yielding more precise information on the

nature of interactions taking place in solutions,

The viscosity B-coefficients 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 all solvents. The use of BmNB}’m appears to be
sound but we lack sufficient data measured in different solvents to arrive at a
definite conclusion, It is desirable to use differcnt methods of division of B values

to have reasonably consistent ionic B-values.

Accurate B, -values would give the solvation number of ions, It is known

that

B,-m, - B:’i‘r’nn‘ + Bx.tr + BDe'mrd

feapt fon o

Lt ete, so that

it

but it is not possible to calculate the individual constituents like B
the effect of charges on the nature of solvation can be properly explored. Efforts

should be made to know at least B2

tan

values experimentally.

Similarly, different methods are to be used to find out the li_miting

conductances of the ions from the limiting equivalent conductances 0f_
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electrotytes. Proper evaluation of the limiting equivalent conductance,. A°, the
single-iocn conductances, /Tfi, the ionic association constant, K4, and the ion-size
parameter o’ and their dependence on the relative permittivities would be of great
help in determining ion-ion and ion-solvent interactio}ls. However, the variation of
A5 values for jons dcpend not only on their solvodynamic entity but also their

movement through different solvents. This aspect nceds consideration and further

study.

However, it is necessary to remember that ion-solvent intcractions are very
complex in nature, There are strong electrical forces hetween the ions and the
solvcﬁts and it is not reaily possible to separate them all. Nevertheless, if careful
judgments are used, valid conclusions can be drawn in many cases from viscosity
and conductivity measurements. relating to dcgréc of structure and order of

system.

More extensive studies of the different thermodynamic and transport
properties of electrolytes will be of immense help in understanding the nature of

ion-solvent interactions and the role of solvents in different chemical processes.
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