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Conductance, a Contrivance to Explore
lon Association and Solvation Behavior of
an lonic Liquid (Tetrabutylphosphonium
Tetrafluoroborate) in Acetonitrile,
Tetrahydrofuran, 1,3-Dioxolane and Their
Binaries

Precise = measurements on
electrical conductance {A) of solutions
of an ionic liquid (IL) '
tetrabutylphosphonium

tetrafluoroborate in  acetonitrile
(ACN), tetrahydrofuran (THF), 1,3-
dioxolane (1,3-DO) and their binary mixtures have been reported at 298.15K. The

conductance data have been analyzed by the Fuos; conductance equation (1978) in
terms of the limiting molar conductance (A,), the association constant (Ks), and the
association diameter (R) for ion-pair formation. The Walden product is obtained and
discussed. However, the deviation of the conductometric curves (4 vs 4/c) from
linearity for the electrolyte in THF and 1,3-DO and their binary mixtures indicated
triple-ion formation and therefore corresponding conductance data have been

analyzed by the Fuoss-Kraus theory of triple-ions. The limiting ionic conductances (

A*) have been estimated from the appropriate division of the limiting molar
o B

conductivity value of tetrabutylammonium tetraphenylborate [BusNBPh4] as the
“reference electrolyte” method along with a numerical evaluation of ion-pair and
triple-ion formation constants (Kp ~ Ka and Kt). The results have been discussed in
terms of solvent properties and configurational theory. Ionic association in the
limiting molar conductances, as well as the single-ion conductivity values have been

determined for the electrolyte in the solvent media.
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IV.1. INTRODUCTION

In recent years, ionic liquids (ILs) have been considered attractive
compounds due to their unique intrinsic properties, such as negligible vapour
pressure, large liquid range, ability of dissolving a variety of chemicals, high thermal
stability, large electrochemical window and their potential as ‘designer solvents’ and
‘green’ replacements for volatile organic solventsl!V-1V.3] ysed in reactions involving
inorganic and bio-catalysis etc. They are also used as heat transfer fluids for
processing biomass and as electrically conductive liquids in electrochemistry
(batteries and solar cells).[ V-4- V6] In the modern technology, the application of the
salt is well understood by studying the ionic solvation or ion association.

Consequently, a number of conductometric!'V-7l and related studies of electrolytes
in non-aqueous solvents, especially mixed organic solvents, have been made for their
optimal use in high-energy batteries[!V8] and for further more understanding organic
reaction mechanisms.[ V%] Ionic association of electrolytes in solution depends upon
the mode of solvation of its ionsl!V-10- V.13l which in turn depends on the nature of the
solvent/solvent mixtures. Such solvent properties as viscosity and the relative
permittivity have been taken into consideration as these properties help in
determining the extent of ion association and the solvent-solvent interactions. The
non-aqueous system has been of immense importancel!V-14 V-13] to the technologist
and theoretician as many chemical processes occur in these systems. Thus, extensive
studies on electrical conductance in various mixed organic solvents have been
performed in recent yearsl!V-16- V.20] to examine the nature and magnitude of ion-ion
and ion-solvent interactions.

In continuation of our investigations on electrical conductance, V17 1V.18, V.21] ap
attempt has been made in the present study, to ascertain the nature of ion-solvent
interactions of ionic liquid (IL) Tetrabutylphosphonium Tetrafluoroborate [BusPBF4]
in polar aprotic solvents pure acetonitrile, tetrahydrofuran, 1,3-dioxolane and their
binary mixtures, as literature survey reveals that very scarce work has been carried

out in concerned with the binary mixtures.
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IV.2. EXPERIMENTAL
IV.2.1 Source and purity of samples

[BusPBF4] of puriss grade was procured from Sigma-Aldrich, Germany and
was used as purchased. The mass fraction purity of [BusPBFs] was = 0.99.

Acetonitrile (ACN) obtained from Merck, India was used after further
purification. It was distilled from P20s and then from CaH: in an all-glass distillation
apparatus.['V22] The middle fraction was collected. About 99% purified acetonitrile
with specific conductivity 0.8 - 1.0 x 10-% S cm-3was obtained. The purity of the liquid
was checked by measuring it’s density and viscosity which were in good agreement
with the literature valueslV22.1¥.23] a5 shown in Table 1V.1.

Tetrahydrofuran (THF), Merck, Indian was kept several days over potassium
hydroxide (KOH), refluxed for 24 h and distilled over lithium aluminium hydride
(LiAlH4) described earlier.[!V-13] The purified solvent had a boiling point of 339 K and
a specific conductance of 0.81 x 10-¢ S cm-3, The density and viscosity of the purified
solvent were in good agreement with the literature datal'V-2% V.25] as shown in Table
IV.1. The purity of the solvent was = 98.9 %.

1,3-dioxolane (1,3-DO) from Merck, containing 0.3 % water and 0.005 %
peroxides and sterilized with butylated hydroxytoluene (BHT) was purified by
heating under reflux with PbOz for 2 h, then cooled and filtered. After adding xylene
to the filtrate, the mixture was fractionally distilled.! 'V-26] The solvent obtained after
purification had a boiling point of 348 K. The density and viscosity of the purified
solvent were in good agreement with the literaturel!V-27] as shown in Table 1V.1. The

purity of the solvent finally obtained was > 99.0 %.

IV.2.2 Apparatus and Procedure
All the binary solvent mixtures were prepared by mixing the required volume
of ACN, THF and 1,3-DO using the appropriate conversion of the required mass of
each solvent into volume at 298.15 K using experimental densities.V28] For the
preparation of the solvent mixtures required weighted amount of solvent was
transferred to a volumetric flask and the flask was filled up to the mark. The stock
solutions of the salt in binary solvent mixtures were prepared by mass (Mettler

Toledo AG-285 with uncertainty 0.0003g). For conductance the working solutions,
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were obtained by mass dilution of the stock solutions. The densities of the solvents
and solutions were measured with vibrating-tube density meter (Anton Paar, DMA
4500M), maintained at *0.01K of the desired temperature and calibrated at the
experimental temperature with doubly distilled water and dry air. The uncertainty in
density was estimated to be + 0.00001 g cm-3 and the viscosity was measured by
means of a suspended Ubbelohde type viscometer, calibrated at 298.15+0.01K with
doubly distilled water and purified methanol using density and viscosity value from
the literature and the efflux time of flow were recorded with a digital stopwatch
correct to +0.01s. The uncertainty of the viscosity measurements was +0.003mPas.
The details of the methods and experimental techniques had been described
elsewhere.[V-28.1V.30]

The conductance measurements were carried out in a Systronics-308
conductivity bridge of accuracy *0.01%, using a dip-type immersion conductivity
cell, CD-10 having a cell constant of approximately (0.1+0.001) cm-1. Measurements
were made in a thermostate water bath maintained at T = (298.15 + 0.01) K. The cell
was calibrated by the method proposed by Lind et al.lV31] and cell constant was
measured based on 0.01 M aqueous KCl solution.!V32] During the conductance
measurements, cell constant was maintained within the range 1.10-1.12 cm-1. The
conductance data were reported at a frequency of 1 kHz and the accuracy was
+0.3%. During all the measurements, uncertainty of temperatures was +0.01 K.

The values of relative permittivity (£r) of the solvent mixtures were assumed to
be an average of those of the pure liquids and calculated using the procedure as

described by Rohdewald and Moldner.['V-33]
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IV.3. RESULTS AND DISCUSSION

1V.3.1 Electrical Conductance
1V.3.1.1 Ion-pair formation
The electrolyte was freely soluble in all proportions of the solvent/solvent
mixtures. The physical properties of the pure and binary solvent mixtures in
different mass fractions at 298.15 K are reported in Table 1V.1, where appropriate
corrections were made by the specific conductance of the solvents at that
temperature.

The specific conductance (x, pS cm~1) of salt solutions under investigation with a
molar concentration within the range of 1.05x10-5 - 1.42x10-2 M in different mass
fractions (w = 0.00, 0.25, 0.50, 0.75, 1.00) were measured. The molar conductance
{A) for all studied system was calculated using following equation.['V-34]

A = lOOCO K v
where ¢ is the molar concentration and x is the measured specific conductance of the
studied solution. The molar conductances (A) of [BusPBF4] in different binary
solvent mixtures were calculated at the corresponding molar concentrations (¢) in
solvent systems (ACN + THF), (ACN + 1,3-D0O) and (THF + 1,3-DO) and given in Table
V.2, For the solvent and solvent mixtures as the range of higher to moderate relative
permittivity (€r = 35.95 to 14.47), the conductance curves (A versus Vc) were linear,
depicted in Figure [V.1 and extrapolation of Ve = 0 evaluated the starting limiting
molar conductance for the electrolytes; however, as the relative permittivity (&)

dropped to ¢, (10 for pure THF (7.58}, 1,3-DO (7.31) and their binary mixture, non-
linearity in Figure 1V.2, was observed in conductance curves. Thus the conductance

data, in (ACN + THF) and (ACN + 1,3-DO) solvent mixtures have been analyzed using

the Fuoss conductance equation.!'V-35 V361 For a given set of conductivity values

(c;, A;, j=1,..n) three adjustable parameters, the limiting molar conductance (4,

), the association constant {Ka) and the distance of closest approach of ions (R) are

derived from the following set of equations.
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A=PA[(1+R)+E,] : (IV.2)
P=1-a(l-y) (Iv.3)
4 =1—KAC‘}/2f2 (Iv.4)
e PX
In = T (IV.5)
2
e
ﬂ_(er—k,gﬂ (IV.6)
e Kr (IV.7)

K, = =

(I-a) (1+Kj)
where Ry is the relaxation field effect, Ev is the electrophoretic counter current, k7 is
the radius of the ion atmosphere, & is the relative permittivity of the solvent mixture,
e is the electron charge, c is the molarity of the solution, ks is the Boltzmann constant,
Kais the overall paring constant, Ks is the association constant of the contact-pairs, Kz
is the association constant of the solvent-separated pairs, y is the fraction of solute
present as unpaired ion, a is the fraction of contact pairs, f is the activity coefficient,
T is the absolute temperature and § is twice the Bjerrum distance. The computations

were performed using a program 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 (c;, A;, j=1...n),n,&,7,7T, initial values of A,, and an

instruction to cover a pre-selected range of R values.
The best value of a parameter is the one when equations is best fitted to the

experimental data corresponding to minimum standard deviation & for a sequence of

predetermined R values, and standard deviation § was calculated by the following

equation

[A;(cal)~ A, (0bs)]

(n—m)

(IV.8)

52=3

where n is the number of experimental points and m is the number of fitting
parameters. The conductance data were analyzed by fixing the distance of closest
approach R with two parameter fit {(m = 2). As for the electrolytes studied in various
mass fractions (w1 = 0.25, 0.50, 0.75, 1.00) of ACN, no significant minima were

observed in the & versus R curves, whereas the R values were arbitrarily preset at the
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centre to centre distance of solvent-separated ion pair.['V1l Thus, R values are
assumed to be
R=a+d (IV.9)

where a=(r,_+r ) is the sum of the crystallographic radii of the cation (r,) and
anion (1) and d is the average distance corresponding to the side of a cell occupied
by a solvent molecule. The distance, d is given by(V-371

G
d(/f) = 1.183 [-;] (IV.10)

where M is the molar mass of the solvent and p is its density. For mixed solvents, M is
replaced by the mole fraction average molar mass {Mqy) which is given by

_ MM,
- (w M, +w,M))

(IV.11)

where w1 & w2 is the mass fraction of the first and second component of molar mass
M; and M; respectively. The values of A,, K4 and R obtained by this procedure are
represented in Table 1V.3. Perusal of Table IV.3 reveals that the limiting molar
conductances (A,) of the electrolytes increases with the increase of content of ACN in
the solvent mixture with THF and 1,3-DO. The Table also reveals that the association
of the [BusPBF,] is more in 1,3-DO, than THF and ACN, which is in order 1,3-DO >
THF > ACN, and its value decreases with increasing content of ACN in their binary
mixtures. Hence the ion-solvent interaction increases with the increase in the
amount of 1,3-DO and THF in their binary mixtures with ACN, leading to a lower

conductance of [BusPBFs]. The lower viscosity of ACN also supports the above fact

because with lower viscosity, the A, value should increase. The fact is also in line with

the increases of the relative permittivity (&) of the solvents/solvent mixtures.
Although the decreasing trend of viscosity for the solvent mixtures with increasing
content of ACN suggests concomitant increase in limiting molar conductancesl!V-37.
V.39 for the electrolyte. The trend suggests solvent viscosity (1) is predominance,
over the relative permittivity (&), in effecting the electrolytic conductance of the

electrolyte under the studied media.

The trend in A values can be discussed through another characteristic

function called the Walden product (A.n), given in Table IV.3. The decreasing trend of
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Walden products with the decreasing amount of ACN in solvent mixture given in
Table IV.3 and Figure IV.4 are in accordance with the concomitant increase of
viscosity and decreasing limiting molar conductance of the electrolyte in the
solvent/solvent mixtures. This is justified as the Walden product of an ion or solute
is inversely proportional to the effective solvated radius (res) of the ion or solute in a
particular solvent/solvent mixture.[1V40]

1
o6f1 rgTT

An (IV.12)

This points out to the fact that the electrostatic ion-solvent interaction is
strong in these cases. The variation of the Walden product reﬂecté the change of
solvation.V-12V41] Though the variation of the Walden product with solvent
composition is difficult to interpret quantitatively, its variation with solvent
composition can still be explained by preferential salvation!!V.7. V42) of the electrolyte
by ACN, THF and 1,3-DO molecules. At low concentration of ACN, the electrolyte are
preferentially solvated in THF, 1,3-DO rather than by ACN.

The starting point for most evaluations of ionic conductance is Stokes’ law
which states that the limiting ionic Walden product {A.*n), (the limiting ionic
conductance-solvent viscosity product) for any singly charged, spherical ion is a
function only of the ionic radius and thus, under normal conditions, is a constant. The
limiting ionic conductances A,* (for the BusP* cation and BFs anion) in different
solvent mixtures, mass fraction (w1 = 0.25, 0.50, 0.75, 1.00) of ACN with THF and 1,3-
DQ, were calculated using tetrabutylammonium tetraphenylborate (BusNBPhs) as a
‘reference electrolyte’ following the scheme as suggested by B. Das et al.lV43] We
have calculated the limiting ionic conductances Ao% in our solvent compositions by
interpolation of conductance data from the literaturel'V44 using cubic spline fitting.
The A.* values were in turn utilized for the calculation of Stokes’ radii (rs) according
to the classical expression(!V45]

F 2
Ve = W (Iv.13)
lonic Walden products A.*n, Stokes' radii rs, and crystallographic radii r. are
presented in Table IV.4. The trends in Walden products A.n and ionic Walden
products A,*n for the electrolytes in the solvents/solvent mixtures of ACN with THF
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and 1,3-DO are depicted in Table IV.3 & IV.4 and Figure V.4 & IV.5 respectively. It
shows that both the ionic Walden products Ac*n and Walden products A.n for the
electrolyte increase almost linearly as the ACN content increases in the solvent
mixtures. For BusP* and BFs ion, the Stokes’ radii rs are either lower or comparable
to their crystallographic radii re, this suggests that the ion are comparatively less
solvated than alkali metal ions due to its intrinsic low surface charge density. The
distance parameter R, shown in Table IV.3, is the leaét distance that two free ions can
approach before they merge into ion pair. R values have been found to increase with
increase in mass fraction of ACN (w1) in the solvent mixture.

The nature of the curve for the Gibbs energy changes for ion-pair formation,
AG°, clearly predicts the tendency for ion-pair formation. The Gibbs energy change
AGe is given by the following relationshipl'V4él and is given in Table IV.3.

AGo=-RyTIn Ka (1v.14)

The negative values of AG® can be explained by considering the participation
of specific covalent interaction in the ion-association process. The increase in the
value of AG° of [BusPBF4] with increasing amount of ACN in the solvent mixtures
leads to the decrease in the ion-solvent interaction.

There are marked characteristic behaviours in the Ka values, which generally
decrease as the quantity of ACN is increased in mixtures; the thermal motion
probably destroys the solvent structure. However, ion-association for the electrolyte
increases as the concentration of THF and 1,3-DO increases in the mixtures.

The schematic representation of ion-solvation, for the particular ion in the
studied solvent mixtures (ACN+THF, ACN+1,3-DO), in view of various derived

parameters is depicted in Scheme IV.1, where w; is mass fraction of ACN.

1V.3.1.2 Triple-ion formation
Figure V.2 presents the graphical representation of A vs Jc; which shows
that, the salt follows the same trend, i.e. decreases with increasing concentration,
reaches a minimum and then increases. Due to the deviation of the conductometric
curves from linearity in case of BusPBFs4 in THF (& = 7.58), 1,3-DO (&r = 7.31) and
their binary mixtures, the conductance data have been analyzed by the classical

Fuoss-Kraus theory of triple-ion formation in the form(iV-37.1v.46]
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A NE (A
AglcWe = 2 = [1 ]c (IV.15)

where g{c) is a factor that lumps together all the intrinsic interaction terms and is
defined by:

_exp{-2.303 8/ (cA)*/ A’}
gle}= {1_S(C’A)O'S/AU"S}(I—A/AO)O'S (IV.16)

0.8204 x10° 82.501
T 1.5 AO + 0.5
(eT) n(eT)

In the above equations, A, is the sum of the molar conductance of the simple ions at

S=a A+ f= (IV.18)

infinite dilution, A; is the sum of the conductance value of the two triple-ions
[(BuaP)2]*BF4 and BusP[(BF4)2]" for [BusPBF4] salt; Kp K4 and Kt are the ion-pair and
triple-ion formation constants respectively and S is the limiting Onsager coefficient.
To make equation IV.15 applicable, the symmetrical approximation of the two
[(Bu,P),] BF,
{[Bu4p*][3u4PBﬂ]}

possible formation constants of triple-ions, X, =

Bu,P|(BF,), |
K., = - [( 4)2] equal to each other has been adopted, i.e. K11 = Ktz = Krl!V47)
{{BF. |[BuPBR,]}

and A, values for the studied electrolyte have been calculated following the scheme

as suggested by Krumgalz [1983].1V48! The calculated values are listed in Table IV.5.

Al has been calculated by setting the triple-ion conductance equal to %An L1V49]

T
The ratio A was thus set equal to 0.667 during linear regression analysis of

equation [V.15. Table [V.5 shows the calculated limiting molar conductance of simple
jon (A,), limiting molar conductance of triple ion (A ), slope and intercept of

equation 1V.15 for [BusPBF;] in THF, 1,3-DO and their binary mixture at 298.15 K.

The linear regression analysis of equation [V.15 for the electrolytes with an average
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regression constant, R? = 0.9653, gives intercepts and slopes. These values permit
the calculation of other derived parameters such as Kp and Kr listed in Table 1V.6. A
perusal of Table IV.5 shows that the major portion of the electrolytes exists as ion-

pairs with a minor portion as triple ions. The tendency of triple ion formation can be

judged from the [%} ratios and log[—}:l], which are highest in 1,3-DO. These ratios
P P
suggest that strong association between the ions is due to the coulombic interactions
as well as to covalent forces in the solution. These results are in good agreement with
those of Hazra et allV-50 At very low permittivity of the solvent, ie, & < 10,
electrostatic ionic interactions are very large. So the ion-pairs attract the free cations
or anions present in the solution medium as the distance of the closest approach of
the ions becomes minimum. These results in the formation of triple-ions, which

acquires the charge of the respective ions, attracted from the solution bulk(!V-44 [V.46]

Le;
M+ A M e A < MA  (ion- pair) (Iv.19)
M4+ M < MAM' (triple-ion) (Iv.20)
MA+ 4 < MAA (triple-ion) (Iv2))

where M+ and A- are BusP* and BFs respectively. The effect of ternary
association!'V41] thus removes some non-conducting species, MA, from solution, and
replaces them with triple-ions which increase the conductance manifested by non-
linearity observed in conductance curves for the electrolyte in THF, 1,3-DO and their
binary mixtures. The Scheme IV.2, depicts the pictorial representation of triple-ion
formations for the electrolyte, as an example in THF+1,3-DO binaries.

Furthermore, the ijon-pair and triple-ion concentrations, Cp and Cr,
respectively of the [BusPBF;] in THF, 1,3-DO and their binary mixture have also been

calculated using the following equations!'V-51l
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1
K

a,{K—ﬁ;-]c”z (IV23)

Cp=C(1-a—3ay) (IV.24)
K

c,=(K—},:,}Jc3’2 (IV.25)

Here, o and ar are the fraction of ion-pairs and triple-ions present in the salt-
solutions are given in Table IV.7. Thus, the values of Cr and Cr given in Table IV.7,
indicates that the ions are mainly present as ion-pairs even at high concentration and
a small fraction existing as triple-ions. It is also observed that the fraction of the
triple-ions in the solution increases with the increasing concentration, in the studied

mixed solvent media.

IV.4. CONCLUSIONS

The present work reveals an extensive study on the ion-solvation behaviour
of the tetrabutylphosphonium tetrafluoroborate [BusPBFs] in ACN + THF, ACN + 1,3-
DO, and THF + 1,3-DO mixtures through the conductometric measurements. It
becomes clear that the electrolyte exists as ion-pairs for former two cases and as
triple-ions for latter one. The tendency of the ion-pair and triple-ion formation
depends on the size and the charge distribution of the ions. The effective size of the
electrolyte increases in THF, 1,3-DO and their binary mixtures due to preferential
solvation in such a way that the sizes of the solvated ions follow their
crystallographic radii. The degree of ion-solvent interaction also indicates that the
salt prefers cyclic ether THF and 1,3-DO than ACN in their solvation or coordination

sphere.
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TABLES

Table IV.1: Values of Density (p), Viscosity (1) and Relative Permittivity (&) of

ACN, THF, 1,3-DO and their binary mixtures where wj, w2 and ws are the mass
fraction of ACN, THF and 1,3-DO respectivelyat T=298.15 K

p x10-3 n
Solvents /kg'm-3) /mPa's Er
Expt Lit Expt Lit
wi=1.00 0.77668 0.77667(V-22] 0,344 0.3446[V22] 3595[IV.38]
wz=1.00 0.88074 0.880721Wv211 0463 0.46300V-25] 7 .58[v-38]
wz=1.00 1.05873  1.058731v271  0.589 (.5892(v27] 7.3101v38]
ACN(1) + THF(2)
wy = 0.25 0.85473 0.433 14.67¢
wy=0.50 0.82871 0.404 21,772
wy =0.75 0.80269 0374 28.867
ACN(1) + 1,3-DO(3)
wy = 0.25 0.98822 0.528 14.47¢
wi = 0.50 0.91770 0.467 21.63¢
wi=0.75 0.84719 0.406 28.79a
THF(2) + 1,3-DO(3)
w2 =0.25 1.01423 0.558 7.38¢
w2 =0.50 0.96974 0.526 7.45¢9
wz=0.75 0.92524 0.495 7.51a

e Obtained by interpolation of literature data from Ref. [1V.33].
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Table IV.2: Molar conductance ( A} and the corresponding concentration (¢) of
BusPBF, in ACN, THF, 1,3-DO and their binary mixtures where wy, w2 and ws
are the mass fraction of ACN, THF and 1,3-DO respectively at 7= 298.15 K

ox10% Ax10% - oex10¢ Ax104 cx104 Ax10%

/mol*dm-3  S'm?mol! /mol'dm3 Sm?mol! /molldm3 Sm2mol? :
Acetonitrile Tetrahydrofuran 1,3-Dioxolane

9.32 167.16 0.25 27.73 0.11 19.95
17.09 165.08 0.38 24.18 0.21 16.50
23.66 163.92 0.55 20.96 0.30 14.08
29.29 162.75 0.70 18.54 0.39 12.25
34.18 162.07 0.90 16.27 0.46 10.75
42.22 160.81 1.01 15.08 0.57 9.42
48.57 160.00 1.16 13.71 0.69 8.62
55.93 158.89 1.34 12.65 0.83 8.23
63.10 158.13 1.48 12.15 0.94 9.52
70.49 157.26 1.66 12.06 1.03 10.99
77.52 156.45 191 13.03 1.12 13.41
82.98 155.90 2.16 15.48 1.20 15.65

ACN(1) + THF(2)
wi=0.25 wi=0.50 wi=0.75

27.01 81.80 19.57 109.89 13.63 137.12
36.30 79.80 28.81 107.06 22.35 13491
47.16 77.75 37.21 105.07 29.98 132.90
58.07 75.80 47.75 103.04 39.11 130.92
67.75 74.81 56.65 101.35 46.40 129.87
76.67 73.41 64.12 100.31 54.82 12841
88.57 72.26 70.46 99.50 60.77 127.81
97.17 71.15 78.78 98.07 68.66 126.46
103.98 70.25 86.34 96.91 76.00 125.35
112.17 69.10 93.74 95.96 81.43 12446
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118.59 68.40 103.53 95.00 88.93 123.75
125.73 68.02 109.94 94.05 94.38 123.14
ACN{1) + 1,3-DO(3)
wi=0.25 wi=0.50 w1=0.75
31.42 77.22 22.56 104.82 15.81 133.75
40.07 75.70 31.58 102.30 21.09 132.20
48.72 74.27 41.34 100.41 28.84 130.19
57.46 72.88 49.70 98.81 37.45 128.38
68.06 7139 60.53 96.90 45.70 126.99
77.26 70.10 70.73 95.22 54.46 125.29
89.11 68.56 80.46 93.60 62.73 123.98
100.60 66.89 88.55 92.42 70.73 122.70
113.42 65.53 97.81 91.30 77.44 121.79
121.88 64.61 108.58 89.77 85.43 120.76
131.79 63.72 117.87 88.80 91.81 119.82
140.42 62.89 124.19 88.00 99.76 118.84
THF(2) + 1,3-D0O(3)
w2 =0.25 wa = 0.50 wz=0.75
0.13 22.52 0.16 23.87 0.20 25.56
0.22 19.28 0.26 20.86 0.31 22.25
0.32 16.63 0.35 18.65 0.42 19.89
0.45 14.10 0.44 16.63 0.58 16.96
0.58 12.28 0.56 14.72 0.71 15.30
0.73 10.77 0.70 13.09 0.88 13.46
0.87 9.84 0.84 11.77 1.08 11.95
1.01 9.67 1.03 10.67 1.27 - 11.13
1.14 10.02 1.23 10.82 1.44 10.96
1.23 10.85 1.39 11.74 1.57 11.63
1.38 13.99 1.52 13.73 1.70 13.09
1.48 17.09 1.64 16.84 1.84 15.98
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Table IV.3: Limiting molar conductivity (A,), the association constant (Ka), the

distance of closest approach of ions (R), Standard Deviations § of Experimental

A from Equation (IV.1), Walden Product { A7) and free energy change (AG°) of

BusPBF4 in ACN and its binary mixtures with THF, 1,3-DO, where w; are the
mass fraction of ACN at T=298.15K

Aox10*  Kax10* R Ao x10% AG®
Solvents &
/SmZmol-l fdmzmelt /A /S'mZmolt'mPa's /k]-mol-!
w1 =1.00 167.99 10.42 12.14 0.36 57.85 -2.86
ACN(1) +THF(2)
w1 =0.25 87.88 30.65 12,10 0.22 38.09 -3.13
w1=0.50 114.26 24.33 1191 0.36 46.13 -3.07
wr =0.75 139.56 16.59 11.76 0.38 52.21 -2.98
ACN(1) + 1,3-DO(3)
w1 =0.25 88.95 34.09 11.89 0.24 44.86 -3.15
w1 = 0.50 110.44 26.14 11.77 017 51.55 -3.09
w1 =0.75 136.93 18.04 11.69 0.32 55.54 -3.00
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Table IV.4: Limiting Ionic Conductance (A?), lonic Walden Product (A7),

Stokes’ Radii (¥) and Crystallographic Radii (7,) of BusPBF; in ACN and its

binary mixtures with THF, 1,3-D0, where w: are the mass fraction of ACNat T =

298.15K
o A s bre
Solvents Ion
/S'm?moil! /S'mZmol-i'mPas /A /A

Bu,P* T 6486 2234 367 442

w1 =100 BF, 103.12 35.52 2.31 2.78
ACN(1) + THF(2)

Bu,P* 33.93 14.71 557. 442
w1=0.25 BF, 53.95 23.38 3.50 2.78

Bu,P* 44.12 17.81 460 442
wy=0.50 BF, 70.15 28.32 289 278

Bu,P* 53.89 20.16 406 442
w1=0.75 BF, 85.67 32.05 256 278

ACN(1} + 1,3-DO(3)

Bu,P* 32.80 17.32 473 442
wy =0.25 BF; 52.15 27.54 298 278

Bu,P* 42.64 19.91 412 442
w1=0.50 BF; 67.80 31.65 2.59 2.78

Bu,P* 52.87 21.44 3.82 442
w1=0.75 BF; 84.06 34.10 2.40 2.78

b Crystallographic radii of cation and anion from Ref. [IV.52] and [IV.53] respectively.
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Table IV.5: The calculated limiting molar conductance of ion-pair (4;),

limiting molar conductance of triple-ion (A]), slope and intercept of Equation

(IV.15) of BusPBF. in THF, 1,3-DO and their binary mixture, where w2 and w3
are mass fraction of THF and 1,3-D0at T=298.15 K

A, x10* Al x10* '

Solvents Slopex102  Intercept :
/S'm2mol-!  /S'm2-mol-1 ‘
w2=1.00 74.93 49.98 0.82 0.15
wz=1.00 43.85 29.25 6.19 0.07
THF(2) + 1,3-DO(3)

wz=0.25 46.98 31.34 4.64 0.09
w2=0.50 52.78 35.20 3.81 0.10
wa2=0.75 61.36 40.93 1.70 0.12

Table 1V.6: Salt concentration at the minimum conductivity (cmin) along with
the ion-pair formation constant (Kp), triple-ion formation constant (Kr) of
BusPBF; in THF, 1,3-DO and their binary mixture, where w; and w; are mass
fraction of THF and 1,3-DO at T=298.15 K

- . K log
Solvent Cminx 104 log Kpx10-*  Krx10-3 {__L]
K, K

i . -3 3. -1 . - -r
/solvent mixture /mol-dm Cmin  /m3molt /m3mol-1 <103 ( Kp]
wa2=1.00 166  -3.78 2536 0.83 3.27 -2.49
wz=1.00 0.83 -4.08 45.35 14.26 31.43 -1.50

THF(2) + 1,3-DO(3)

wz=0.25 1.01 -3.99 28.99 7.98 27.53 -1.56
wz=0.50 1.03 -3.98 25.76 549 21.32 -1.67
wz=0.75 1.44 -3.84 2392 2.03 8.50 -2.07
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Table IV.7: Salt concentration (cmin) at the minimum conductivity (Amin), the

ion-pair fraction (a), triple-ion fraction («r), ion-pair concentration (C¢) and

triple-ion concentration (Cr) of BusPBF; in THF, 1,3-DO and their binary

mixture, where w; and ws; are mass fraction of THF and 1,3-D0O at T=298.15 K

Solvent Cminx10% Cp x105 Crx106
/solvent mixture /mol-dm-3) Amx10% @ /mol*dm-3  /mol-dm-3
wz=1.00 1.66 12.06 0.153 0.021 15.14 3.54
ws=1.00 0.83 8.23 0.162 0.193 11.78 16.06

THF(2) + 1,3-DO(3)
wz=0.25 1.01 9.67 0.184 0.149 12.77 15.08
wz2=0.50 1.03 10.67 0.193 0.110 11.75 11.38
wa=0.75 1.44 1096 0.170 0.049 14.04 7.15
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Figure IV.1: Plot of molar conductance { 4) and the square root of concentration (v/c) of BusPBF, in w1=0.25 (m), w1=0.50 (A),
w1=0.75 (»), w1=1.00 (+) of ACN in THF and w1=0.25 (), w1=0.50 (A), w1=0.75 (©), w1=1.00 (¢} of ACN in 1,3-DO at T = 298.15K
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Figure IV.2: Plot of molar conductance ( A) and the square root of concentration [-\fc], of BusPBF4 in w;=0.00 (m), w2=0.25
(A), w2=0.50 (e), w2=0.75 (o), w2=1.00 (¢) of THF in 1,3-DO at T = 298.15K
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Figure IV.3: Plot of the free energy change (AG°) vs mass fraction (w), of Bu4PBF; in ACN (m), ACN+ THF (¢), ACN+1,3-DO (A),
and log{Kr/Kp) vs mass fraction of BusPBF, in THF (), in 1,3-DO (¢) and their binary mixture (A) at T=298.15 K
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Figure 1V.4: Plot of Walden Product ( A;7) vs mass fraction of ACN (w,) for BusPBF4 in ACN (w), ACN+ THF (¢), ACN+1,3-DO

(A)atT=29815K
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Figure IV.5: Plot of ionic Walden Product (1) vs mass fraction (w), for BusP+* in ACN (m), ACN+THF (¢), ACN+1,3-DO (X)

and for BF4 in ACN (o), ACN+THF (0), ACN+1,3-DO (X]); and Plot of limiting ionic conductance (1) vs mass fraction (w), for

Bu.P*in ACN (A), ACN+THF (e), ACN+1,3-DO (x) and for BFs in ACN (A), ACN+THF (), ACN+1,3-DO ((); at T=298.15K
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Scheme IV.1: The schematic representation of ion-solvation, for the particular ion in the studied solvent mixtures (ACN+THF,

ACN+1,3-D0), in view of various derived parameters is depicted in, where w, is mass fraction of ACN
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Scheme IV.2: The pictorial representation of triple-ion formations for the electrolyte, as an example in THF+1,3-D0O binaries
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