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Abstract—A study is performed of the electrical conductivity of a number of ionic liquids based on 1-alkyl-3-
methylimidazolium quaternary salts with inorganic anions in acetonitrile. The Lee—Wheaton approach is
used to calculate the ion association constants K, limiting molar electrical conductivity (A,), and the Gibbs
energy of association (AG) in solutions. It is shown that the nature and size of the anion has a decisive influ-
ence on the association of the studied ionic liquids. It is found that the limiting molar electrical conductivity
of bromides is lower than that of hexafluorophosphates and tetrafluoroborates.
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INTRODUCTION

The number of studies on ionic liquids (IL) is con-
stantly growing. In the search for new areas of applica-
tion for ionic liquids, existing applied aspects of the
use of ILs are being expanded and improved with new
fundamental knowledge about the relationship
between the structure of ILs and their properties.
Ionic liquids are already being used in such areas of
science as electrochemistry, separation, processes of
synthesis and catalysis, and in pharmaceutical indus-
try [1—5]. Interest in this class of compounds is due to
ILs having a wide range of such properties as low satu-
rated vapor pressure, high electrical conductivity,
incombustibility, and good solvating ability for a num-
ber of polar and nonpolar compounds [6—8]. ILs are
increasingly used in the field of electrochemical
research and applied aspects for their use as new gen-
eration electrolytes in, e.g., storage batteries and solar
panels [9—12]. Conductometric analysis can be used
to obtain valuable information on the ionic association
and solvation of electrolytes [13]. Data on the molar
conductivity and ionic association of ionic liquids are
required for extensive conductometric studies of ILs,
mainly in mixtures with molecular solvents in a wide
range of concentrations. Results show that the struc-
tures of the cations and anions in the composition of
ionic liquids strongly affects ionic association and
molar conductivity at infinite dilution [13—17]. It is
therefore an important task to study the dependences
of electrical conductivity (EC) on concentration for
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solutions of ionic liquids in molecular solvents, along
with the behavior of ions in solutions.

The aim of this work was to study the electrical
conductivity of imidazolium ionic liquids with inor-
ganic anions, and the processes of their association in
acetonitrile solutions.

EXPERIMENTAL

All compounds were synthesized and purified
according to the procedure described in [18]. The
structure of the compounds was confirmed by IR
spectroscopy, while their composition was determined
via elemental analysis. IR spectra were recorded on an
ALPHA spectrometer in a thin film between KBr
glasses for liquids and in KBr pellets for solid com-
pounds. Elemental analysis was performed on a Perki-
nElmerCHNS/O PE 2400-11 unit. Electrical conduc-
tivity of the IL solutions in acetonitrile at 25 + 0.1°C
was measured on a Seven Go Pro MettlerToledeo con-
ductometer. Acetonitrile (analytical grade) was pre-
liminarily dried by refluxing with subsequent distilla-
tion over P,O,,. A series of solutions were prepared for
each ionic liquid in the 107*—10"2 mol/L range of con-
centrations. The EC of each solution was measured
5 times, and the average value was determined. The
specific EC was recalculated into its equivalent
according to the familiar formula.

The Lee—Wheaton approach was used to calculate
the ion association constants, the limiting molar elec-
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Table 1. Values of limiting molar electrical conductivity A,
association constants K,, and Gibbs energies of association
AG of the tested compounds

_ Ao, K,, —AG,
No. R X Scm? mol™!| L/ Y:IOI kJ/mol
1 |C4Hy Br~ 190 £ 2 59+6 10.1
2 BF, 209+ 1 48 £4 9.6
3 PF, 201 £ 1 514 9.8
4 | Ce¢Hys I~ 188 £1 66+3 10.4
5 BF, 186 £ 1 50£3 9.7
6 PF¢ 191 £ 1 44+ 3 9.4
7 |CgHp | B | 1491 | 50+£3| 97
8 BF, 170 £ 2 57+3 10.0
9 PF, 164 £ 1 46 £ 4 9.5
10 |CyHy, | Br 15241 | 75+5 | 107
11 BF, 160 = 1 46 £ 3 9.5
12 PF¢ 164 £ 1 40£ 3 9.0
13 |CpHys | B | 15421 | 73+4 | 106
14 BF, 174 £ 1 54 +4 9.9
15 PF, 167 £ 1 43+ 3 9.3

trical conductivity (A,), and the Gibbs energy of asso-
ciation (AG). The dependence of molar electrical con-
ductivity on the concentrations of the electrolyte and
solvent can generally be expressed as [19]

}\':f(caganaTaKa’}\'O’R)' (l)

To determine the ionic association constant (K,)
and the limiting molar electrical conductivity (A,)
from the experimental conductometric data, we used
the Lee—Wheaton equation [20—22] modified by Peti-
bridge [23] and a second approximation of the
Debye—Hiickel theory:

A= oc{xo[u CBk + C,(Bk)’ + Cy(Bk)’)
pk

1+

In expression (2), A is the molar electrical conduc-
tivity of the electrolyte, S cm?/mol; A, is the limiting
molar EC; and o is the degree of dissociation of the
electrolyte;

[1 + CBk+ C(Bk) + é}} ?

B=2q, (3)

q is Bjerrum’s critical distance, m. The value of the
Debye parameter for the I—I electrolyte is determined
by the expression [23]

k =50.2901284 x 10" /%, (4)
eT
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where c is the molar concentration of the electrolyte
solution, mol/L; € is the relative dielectric constant of
the medium; and T is the absolute temperature, K:

_ Fe

3mn, ’

where F'is the Faraday number, C/mol; e is the elec-

tron charge, C; 1 is the solvent’s viscosity, Pa s; and

C, = f(k, R) denotes coefficients expressed by nonlin-

ear dependences [23]. When deriving Eq. (2) using

parameter R of the closest approach of ions, we con-

sidered the possibility of solvation shells (Gurney
cospheres) forming around the ions [21].

The processing of experimental data was reduced to

minimizing function Fand finding unknown parame-
ters K, and A, [20]:

&)

F = ;(}\’;heor _ kexp)2‘ (6)

The problem of finding unknown parameters (K,
and ) consists of solving a system of nonlinear equa-
tions: the concentration dependence of molar electri-
cal conductivity, the law of mass action, the material
balance, and average ionic activity coefficients.

We can write C, .. = 9.1 x 10~15(e7)? for the maxi-
mum average ionic concentration of the electrolyte
proposed in [22]. We then use the conductometric
data in the 107#—1072 mol/L range of concentrations
in subsequent calculations. The experimental data
were processed as in [20]. The results from calcula-
tions are presented in Table 1. The Gibbs energy of
association was calculated using the formula AG =
—RTIn K,.

RESULTS AND DISCUSSION

To study the behavior of ionic liquids in solutions,
we performed a conductometric study of solutions of
imidazolium ionic liquids in acetonitrile. Based on
conductometric measurements, the dependences of
the equivalent electrical conductivity on the concen-
tration were plotted.

Similar behavior in a solution was characteristic of
the 1-alkyl-3-methylimidazolium hexafluorophos-
phates we studied (Fig. 2). It should be noted that the
electrical conductivity of hexafluorophosphates was
slightly lower than that of tetrafluoroborates with the
same cations.

For comparison, we studied the electrical conduc-
tivity of solutions of 1-alkyl-3-methylimidazolium
bromides (Fig. 3), precursors for the preparation of
ionic liquids. The equivalent EC of their solutions in
acetonitrile fell monotonically as the concentration
rose. It should be noted that all of the studied com-
pounds, which included the 1-butyl-3-methylimidaz-
olium cation, had the highest equivalent EC in this
range of concentrations. This effect was apparently

No.2 2021
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Fig. 1. Dependences of the equivalent EC of solutions of 1-alkyl-3-methylmidazolium tetrafluoroborates in acetonitrile on con-
centration at 25°C.
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Fig. 2. Dependences of the equivalent EC of solutions of 1-alkyl-3-methylmidazolium hexafluorophosphates in acetonitrile on
concentration at 25°C.

due to the smaller size and higher symmetry of the When comparing the association constants
1-butyl-3-methylimidazolium cation, compared to (Table 1) for ILs with the same cation, there was a
the others studied. This increased its mobility in a  decline in the constants upon moving from bromide to
solution and thus its electrical conductivity. hexafluorophosphate anion. Tetrafluoroborates and
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Fig. 3. Dependences of the equivalent EC of solutions of 1-alkyl-3-methylmidazolium bromides in acetonitrile on concentration

at 25°C.

hexafluorophosphates of 1-alkyl-3-methylimidaz-
olium had close values of the association constants,
which coincided within the permissible error for most
of the studied compounds. This agrees with the effect
the size of the anion has on the formation of hydrogen
bonds with the cation [24, 25]: the energy of hydrogen
bonds falls as the anion grows. The simple bromide
anion is held more strongly by the cation, so com-
pounds containing the bromide anion will dissociate
less in a solution. In contrast, the bulkier BF, and PF,
are more difficult for the cation to retain; as a result,
ILs that contain them will dissociate more. Using IR
spectroscopy and quantum-chemical calculations, the
authors of [26] established that strong electrostatic
interactions predominate for such simple anions as
halogens and OH™, while hydrogen bonding is
observed for more complex ones (particularly PF, and

BF,). This explains the lower limiting EC of 1-alkyl-
3-methylimidazolium bromides, relative to hexafluo-
rophosphates and tetrafluoroborates. This is also con-
firmed by the limiting molar ECs for 1-alkyl-3-meth-
ylmidazolium bromides being lower than for hexaflu-
orophosphates and tetrafluoroborates.

CONCLUSIONS

Comparing the values of the association constants

for ILs with the same name PF anion, we can see that
the values for all studied compounds coincide within
the permissible error. The nature and structure of the
anion thus have a decisive influence on the process of
ionic association. The authors of [27], who studied the
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association of a number of imidazolium and pyridin-
ium ILs in acetonitrile, came to a similar conclusion.

The range of Gibbs energies of association was
—9.0 to —10.7 kJ/mol for all of the studied com-
pounds. Comparing the association constants and the
Gibbs energies of association, we may conclude that
the most associated ionic liquid of those studied was
1-decyl-3-methylimidazolium bromide. The highest
electrical conductivity of the studied tetrafluorobo-
rates (Fig. 1) in this range of concentrations was found
for 1-butyl-3-methylimidazolium tetrafluoroborate;
the lowest, for 1-decyl-3-methylimidazolium tetraflu-
oroborate. The equivalent EC values were 115—
190 S cm? mol ™. The equivalent electrical conductiv-
ity of dilute solutions of tetrafluoroborates in acetoni-
trile fell as their concentrations rose. Ions of opposite
signs in a solution of an ionic liquid apparently form
relatively stable aggregates (neutral subsystems) that
cannot be charge conductors. A similar dependence
was observed for aqueous solutions of electrolytes.
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