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Abstract—An investigation is performed of the electrical conductivity of a number of dicationic ionic liquids
based on 3-methylpyridinium and inorganic anions in acetonitrile. The Lee–Wheaton procedure is used to cal-
culate constants Ka of ion association, the limiting molar electrical conductivity (λ0), and the Gibbs energy of
association (ΔG) in solutions. It is shown that the nature and size of the anion are a key influence on the asso-
ciation of the studied ionic liquids. It is established that dicationic 3-methylpyridinium salts with bromide
anions are more associated in solution than corresponding hexafluorophosphates or tetrafluoroborates.
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INTRODUCTION
The great interest in such classes of compounds as

ionic liquids (ILs) is due to their having a wide range
of properties (e.g., low saturated vapor pressure, high
ionic conductivity, incombustibility, and good solvat-
ing ability) [1–3]. There has recently been a sharp rise
in interest in using ionic liquids in the field of electro-
chemical research, as electrolytes of a new generation
in storage batteries, as solar panels, and so on [4–6].

The tendency toward aggregation in solutions of
ionic liquids depends on the molecular volume, the
structure and nature of both the cation and the anion,
and the concentration of the electrolyte [7]. The prop-
erties of ILs and solutions of them are also influenced
by supramolecular structures that can form because of
intermolecular interaction. It is not easy to predict the
physicochemical properties of a specific IL, since they
are influenced by an entire range of factors. The
importance of knowing the molar conductivity and

ionic association of ionic liquids drives extensive con-
ductometric studies of IL, mainly in mixtures with
molecular solvents in a wide range of concentrations.
Results show that the structure of the cations and
anions in the composition of ionic liquids strongly
affects ionic association and molar conductivity at
infinite dilution. Studying the dependences of electri-
cal conductivity on concentration for IL solutions in
molecular solvents therefore remains highly relevant.

The aim of this work was to study the electrical
conductivity of solutions of dicationic pyridinium
ionic liquids with inorganic anions, along with pro-
cesses of their association in acetonitrile solutions.

EXPERIMENTAL
All of our compounds were synthesized and puri-

fied according to the procedure described in [8]. The
synthesis scheme is as follows:

N (CH2)n

H3C

N

CH3

2+

2Br�

NaBF4

�NaBr

HPF6

��Br

N (CH2)n

H3C

N

CH3

2+

2BF�

N (CH2)n

H3C

N

CH3

2+

2PF6
�

�

N

H3C

Br (CH2)n Br+2

n = 2�4
2503



2504 ZHURAVLEV
The structure of the compounds was confirmed by
data from IR spectroscopy; their compositions, by
data from 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
compounds. Elemental analysis was performed on a
PerkinElmerCHNS/O PE 2400-II analyzer. The
electrical conductivity of IL solutions was measured
on a Seven Go Pro MettlerToledeo conductometer at
25 ± 0.1°C in acetonitrile. The reagent grade acetoni-
trile was preliminarily dried by refluxing and subse-
quent distillation over P4O10. The purity of acetonitrile
was monitored according to its specific electrical con-
ductivity (κ25 = (1–3) × 10−8 S cm−1). The absence of
halide ions, the most common impurities in ionic liq-
uids, was monitored with a negative Beilstein test. All
ionic liquids were dried to constant mass at 60°C in a
vacuum. A series of solutions was prepared for each
ionic liquid in the 10−4–10−2 mol/L range of concen-
trations. The EC of each solution was measured
5 times, and the average value was found. The specific
EC was recalculated into an equivalent one according
to a familiar formula.

The Lee–Wheaton procedure was used to calculate
the constants of ion association, the limiting molar elec-
trical conductivity (λ0), and the Gibbs energy of associ-
ation (ΔG). The dependence of molar electrical conduc-
tivity on the concentration of the nature of the electro-
lyte and solvent in can generally be expressed as [9]

(1)

where c is the molar concentration of the electrolyte,
mol/L; ε is the dielectric constant of the medium; R is the
parameter of the closest approach of ions in the solution,
Å; and Ka denotes constants of ionic association, L/mol.

In simplified form, the association of an ionic liq-
uid in an acetonitrile solution is expressed by the equi-
libria

The constant of association is thus equal to the sum
 +  + .
To determine the constant of ionic association and

the limiting molar electrical conductivity (λ0) accord-
ing to experimental conductometric data, we used the
Lee–Wheaton equation [10–12] modified by Peti-

bridge [13], and the second approximation of the
Debye–Hückel theory:

(2)

where λ is the molar electrical conductivity (EC) of
the electrolyte, S cm2 mol−1; λ0 is the limiting molar
EC; α is the degree of dissociation of the electrolyte;
and β = 2q, where q is Bjerrum’s critical distance, m;

(3)

The Debye parameter for electrolyte II–I is deter-
mined by the expression [13]

(4)

where c is the molar concentration of the electrolyte
solution, mol/L; ε is the relative dielectric constant of
the medium; ε0 is an electrical constant equal to
8.85419 × 10−12 m−3 K g–1s4 A2; k is the Boltzmann
constant equal to 1.38065 × 10−23 J/K; and T is abso-
lute temperature, K:

(5)

where F is the Faraday number, C/mol; e is the elec-
tron charge, C; η is the viscosity of the solvent, Pa s;
and Cn = f(k, R) denotes coefficients expressed by
nonlinear dependences [13]. In deriving Eq. (2) using
the parameter of the closest approach of ions R we
considered the possibility of solvation shells (Garney’s
cosphers) forming around the ions [11].

The processing of experimental data was reduced to
minimizing function F and finding unknown parame-
ters Ka and λ0 [10]:

(6)

The problem of finding unknown parameters
(Ka and λ0) requires us to solve a system of nonlinear
equations: the concentration dependence of molar
electrical conductivity, the law of mass action, the
material balance, and the coefficients of average ionic
activity.

For the maximum average ionic concentration
proposed in [12] for the electrolyte, we can write

= 9.1 × 10−15(εT)3. Based on this, we used con-
ductometric data on the 10−4–10−2 mol/L range of
concentrations in our calculations. The experimental
data were processed according to the procedure
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Table 1. Limiting molar EC (λ0, S cm2 mol−1), constants of ionic association (Ka, L/mol), and Gibbs energies of associa-
tion (ΔG, kJ/mol) of the studied compounds

No. Cation Anion λ0 Ka –ΔG

1 281 ± 4 147 ± 9 12.4

2 356 ± 8 158 ± 7 12.5

3 Br– 255 ± 6 290 ± 5 14.0

4 277 ± 4 105 ± 4 11.5

5 362 ± 7 131 ± 5 12.1

6 Br– 272 ± 8 483 ± 11 15.3

7 307 ± 4 55 ± 5 9.9

8 387 ± 6 122 ± 4 11.9

9 Br– 198 ± 4 214 ± 5 13.3
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described in [10]. The Gibbs energy of the association
was calculated using the formula .
Our calculated results are presented in Table 1. Quan-
tum-chemical calculations of the structure of cations
in ionic liquids were made by optimizing all parame-
ters at the B3LYP level in the 6-31G basis (d,p) using
the GAMESS/Firefly program [14, 15].

RESULTS AND DISCUSSION
In ionic association, new charged particles emerge

during the interaction of ions and participate in charge
transfer, so the ratio between different ions is no longer
stoichiometric and multiple. Considering the separate
distribution of the ionic environment with respect to
the central ion incorporated into the Lee–Wheaton
equation when calculating the relaxation and electro-
phoretic effects of inhibition allows us to determine
their individual parameters in describing nonstoichio-
metric mixtures of different ions in accordance with
the accepted theoretical model of electrical conductiv-
ity. If the theoretical description is satisfactory, the
optimized parameters should correspond to the values
found in other ways, particularly by using experimen-
tal ion transport numbers. To study the processes of
association in solutions, we must first establish the
dependences of the equivalent EC on concentration.

The equivalent electrical conductivity of dilute
solutions of tetrafluoroborates of 3-methylpyridin-
ium-based dications in acetonitrile falls as the concen-
tration rises (Fig. 1). Ions of the opposite sign in a
solution of an ionic liquid apparently form relatively
stable aggregates (neutral subsystems) that cannot be
charge conductors. A similar dependence is observed
for aqueous solutions of electrolytes. 1,4-Bis(3-methyl-

Δ = − alnG RT K
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pyridinium-1-yl)butane tetrafluoroborate has the
highest electrical conductivity of the studied tetraflu-
oroborates in the given range of concentrations, while
1,3-bis(3-methylpyridinium-1-yl)propane tetrafluo-
roborate has the lowest. The values of the equivalent
EC are in the range 150–310 S cm2 mol−1.

As for tetrafluoroborates of 3-methylpyridinium-
based dications, a similar dependence of the equiva-
lent EC of solutions on concentration is characteristic
of hexafluorophosphates (Fig. 2). It should be noted,
however, that the electrical conductivity of solutions
of hexafluorophosphates with the same cations is not
much higher than that of tetrafluoroborates. At a con-
centration of 6 mmol/L, the equivalent EC values are
in the range of 190–285 S cm2 mol−1. This effect could
be due to the electrostatic interactions of the organic
cation with the hexafluorophosphate anion being hin-
dered by the fairly large radius of the latter. The forma-
tion of hydrogen bonds upon an increase in the size of
the anion is also difficult, which agrees with the
known effect the size of the anion has on the strength
of the formation of hydrogen bonds with the cation in
ionic liquids [16, 17]. The energy of hydrogen bonds
falls as the size of the anion grows. For comparison, we
studied the electrical conductivity of solutions of bro-
mides of 3-methylpyridinium-based dications
(Fig. 3), which were precursors for the preparation of
ionic liquids. The electrical conductivity of their solu-
tions in this range of concentrations is much lower
than those of the corresponding hexafluorophos-
phates and tetrafluoroborates.

Based on the results from molecular dynamics
studies [18], it was found that such aprotic solvents as
acetonitrile interact more strongly with readily polar-
izable ions (e.g., PF6) by means of ion–dipole interac-
l. 95  No. 12  2021
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Fig. 1. Dependences of the equivalent EC of the solutions
of tetrafluoroborates of 3-methylpyridinium-based dica-
tions in acetonitrile on concentration at 25°C.
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Fig. 2. Dependences of the equivalent EC of the solutions
of hexafluorophosphates of 3-methylpyridinium-based
dications in acetonitrile on concentration at 25°C.
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Fig. 3. Dependences of the equivalent EC of the solutions
of bromides of 3-methylpyridinium-based dications in
acetonitrile on concentration at 25°C.
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tions. In contrast, bromide ions will have weaker inter-
actions with solvent molecules, due to their smaller
size and higher charge density, and exhibit stronger
ion–ion interactions with an organic cation. The val-
ues of the constants of ion association for halides are
therefore higher than for tetrafluoroborates and hexa-
fluorophosphates with the same cation. This pattern is
clearly seen in Table 1. Stronger ion–dipole interac-
tions are characteristic of hexafluorophosphates,
where the anion is most polarizable. This reduces the
association constants in a solution, along with the ten-
dency to association for the compounds with the same
cation in the series Br− >  >  . Similar results
have been obtained in studying the electrical conduc-
tivity of dilute solutions of imidazolium ionic liquids in
acetonitrile [7, 19] and ammonium ILs in other sol-
vents [20, 21]. As noted above, higher values of the
association constants for bromides could be a conse-
quence of the formation of stronger intermolecular
hydrogen bonds between the organic cation and the
bromide anion, along with stronger electrostatic inter-
action. We recorded the IR spectra of 1,3-bis(3-methyl-
pyridinium-1-yl)propane bromide, hexafluorophos-
phate, and tetrafluoroborate to confirm this hypothe-
sis (Fig. 4). A shift of the absorption band to longer
wavelengths is observed in the region of stretching
vibrations of the C–H bonds of the aromatic ring
(3100–3020 cm−1), due to an increase in C–H bond
lengths as a result of H atoms participating in hydrogen
bonding with the bromide anion. This displacement is
greatest for 1,3-bis(3-methylpyridinium-1-yl)propane
bromide, indicating the high energy of hydrogen bond-
ing. The authors of [22] came to similar conclusions.

It should also be noted that regardless of the nature
of the anion, compounds with a linker of three carbon
atoms in the organic cation have the lowest equivalent
EC in the studied range of concentrations. This effect

−
4BF −

6BF
RUSSIAN JOURNAL O
could be associated with the specific molecular
structure of the 1,3-bis(3-methylpyridinium-1-
yl)propane cation, which reduces its mobility in
solution. Our quantum-chemical calculations of the
geometry of the cations (Fig. 5) of the studied ionic
liquids show that the 1,3-bis(3-methylpyridinium-1-
yl)propane cation has a different spatial structure
than others (the arrangement of two cyclic 3-methyl-
pyridinium fragments at an angle of 115° to each
other; i.e., in a cis-configuration). This structure of
the cation favors a closer approach with the anion,
which increases the energy of interaction for the ion
pair, due to electrostatic interaction and the forma-
tion of hydrogen bonds. The data in Table 1 show
F PHYSICAL CHEMISTRY A  Vol. 95  No. 12  2021
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Fig. 4. IR spectra of 1,3-bis(3-methylpyridinium-1-yl)propane (1) hexafluorophosphate, (2) bromide, and (3) tetrafluoroborate.
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Fig. 5. Optimized structures of 3-methylpyridinium-based dications with different linkers (a) –(CH2)2–, (b) –(CH2)3–, and
(c) –(CH2)4–.
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that 1,3-bis(3-methylpyridinium-1yl)propane bro-
mide has the highest association constant of the stud-
ied compounds.

The range of the Gibbs energies of association was
from −9.9 to –15.3 kJ/mol for all of the studied com-
pounds. Comparing the association constants and the
Gibbs energies of association, we may conclude the
most associated ionic liquid of those we studied was
1,3-bis(3-methylpyridinium-1-yl)propane bromide.

CONCLUSIONS
An investigation was performed on the electrical

conductivity of the solutions a number of 3-methyl-
pyridinium-based dicationic ionic liquids with inor-
ganic anions in acetonitrile. The electrical conductiv-
ity of solutions of hexafluorophosphates with the same
cations was found to be higher than that of tetrafluo-
roborates and bromides.

It was shown that the nature and size of the anion
have a key effect on the association of the studied ionic
liquids. The tendency to associate in acetonitrile solu-
tions falls in the series Br− >  >  for the salts
with the same cation.

It was found that the solutions of the compounds
with 1,3-bis(3-methylpyridinium-1-yl)propane cat-
ion had the lowest electrical conductivity, due to fea-
tures of its molecular structure.
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