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In this paper, the influence of the side chain length of five ionic liquids (ILs): 1-methylimidazolium chlo-
ride ([C0mim][Cl]), 1,3-dimethylimidazolium chloride (([C1mim][Cl]), 1-ethyl-3-methylimidazolium
chloride (([C2mim][Cl]), 1-butyl-3-methylimidazolium chloride (([C4mim][Cl]) and 1-hexyl-3-
methylimidazolium chloride (([C6mim][Cl]) on the interactions with ethylene glycol (EG) was studied.
Based on the measurement of density and electrical conductivity of the ionic liquid + EG mixture in
the temperature range (278.15–313.15) K, the values of apparent molar volume, standard partial molar
volumes, apparent molar volume at infinite dilution, Masson’s interaction coefficient, thermal expansion
coefficient, limiting apparent molar expansibilities, Heppler’s coefficient, ion association constants, ther-
modynamic parameters of ion-pair formation as well as diffusion coefficient was calculated.
Experimental results were supported by molecular dynamic simulations. With the increase of the side
chain length, from C0mim+ to C6mim+ cation, ion–dipole interactions on the solvation process decrease,
and the influence of solvophobic solvation increases. Ionic liquids [C0mim][Cl] and [C1mim][Cl] show
structure-breaker properties, [C4mim][Cl] and [C6mim][Cl] structure-making properties in EG solutions,
while [C2mim][Cl] is borderline. The values of ion association constants in EG are higher than in water.
The ion association process is spontaneous for all ionic liquids and entropy-driven.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

In principle, ionic liquids (ILs) are a diverse group of salts that
are mostly liquid at ambient temperatures [1,2]. The IL cation is
generally an organic structure of low symmetry. The anions
include halides, hydrogen sulfate, tetrafluoroborate, hexafluo-
rophosphate, etc [2]. The properties of ILs, such as their wide field
of electroactivity, high thermal stability, low vapour pressure, non-
flammability and extensive liquid range, promote them as „green‘‘
solvents [3-5]. ILs can also have potentially wide industrial applica-
tions (lubricants, additives, heat storage). ILs are attracting atten-
tion in an electrochemical application, they have been
extensively studied as secondary battery electrolytes and for a fuel
cell [6-9]. Some ILs possess herbicidal activity [10], could be used
as separation media [11-13], biopolymer blends [14], catalysts
[15-17].

Imidazolium-based ILs contain five-membered imidazolium
cation with different length of alkyl chain, n(C) = 0, 1, 2, 4, 6, 8,
10, 12, etc. Recent paper reports on systematic experimental and
computational study for 9 imidazolium-chloride ILs from 1-
methyl-, [C0mim][Cl] to 1-dodecyl-3-methylimidazolium chloride,
[C12mim][Cl] with two isomers 1,2-dimethyl- and 1,3-
dimethylimidazolium chloride [18]. Properties of imidazolium-
based ILs with different anions, were examined most frequently
using different experimental methods, as conductometry, den-
simetry, viscometry, dielectric spectroscopy, vapor pressure
osmometry, speed of sound, in water and various organic solvents
[3,19-32].

In earlier our work, we systematicly investigated interactions in
aqueous solutions of 6 imidazolium chloride ILs, from [C0mim][Cl]
to [C8mim][Cl] by densimetry, viscometry and MD simulations as a
function of IL concentration [33]. From these measurements are
concluded that estimated volumetric parameters and viscosity B-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.118178&domain=pdf
https://doi.org/10.1016/j.molliq.2021.118178
mailto:milan.vranes@dh.uns.ac.rs
https://doi.org/10.1016/j.molliq.2021.118178
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq


R. Tomaš, Z. Kinart, A. Tot et al. Journal of Molecular Liquids 345 (2022) 118178
coefficient depend on the alkyl chain length of IL. It turned out that
the studied cations with alkyl chain length, n(C) = 4, 6, and 8 can be
regarded as structure makers or kosmotropes; cations with the
shortest side chain ([C0mim][Cl] and [C1mim][Cl]), as structure
breakers or chaotropes whereas 1-ethyl-3-methylimidazolium
cation, [C2mim][Cl] can be considered as a borderline ion. Compu-
tational simulations also show that the increase in length of alkyl
substituent in the imidazolium ring leads to weakening interac-
tions with water molecules [33].

In this work, systematic investigation were performed for 5 dif-
ferent imidazolium-based chloride ILs: [C0mim][Cl], [C1mim][Cl],
[C2mim][Cl], [C4mim][Cl], and [C6mim][Cl] in ethylene glycol
(EG). EG is industrially important solvent media, and EG structure
is a spatial net of hydrogen bonds. EG is similar to water with sim-
ilar dipole moments, but different relative permittivity and EG is
more viscous than water [34-39]. Also, EG is neutral amphiprotic
solvent which have both acidic and basic properties comparable
with water. The above measurements were performed at wide
temperature range from (273.15–313.15) K as a function of IL con-
centration, using conductivity, densimetry and the computational
method. Derived volumetric parameters were discussed and inter-
preted in terms of IL-IL and IL-EG interactions. Furthermore,
physicochemical properties of investigated ILs in EG are correlated
with the change in the temperature and the length of the cation
alkyl chain. The MD simulations were performed to analyse inter-
actions of the imidazolium-based ILs with various alkyl chains and
EG.

According to our knowledge, experimental and computational
data for investigating imidazolium chloride ILs in EG at various
temperatures have not yet been reported. The only paper is by
Silva et al. [37], who investigated the ionic conductivity of the
[C4mim][BF4] in EG. The main goal of this work is to expand knowl-
edge about physicochemical, transport, and thermodynamic prop-
erties of some imidazolium chloride ILs in EG, applying a
systematic experimental and computational approach. The reason
for using EG is a further improvement of its transport and thermo-
dynamic properties, as one of the most commercial heat exchang-
ers, and describe the interactions imidazolium-based ILs in the
presence of EG molecular solvent. The chemical constitution of
ILs determines the nature of intramolecular and intermolecular
interactions.
2. Experimental

2.1. Chemicals and sample preparation

Structures, source and purity of used chemicals in this work are
presented in Table 1. Ethylene glycol (EG) was used as received.
Ionic liquids were dried one day at � 80 �C with a vacuum line
(p less than 5 Pa) (this procedure removed any volatile chemicals
and water from ILs) and stored in a desiccator over P2O5 before
use. The water content in ILs after drying and water content in
ethylene glycol was determined by Karl-Fischer coulometric titra-
tion, and values are given in Table 1. Karl-Fischer titrations were
conducted using a Metrohm 831 Karl Fischer coulometer.

All the solutions of ILs in EG were made by weight using an ana-
lytical balance (RADWAG AS 220.R2, Poland) of the accuracy of
0.1 mg and the molalities, m, of ionic liquids in EG were converted
into molar concentration, c, by using the following standard
relation:

c ¼ 1000dm
ð1000þmM2Þ ð1Þ

where d is the density of the solution, and M2 is the molar mass of
the IL. The molality of the solution for each imidazolium-based
2

chloride IL was checked by the potentiometric titration using stan-
dard AgNO3 solution [33]. A detailed comparison with the available
literature data for density of pure EG (measured in this work) was
made within the Supporting material and graphically presented in
Figure S1, ESIy. Properties of EG (density, viscosity, and relative per-
mittivity data) are given in Table S1, ESIy.

2.2. Apparatus and procedure

2.2.1. Density measurements
The densities of solvent (EG) are graphically presented in Fig-

ure S1. The densities of solvent (EG) as function on temperature,
d1 (Table S1, ESIy) and solutions of imidazolium chloride ILs in
EG at different temperatures and different molalities (�0.005 < m
/ mol�kg�1 < �0.1), d (Table S2, ESIy) were measured with a fully
automated DMA 5000 Anton Paar (Austria) apparatus with a mea-
surement accuracy of ± 5∙10-6 g∙cm�3 and repeatability of ± 10-6

g∙cm�3. The relative standard uncertainty for density is 0.005.
The thermal control and stability over the entire investigated tem-
perature range is estimated to be>0.01 K. Before each series of
measurements, calibration of the instrument was carried out at
the atmospheric pressure (p = 101.3 kPa) using triple-distilled
water in the temperature range T = (278.15 to 313.15) K [33,34].

2.2.2. Conductivity measurements
The conductometric measurements were performed as

described previously [40,41]. Conductance measurements were
carried out using Wayne-Kerr 6430B RLC conductivity meter using
a three-electrode cell, similar to that described previously [41]. For
all measurements, a UB 20F thermostat (Lauda, Germany) with a
stability better than 0.005 K was used for calibration. The temper-
ature was controlled using an Amarell 3000TH AD thermometer
(Germany). The thermostat was connected via a DLK 25 through-
flow cooler (Lauda, Germany). The glass cell was calibrated with
an aqueous potassium chloride solution (purity of the sample
was 0.99999, Merck) [42,43]. All measurements were carried out
in the presence of an inert gas fed to the measuring vessel. To
obtain the most accurate possible results, test salt solutions were
prepared by a mass method using a Sartorius RC 210D analytical
balance with an uncertainty of ± 1∙10-5 g. Conductivity measure-
ments were performed at the following frequencies v: (0.2, 0.5, 1,
1.5, 2, 3, 5, 10 and 20) kHz, and within the molality range
(�0.27 < m / mol�kg�1 < �15.4). All measured conductance values,
K = 1/R1, were determined by extrapolation of cell resistance,
R1(m), to infinite frequency, R1 = limm ?1R(m) using the empirical
function R(m) = R1 + A/ m, where parameter A is specific to the cell.
Considering the sources of error (calibration, purity of samples,
measurements), the estimated uncertainty of the measured con-
ductivity values was estimated to be ± 0.05%.

2.2.3. Computational procedures
An investigated ion pair of each IL, as well as ethylene glycol,

were optimized using the Hartree-Fock (HF) level of theory with
the 6–31 G(d) basis set. The single-point energy calculations were
performed using the local Møller–Plesset second-order perturba-
tion (LMP2) method and the correlation-consistent polarized
valence cc-pVTZ(-f) basis set. The application of LMP2/cc-pVTZ(-
f)//HF/6-31G(d) is usual computational method for OPLS-AA
parametrization [44,45]. The optimization of molecules was per-
formed using Gaussian 16 package [46], and obtained geometries
are presented in Figure S2. The structural integrity was checked
by Hessian analysis to confirm the absence of imaginary wave-
lengths. The partial charges were calculated by fitting molecular
electostatical potential at corresponding atom centers. Afterwards,
the optimized structures were used as a starting point in molecular
dynamics (MD) simulations. The classical MD simulations were



Table 1
Structure and specification of used chemicals in this work.

Structure Name, abbrevation CAS Number Purity / % Water contenta / ppm Source

1-methylimidazolium chloride,
[C0mim] [Cl]

35487–17-3 98 42 IoLiTec

1,3-dimethylimidazolium chloride,
[C1mim][Cl]

79917–88-7 >98 32 Sigma – Aldrich

1-ethyl-3-methylimidazolium chloride,
[C2mim][Cl]

65039–09-0 98 28 Sigma – Aldrich

1-butyl-3-methylimidazolium chloride,
[C4mim][Cl]

79917–90-1 �98 57 Sigma – Aldrich

1-hexyl-3-methylimidazolium chloride,
[C6mim][Cl]

171058–17-6 �98.5 48 Sigma – Aldrich

Ethylene glycol,
EG

107–21-1 >99.9 78 Merck

adetermined by Karl-Fischer titration.
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carried out by DL_POLY software [47]. The OPLS-AA force field is
used with the parameters for ionic liquids proposed by Lopes
and Padua [48]. The number of ionic liquids molecules used in
the MD simulation was 15, while the 3100 molecules of ethy-
lene–glycol was added to match experimental concentrations.
The computation of long-range electrostatic interactions was per-
formed using the particle-mash Ewald (PME) method [49]. The
equilibrium period of simulations was performed applying three-
dimensional periodic boundary conditions (55 Å x 55 Å x 55 Å)
in an NPT ensemble. The temperature was set to 298.15 K and con-
trolled by Nose-Hoover thermostat [50,51], while the pressure was
1�105 Pa controlled by Parinello-Ramann barostat [52,53]. The
equilibrium state was obtained after the density reached constant
value (after 10 ns), and for the next 5 ns the equilibrium simulation
was performed to compute density more precisely. The density and
structure of the system, obtained from the NPT ensemble, were
considered as the initial configuration for the second stage of sim-
ulation in an NVT ensemble. The production stage, that were used
for further discussion and analysis of results was 20 ns. The num-
ber of molecules in each simulation was set to match experimental
concentrations. The resulting trajectories were integrated using
the Verlet leapfrog algorithm combined with the quaternion
method for rotations. The cut-off radius for all Lenard-Jones inter-
actions were 15 Å for both ensembles. To correct effect of the cut-
off radius (15 Å) with the respect to Couloumb forces, particle
mesh Ewald summation was used. The time step for the creation
of snapshots was two fs, and the RDFs were computed by the TRA-
VIS program [54].
3. Results and discussion

3.1. Volumetric properties

Densities of pure EG, d1 and densities of solutions IL + EG, d are
presented in Table S1, ESIy and Table S2, ESIy respectively. From the
Table S2, ESIy it can be seen that the density for mixtures contain-
ing EG and IL: [C0mim][Cl], [C1mim][Cl], [C2mim][Cl] increases, and
3

for [C4mim][Cl] and [C6mim][Cl] decreases continuously with IL
molality in the mixture. The plot of density against IL molality at
temperature range T = (278.15 – 313.15) K is represented in Fig-
ure S3, ESIy. The fitting parameters for the second-order fit are
obtained by equation (S1) and given in Table S3, ESIy. Densities
of all investigated systems in this work decrease with temperature.
The plot of density against temperature is presented in Figure S4,
ESIy, and fitting parameters of the linear fit obtained by equation
(S2) are given in Table S4, ESIy.

The thermal expansion coefficient, ap, of the investigated sys-
tems is defined using the density values as a function of tempera-
ture at atmospheric pressure by the following equation:

ap ¼ �1
d

@d
@T

� �
p
: ð2Þ

The calculated values of thermal expansion coefficients are pre-
sented in Table S5. The thermal expansion coefficient represents
the response of a system’s volume to an increase in temperature.
The thermal expansion coefficient is increasing with the tempera-
ture in case of the supsituted cations of investigated ionic liquids.
On the other hand, the thermal expansion coefficient is decreasing
with the temperature in case of the non-supsituted cations of
investigated ionic liquids in systems with ethylene glycol.

Comparison of densities for five examined imidazolium based
chloride ILs in EG at T = 298.15 K is shown in Figure S5. From Fig-
ure S5 can be seen that the change in densities of ILs in EG at con-
stant temperature (T = 298.15 K) follows the order: d[C0mim]
[Cl] > d[C1mim][Cl] > d[C2mim][Cl] > d[C4mim][Cl] > d[C6mim][Cl].

From all densities data, the apparent molar volumes, V/ at given
molality and temperature were calculated using the following
relation:

V/ ¼ 1000 d1 � dð Þ
mdd1

þM2

d
; ð3Þ

where m is the molality of solution, d and d1 are the density of the
mixture and the pure EG, while M2 is the molar mass of the IL. The
V/ values are collected in Table S6 where could be seen that they
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decrease with the increase of IL molality in the solutions and the
opposite trend is observed in the case of the IL [C2mim][Cl] where
V/ increase with rise of ionic liquid molality. In the system with
[C1mim][Cl] is noticed the maximum of V/ values at the molality
m = 0.00922 mol�kg�1 which could be a consequence of the
[C1mim]+ cation favourable geometrical fitting with ethylene glycol
molecules at low molalities of that IL. The comparison between
apparent molar volumes for investigated systems at temperature
T = 298.15 K is presented in Fig. 1.

The partial molar volumes of EG (V
�
1), and various imidazolium

chloride ILs (V
�
2), were calculated using Eqs. (4) and (5) [55-58]:

V
�
1 ¼ M1

d1
�M1m3=2

2000
@V/

@
ffiffiffiffiffi
m

p
� �

T;p;n2

ð4Þ
V
�
2 ¼

ffiffiffiffiffi
m

p
2

@V/

@
ffiffiffiffiffi
m

p
� �

T;p;n1

þ V/: ð5Þ

The values of V/, V
�
1, and V

�
2 at different molalities and temper-

atures are summarized in Table S6.
The V/ values are fitted against the square root of IL molality,

m1/2, with the Masson0s equation [59]:

V/ ¼ Vo
/ þ Svm1=2: ð6Þ

In equation (6) Vo
/ represents the apparent molar volume of a

solute at infinite dilution or intercept, while Sv is the experimental
slope, which is a measure of solute–solute interactions (Figure S6).
The Vo

/ and Sv data for studied ILs in EG at different temperatures
are presented in Table 2, together with their standard deviation
(r) and correlation or regression coefficient (R2).

The trend of apparent molar volumes change with solution
molality is described by the Sv coefficient of the Masson equation
(eq. (6)). If the V/ values increase with molality, the coefficient Sv
is positive and indicates strong ion-ion interactions. On the other
hand, negative values of the coefficient Sv indicate weak interac-
tions between cations and anions of ionic liquid. In the investigated
systems (Table 2), positive values of the Sv coefficient occur only in
a mixture of EG with [C2mim][Cl]. Why only in that system occurs
Fig. 1. Variation of apparent molar volume (V/) for EG solutions of imidazolium
chloride ILs, with IL molality, at T = 298.15 K for ILs: (j) [C0mim][Cl], (h) [C1mim]
[Cl], (d) [C2mim][Cl], (s) [C4mim][Cl] and (N) [C6mim][Cl].
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strong interactions between cations and anions, while in other sys-
tems are they weak? The answer to this question lies in the ability
of EG molecules to solvate the cations and anions of the investi-
gated ionic liquids. The more efficient ion solvation leads to an
increase in the distance between the cations and the anions and
thus reduces the effect of the Coulomb forces between them.

The EG molecule has a good solvation potential because it has
relatively high values of the Gutmann donor number (DN = 20)
and permittivity (e = 40). Its interactions with the cations of the
investigated ILs can be realised through H-bonds, ion–dipole inter-
actions, and solvophobic solvation of nonpolar side chains. The
contribution of these interactions to the overall solvation efficiency
is different for each investigated IL and cannot be determined.

However, the extremely low values of the Sv coefficient in the
case of [C0mim][Cl] can be attributed to the formation of H-
bonds between the H-atom at the N2 position (see Table 1) of
the imidazole ring (see Table 1) and the O atom from EG. The
[C0mim][Cl] is a protic IL whose cation at the N2 position does
not have an alkyl group and can form an H-bond through H-
atom at this position [60]. Therefore, the solvation of the
[C0mim]+ cation is very efficient, so Coulomb’s interactions with
the chloride anion are significantly weaker than in other systems.

The imidazolium cation can also form H-bonds between the
acidic H-atom at the C2 position [61,62] and oxygen from EG. How-
ever, the H-atom in the C2 position exists in all tested ILs, and can-
not significantly affect the difference in solvation and interaction
between ions [63]. Replacing the H-atom with a methyl group at
the N2 position leads to losing the possibility of H-bond formation,
so the solvation of 1,3-dimethylimidazolium ([C1mim]+) cation is
less efficient. Therefore, the ion-ion interactions in that system
are more pronounced in relation to the [C0mim]+ cation, and the
values of the Sv coefficient are less negative. We can assume that
ion–dipole interactions are most responsible for the solvation of
[C1mim]+ cations.

Self-aggregation between [C6mim]+ and [C4mim]+ cations in EG
does not occur at the investigated concentrations of ionic liquids
(up to 0.1 M). Namely, in aqueous solutions, the formation of
aggregates between [C6mim]+ cations occurs above a concentra-
tion of 0.3 M [64]. The addition of EG to aqueous solutions of catio-
nic surfactants makes self-aggregation more difficult and shifts the
critical aggregation concentration towards higher values [65].
Therefore, the formation of the self-aggregates of the [C6mim]+

and [C4mim]+ cations is neglected in further discussion.
Ionic liquids [C4mim][Cl] and [C6mim][Cl] also have negative

values of the Sv coefficient and therefore weak ion-ion interactions.
However, the values of the Sv coefficient are less negative than in
the case of [C0mim][Cl] and [C1mim][Cl]. The solvation of these
ions mainly occurs through the solvophobic solvation of hydropho-
bic alkyl chains [66]. Ion-dipole interactions between those cations
and EG are less pronounced than in the case of [C0mim]+ and
[C1mim]+, due to steric disturbances of voluminous butyl and hexyl
alkyl chains. We can assume that with the increase of the side
chain length, from [C0mim]+ to [C6mim]+ cation, the influence of
ion–dipole interactions on solvation decreases, and the influence
of solvophobic solvation increases. In this way, we could explain
the positive values of the Sv coefficient in the system with
[C2mim][Cl]. Namely, the ethyl group from [C2mim]+ cation is
not long enough for solvophobic solvation to occur [57], but it is
probably voluminous enough to disturb the ion–dipole interaction
with the solvent molecule. As a consequence of weak solvation,
strong electrostatic interactions occur between cations and anions
in this system. These results are in agreement with conductometric
measurements.

The temperature dependence of Vo
/ can be described by a

second-order polynomial equation:



Table 2
Parameters of Masson’s Eq. (6), (Vo

/) and (Sv) for ILs in EG at different temperatures with their standard deviation, (r), and correlation coefficient, (R2).

IL T / K Vo
// cm

3�mol�1 Sv / cm3�kg1/2�mol�3/2 r(Vo
/) / cm

3�mol�1 R2

[C0mim][Cl]

278.15 103.13 �21.3 0.26 0.9782
283.15 105.05 �24.3 0.18 0.9957
288.15 106.30 –32.1 0.31 0.9953
293.15 106.67 �29.1 0.29 0.9983
298.15 106.99 �35.9 0.27 0.9992
303.15 106.13 –23.9 0.18 0.9966
308.15 104.93 �26.1 0.19 0.9941
313.15 104.08 –22.3 0.23 0.9857

[C1mim][Cl]

278.15 113.84 �17.2 0.30 0.9556
283.15 114.25 �14.9 0.35 0.9541
288.15 114.93 �14.5 0.38 0.9432
293.15 115.30 �13.0 0.34 0.9001
298.15 115.46 �12.7 0.29 0.8863
303.15 115.52 �10.9 0.28 0.9359
308.15 115.86 �9.95 0.34 0.9663
313.15 116.21 �9.02 0.31 0.9426

[C2mim][Cl]

278.15 125.46 5.43 0.11 0.9473
283.15 126.50 4.54 0.14 0.9506
288.15 127.04 4.53 0.15 0.9636
293.15 127.33 4.22 0.17 0.9478
298.15 127.28 3.90 0.11 0.9322
303.15 127.49 3.76 0.15 0.8809
308.15 128.34 3.52 0.19 0.9330
313.15 129.07 4.55 0.18 0.9342

[C4mim][Cl]

278.15 162.32 �7.60 0.44 0.9950
283.15 162.69 �4.75 0.47 0.9551
288.15 163.25 �4.22 0.42 0.9852
293.15 164.03 �3.71 0.39 0.9567
298.15 164.77 �3.06 0.35 0.9373
303.15 165.93 �3.10 0.38 0.9610
308.15 166.48 �2.71 0.37 0.9880
313.15 167.36 �1.71 0.41 0.9790

[C6mim][Cl]

278.15 221.34 �6.37 0.35 0.9951
283.15 221.52 �6.01 0.38 0.9970
288.15 222.94 �4.68 0.34 0.9738
293.15 223.62 �3.79 0.30 0.9833
298.15 224.43 �2.75 0.41 0.9633
303.15 225.81 �2.33 0.38 0.9674
308.15 227.60 �3.95 0.35 0.9950
313.15 229.15 �7.08 0.34 0.9834
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Vo
/ ¼ co þ c1T þ c2T

2; ð7Þ

where co, c1 and c2 are fitted-coefficients. These coefficients are pre-
sented in Table S7, ESIy, for investigated solutions. The
temperature-dependent limiting apparent molar expansibility, Eo

/,
is obtained by differentiating equation (7), for the temperature at
a constant pressure as given as:

Eo
/ ¼ @Vo

/

@T

 !
p

¼ c1 þ 2c2T; ð8Þ

and collected in Table 3. The comparison between the systems
investigated in this work is presented in Fig. 2. In this study, we
also calculated Heppler’s coefficient, using next expression [67]:

@Eo
/

@T

 !
p

¼ @2Vo
/

@T2

 !
p

¼ 2c2: ð9Þ

ObtainedEo
/ values decrease with temperature for system with

[C0mim][Cl] and [C1mim][Cl] ionic liquids, while for [C4mim][Cl]
and [C6mim][Cl] is present opposite trend. In the case of the ionic
liquid [C2mim][Cl] values are not changing with temperature. The
trend of Eo

/ change with temperature is described by Heppler’s
coefficient. In the case of ILs [C0mim][Cl] and [C1mim][Cl] values
for the Heppler’s coefficient are negative, indicating that these ILs
in the EG could be described as structure-breakers. Their addition
in EG has reduced the local order of the solvent EG. On the other
5

hand, obtained positive values for [C4mim][Cl] and [C6mim][Cl]
classify these ILs as structure-makers. Value of the Heppler’s coef-
ficient for [C2mim][Cl] is around zero, so this IL is classified as the
borderline. This behaviour of the investigated ionic liquids in EG is
in accordance with their structure-making/-breaking properties in
water [33].

From the available Vo
/values of investigated chloride-based imi-

dazolium ILs in EG and water, the apparent molar volume of trans-
fer, (DtrV

o
/), can be calculated using the following equation:

DtrV
o
/ðH2O ! EGÞ ¼ Vo

/ðEGÞ � Vo
/ðH2OÞ ð10Þ

Obtained values are presented in Table 4.
Positive values of apparent molar volume of transfer fromwater

to EG indicate that the interactions between water molecules and
IL are stronger than with EG. These values are especially high in the
case of ILs [C0mim][Cl] and [C6mim][Cl]. This indicates that the for-
mation of H-bonds, with the H atom at the N2 position in the case
of [C0mim]+ cations, or the solvophobic solvation of [C6mim]+

cations, is more efficient with water molecules than with EG mole-
cules. In both cases, the explanation should be sought in the fact
that water molecules have a greater tendency to build H-bonds
compared to EG molecules [68]. Namely, solvophobic solvation is
a consequence of forming a clathrate-like solvent framework
around hydrophobic alkyl chains with higher structural order of
solvent molecule than in bulk. Our previous research [69], showed
that water molecules more efficiently form a clathrate-like frame-
work around hydrophobic molecules than EG. Therefore, adding



Table 3
Values of the limiting apparent molar expansibilities, (Eo

/), at different temperatures and Heppler’s coefficients for ILs in EG.

T / K

278.15 283.15 288.15 293.15 298.15 303.15 308.15 313.15

Eo// cm
3�mol�1�K�1

@2Vo
/

@T2

� �
p

[C0mim][Cl] + EG
0.373 0.265 0.157 0.049 �0.059 �0.167 �0.275 �0.383 �0.0220
[C1mim][Cl] + EG
0.105 0.094 0.083 0.072 0.061 0.050 0.039 0.028 �0.00220
[C2mim][Cl] + EG
0.085 0.085 0.085 0.084 0.084 0.084 0.084 0.084 �0.00004
[C4mim][Cl] + EG
0.104 0.117 0.130 0.143 0.156 0.169 0.182 0.195 0.00260
[C6mim][Cl] + EG
0.079 0.117 0.155 0.193 0.231 0.269 0.307 0.345 0.00760

Fig. 2. Variation of the limiting apparent molar expansibility, (Eo
/) with tempera-

ture, (T), for EG solutions of imidazolium chloride ILs: (j) [C0mim][Cl], (h) [C1mim]
[Cl], (d) [C2mim][Cl], (s) [C4mim][Cl] and (N) [C6mim][Cl].

R. Tomaš, Z. Kinart, A. Tot et al. Journal of Molecular Liquids 345 (2022) 118178
one mole of [C0mim][Cl] or [C6mim][Cl] to an infinitely large vol-
ume of solvent will contribute more to the increase in mixture vol-
ume in the case of ethylene glycol than to water.

In the case of the [C4mim][Cl], the values DtrV
o
/ are close to zero.

In contrast, the negative values for the [C2mim][Cl] indicate stron-
ger interactions of this ionic liquid with EG molecules than with
water.

3.2. Conductivity and ion association

The values necessary for the molarity conversion and the calcu-
lation of the molar conductivity values are summarised in Table S8,
Table 4
The apparent molar volume of transfer, (DtrV

o
/), of investigated ILs from water to EG solut

T / K DtrV
o
// cm

3�mol�1

IL [C0mim][Cl] [C1mim][Cl]

278.15 13.95 5.56
283.15 15.06 4.14
288.15 14.86 4.16
293.15 14.23 3.44
298.15 14.58 3.08
303.15 12.98 2.79
308.15 11.55 2.53
313.15 10.04 2.49

6

ESIy. The molonity, m
�
, values were converted to molar concentra-

tions, c, using the equation (11), based on independently-
determined density gradient values, b:

c=m
� ¼ d ¼ do þ bm

� ð11Þ
where d is the density of the solution. Molarity, c, was needed for
the conductivity equation. The molar conductivities of the ILs, Km,
are presented in Table S8 and Figure S7 as a function of the molality
of the ionic liquids in the studied temperature range T = (278.15–
313.15) K. The relationship follows:

m
� ¼ c=d ¼ mð1þmMÞ ð12Þ

Experimental conductivity data were analysed using equation
(13) [43,70-89] according to the low concentration chemical model
(IcCM) [71,72]. This approach uses the following set of equations:

Km ¼ a Ko � SðacÞ1=2 þ EðacÞlnðacÞ þ JðacÞ þ J3=2ðacÞ3=2
h i

ð13Þ

together with the equation:

KA ¼ 1� a
a2cy2�

and equation:

lny� ¼ � Aa1=2c1=2

1þ BRa1=2c1=2
ð15Þ

The values of the limiting molar conductivity, Ko, for all inves-
tigated ILs in this work in the studied temperature range T =
(278.15–313.15) K were obtained using the well-known procedure
given by Fuoss [86,87]. The calculations were made assuming that
R = q (q - Bjerrum distance [88]). As can be seen, the analysed val-
ues of the limiting molar conductivity increase with increasing
temperature and decrease with the increase of the side chain
length with ILs (Table S9 and Fig. 3).
ions in the temperature range from T = (278.15 to 313.15) K.

[C2mim][Cl] [C4mim][Cl] [C6mim][Cl]

�3.42 1.28 28.04
�4.49 0.36 26.62
�5.15 �0.19 26.71
�5.64 �0.10 25.28
�6.26 �0.43 25.02
�6.39 �0.02 25.27
�6.52 �0.13 26.35
�5.84 �0.10 26.65



Fig. 4. The course of changes in the value of the Walden product as a function of
temperature for the investigated ILs in EG: (j) [C0mim][Cl], (h) [C1mim][Cl], (d)
[C2mim][Cl], (s) [C4mim][Cl] and (N) [C6mim][Cl].
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As it is known, the physicochemical properties (electrical per-
mittivity, viscosity) of the solvent have a significant impact on
the electrical conductivity values. Results from this work confirm
the assumption that the significant role in the ionic association
in a given solvent (in addition to the temperature) is determined
by the relative permittivity of the solvent. In the case of ILs (as in
classical electrolytes), the low permittivity of the solvent favours
strong Coulombic attraction and the formation of stable ion pairs
[90-92].

The analysis of changes in molar conductivity as a function of
ILs concentration in EG (see Figure S7) shows that they are linear,
which is consistent with the data contained in Fuoss’s studies
[86,87]. This linearity of changes indicates that electrostatic inter-
actions in the studied systems are mainly responsible for ionic
association (and the so-called association behaviour can be consid-
ered ‘‘ideal”).

Additional information on the ion–solvent interaction is also
provided by analysing changes in the value of the Walden product
(Ko �g). Values of the Walden product for all tested ILs in EG are
summarised in Table S9 and Fig. 4. As observed in Fig. 4, the depen-
dences of the value of the Walden product in the function of tem-
perature are small (even at a temperature of T = 293.15 K, a
delicate maximum appears). However, the analysed values are
almost the same. Therefore, it can be assumed that the mobility
of the ions at infinite dilution is mainly controlled by the macro-
scopic viscosity of the solvent and is rather expected for the weak
ion solvation in studied systems.

In the analysis of the KA values for the studied ILs in EG
(Table S9 and Fig. 5), we can observe that the KA values have the
following relationship [C0mim][Cl] < [C1mim][Cl] < [C6mim]
[Cl] < [C4mim][Cl] < [C2mim][Cl]. For three ionic liquids [C6mim]
[Cl] < [C4mim][Cl] < [C2mim][Cl] the KA values increase along with
the decrease of the molar mass of the tested ionic liquids. However,
for two ionic liquids, [C0mim][Cl] and [C1mim][Cl] have the oppo-
site tendency, i.e. the values of the constant KA increase with the
increase of the molar mass of the tested salt (see Table S9 and
Fig. 5). The different course of the value of the association constant
is most probably caused by differences in the spatial structure of
the analyzed ILs cations. Probably this is due to the difference in
charge density distribution on their surface. This has a huge impact
Fig. 3. Temperature dependence of limiting molar conductances, (Ko), for inves-
tigated ILs in EG, for IL: (j) [C0mim][Cl], (h) [C1mim][Cl], (d) [C2mim][Cl], (s)
[C4mim][Cl] and (N) [C6mim][Cl].

Fig. 5. Course of changes of association constants, (KA), as a function of temperature
for the investigated ILs in EG: (j) [C0mim][Cl], (h) [C1mim][Cl], (d) [C2mim][Cl],
(s) [C4mim][Cl] and (N) [C6mim][Cl].
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on the solvation effects and thus on the values of the association
constant (KA) in the discussed solvent.

Fig. 6 shows the change of KA with the increase of the alkyl
chain length of investigated imidazolium chloride ILs in EG and
water medium [18]. The values of KA for all ILs in EG are higher
than in water. This can be explained in terms of the solvent permit-
tivity decrease. At the same time, the strongest ion association is
observed for [C2mim][Cl] in EG. Also, for this IL interaction coeffi-
cient (Sv) is positive (see Table 2).

In the present paper, it is possible to estimate the diffusion coef-
ficients Do [cm2�s�1] at infinite dilution (i.e. when c?1) for the
studied ionic liquids based on their identified limiting molar con-
ductances by using the Nernst-Hartley relationship [92]:

Do ¼ RTKo

F2 ð16Þ

where: R is the gas constant and F is the Faraday constant.



Fig. 6. Variation of the association constants, KA with alkyl length chain, n(C) at
T = 298.15 K in: (j) EG and (h) water medium [18].
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From the data presented in Table S10, it can be seen that in EG
the diffusion coefficients for the all studied ILs increase in the fol-
lowing order: [C0mim][Cl] > [C1mim][Cl] > [C2mim][Cl] > [C4mim]
[Cl] > [C6mim][Cl]. On the other hand, the values of this coefficient
increase along with the temperature increase for all the discussed
ILs.

Temperature measurements involve the thermal vibrations of
atoms, which provide the energy necessary to jump an atom from
one node to another. The rate of diffusion increases with increasing
temperature. As shown in Table S10, the values of the diffusion
coefficient Do increase with increasing temperature. Moreover,
these values have a very good correlation (Fig. 7), which confirms
the correctness of the described diffusion model.

The temperature dependence of the association constant was
used to calculate the Gibbs free energy, DGo:

DGo(T) = - R T lnKA(T)(17)

DGo(T) can also be expressed by the polynomial equation:

DGo(T) = A + B T + C T2(18)
Fig. 7. The course of changes in the value of the diffusion coefficient Do [cm2 ∙ s � 1]
as a function of temperature T [K] for the tested ionic liquids in EG: (j) [C0mim][Cl],
(h) [C1mim][Cl], (d) [C2mim][Cl], (s) [C4mim][Cl] and (N) [C6mim][Cl].
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The entropy, DSo, and enthalpy, DHo, of ion association are
defined as:

DSoðTÞ ¼ �ðdDGo=dTÞp ¼ �B� 2CT ð19Þ

DHo = DGo + T DSo(20)

The thermodynamic functions described above (DGo, DSo, DHo)
were measured at temperature range T = (278.15 K � 313.15) K
and presented in Table S11 and Figs. 8-10.

The values of Gibbs free energy shown in Fig. 9 are negative and
become increasingly negative as the temperature increases. This
indicates that the formation of ion pairs is a spontaneous process
and its spontaneity increases at high temperatures due to a
decrease in the preferential solvation of ions with increasing tem-
perature (the interaction between IL and ethylene glycol weakens
with increasing temperature). Moreover, the spontaneity of ion
pair formation for all ionic liquids is comparable but slightly lower
for the salt containing the smaller cation, i.e. [C0mim][Cl]. It is pos-
sible that in the case of the 1-methylimidazolium cation (com-
pared to other tested cations) we can observe a lower steric
hindrance and formation of H-bonds between the H-atom at the
N2 position with EG molecules, which has an impact on better sol-
vation of this ion. This assumption is reasonable and is consistent
with the results of volumetric measurements. As shown in Figs. 8
and 10, both the entropy and the association enthalpy values are
positive. Moreover, the values of DSo and DHo increase with
increasing temperature. Positive entropy values show that the
transition from free solvated ions to ion pairs makes the system
less ordered. The DHo values are positive and suggest that the
ion pair formation process is endothermic.

The main conclusion from the thermodynamic calculations is
that in EG, the values of DHo and DSo are positive over the entire
temperature range. Thus, the ionic association of the discussed
ionic liquids is driven by entropy values in this solvent. Therefore,
it should be assumed that the attraction of anions and cations by
Coulomb and van der Waals forces (and possibly weak hydrogen
bonds) does not appear to be sufficient in itself to promote the for-
mation of ion pairs. For the series of studied ILs, enthalpy values
seem to depend mainly on the nature of the anion and not on
the cation. However, it seems, taking into account the obtained
results that the Coulomb attraction between the anion and cation
charges seems to be not the only factor influencing the DHo values.
Fig. 8. Changes in the value of enthalpy of ion association, DHo, for the investigated
ILs in EG as a function of temperature: (j) [C0mim][Cl], (h) [C1mim][Cl], (d)
[C2mim][Cl], (s) [C4mim][Cl] and (N) [C6mim][Cl].



Fig. 9. Changes in the value of Gibbs free energy, DGo, for the investigated ILs in EG
as a function of temperature: (j) [C0mim][Cl], (h) [C1mim][Cl], (d) [C2mim][Cl],
(s) [C4mim][Cl] and (N) [C6mim][Cl].

Fig. 10. Changes in the value of entropy of ion association, DSo, for the investigated
ILs in EG as a function of temperature: (j) [C0mim][Cl], (h) [C1mim][Cl], (d)
[C2mim][Cl], (s) [C4mim][Cl] and (N) [C6mim][Cl].

Table 5
The comparison of experimental (dexp) and simulated density (dsim).

IL mexp / mol�kg�1 dexp / g�cm
[C0mim][Cl] 0.07933 1.110888
[C1mim][Cl] 0.07643 1.110628
[C2mim][Cl] 0.07604 1.110270
[C4mim][Cl] 0.07450 1.109327
[C6mim][Cl] 0.07686 1.106067

Table 6
The comparison of self-diffusion coefficients obtained from experimental measurements, D
calculated tracer diffusion coefficient for cation (D+

sim) and anion (D–
sim).

ILs [C0mim][Cl] [C1mim][Cl]

Do ∙106 /cm2�s�1 2.263 2.031
Do
sim ∙106 /cm2�s�1 2.244 2.005

D+
sim ∙106 /cm2�s�1 2.715 2.357

D–
sim ∙106 /cm2�s�1 1.773 1.653
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3.3. Molecular dynamic simultation

The solvation properties of imidazolium-based ionic liquids
with various alkyl side chains in ethylene glycol were additionally
investigated by MD simulations. The MD simulations were used as
a powerful tool to better understand the organization of ethylene
glycol around ionic liquids and correlate experimental findings.
In the first stage, validation of applied force field was necessary.
Therefore, the computed density values were compared with the
experimental densities, for the same concentration and the results
are presented in Table 5.

From Table 5 it can be seen that densities obtained from MD
simulations differs from experimental less than 0.1%, suggesting
that applied force field is adequate. Also, from the MD simulations
it is possible to calculate self-diffusion coefficient (Do

sim) for desired
quantity (i) at infinite dilution for ionic liquids using the Einstein
equation [93]:

Do
sim ¼ 1

6
lim
t!1

d
dt

r!i tð Þ � r!i 0ð Þ
h i2� �

¼ 1
6
lim
t!1

dDr2i
dt

ð21Þ

where the quantity in brackets is the ensemble-averaged mean
square displacement of the center of mass the ion. Moreover, the
tracer diffusion coefficients for cation (D+

sim) and anion (D–
sim) of

ionic liquids were also determined.
The obtained results are presented in Table 6 and compared to

experimental results.
The obtained results from MD simulations are slightly lower,

with the difference lower than 1%, suggesting the validity of used
force field.

Further, the all-atom radial distribution functions (RDFs) were
calculated in order to better understand the structure in the sys-
tem and the change in the solvation properties of ionic liquids with
prolongation of alkyl side chain. In the Manuscript, the RDFs with
the most prominent interactions between ionic liquid atoms and
hydrogens from EG were presented. In Fig. 11, the RDFs corre-
sponds to H atoms from the –OH group of ethylene glycol and
atoms H2, N1 and N2 from the imidazolium ring is presented.
Comparing the distance between ethylene glycol and H2 or N1
(Fig. 11b and 11c) it can be noted that EG is the closest to these
atoms in the case of [C0mim][Cl] with the peaks’ maximum on
the distance of 2.40 Å (H2) and 3.25 Å (N1). The introduction of
the methyl group on N1 atom increase the steric hindrance and
reduce the availability of H2 atom to EG molecules, which can be
seen from the shift of peaks’ maximum toward longer distance
(3.12 Å) in [C1mim][Cl]. Moreover, the peak corresponds to N1
�3 msim / mol�kg�1 dsim / g�cm�3

0.07796 1.110706
0.07796 1.110493
0.07796 1.110125
0.07796 1.109186
0.07796 1.105894

o (equation (16)), and MD simulations, Do
sim (equation (21)) at 298.15 K, as well as an

[C2mim][Cl] [C4mim][Cl] [C6mim][Cl]

1.831 1.574 0.9784
1.822 1.563 0.9740
2.089 1.553 0.359
1.555 1.573 1.589
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Fig. 11. Numeration of atoms (a) and RDFs of H atoms from –OH group of EG and selected atoms of ionic liquids: b) H2, c) N1, d) N2. [C0mim][Cl] – black color; [C1mim][Cl]
– red color; [C2mim][Cl] – blue color; [C4mim][Cl] – green color; [C6mim][Cl] – pink color. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Table 7
Solvation number of ionic liquids, calculated from RDFs (equation (22)).

ILs [C0mim][Cl] [C1mim][Cl] [C2mim][Cl] [C4mim][Cl] [C6mim][Cl]

sn 2.94 2.71 2.28 3.01 3.36
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Fig. 12. RDFs of H atoms from –OH group of EG and H-atoms from the terminal
methyl group of ionic liquids. [C2mim][Cl] – blue color; [C4mim][Cl] – green color;
[C6mim][Cl] – pink color. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 13. RDFs for Cl-H2 distance. [C0mim][Cl] – black color; [C1mim][Cl] – red color;
[C2mim][Cl] – blue color; [C4mim][Cl] – green color; [C6mim][Cl] – pink color. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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atom, and EG becomes significantly wider and shifted to 4.30 Å.
The presence of the methyl group significantly influences the dis-
ruption of ethylene glycol structure around the imidazolium ring,
caused less solvation of the imidazolium ring. With the prolonga-
tion of the alkyl side chain, the distance of the first maximum that
corresponds to H2 (C2mim][Cl], [C4mim][Cl] and [C6mim][Cl])
were not changed, but the area is additionally reduced, as can be
seen from Fig. 11b. Also, in Fig. 11b it can be seen existence of
the second peak for each investigated system, that corresponds
to second solvation sphere. The distance of second neighbouring
ethylene glycol follow the trend: [C0mim][Cl] < [C1mim][Cl] < [C2-
mim][Cl] < [C4mim][Cl] � [C6mim][Cl], proving that the proximity
of EG molecules to H2 is highest in non-substituted IL. Considering
the organization of EG around N1 atom, the position of peak max-
imum is the same as for [C1mim][Cl], but the area is significantly
lower and decrease with the further prolongation of alkyl chain,
while the shape of peak is the same for [C4mim][Cl] and [C6mim]
[Cl]. The peak that represents N1-EG distance in [C2mim][Cl] is sig-
nificantly flatter and wider than for other ILs, suggesting the more
delocalized structure of ethylene glycol. As stated before, the ethyl
group is not long enough to undergo solvophobic solvation, while
the approach of ethylene glycol to H2 atom is more difficult due
to steric hindrance than in the case of short chain analogues.
Therefore, [C2mim][Cl] does not have clear structure-making or
structure-breaking tendency, which classified it as borderline. Fur-
ther, the RDFs between ethylene glycol and N2 atom of each ionic
liquid is presented in Fig. 11d. As can be seen from Fig. 11d the
intensity of the peak is decreasing in the order [C0mim][Cl] > [C1-
mim][Cl] > [C2mim][Cl] > [C4mim][Cl] � [C6mim][Cl]. On the other
hand, the distance of the peak maximum is the largest for [C0mim]
[Cl] while the shortest distance is for [C6mim][Cl] and [C4mim][Cl].
These results suggest that organization of the ethylene glycol
around methyl group attached to N2 atom is significantly influ-
enced with the prolongation of the alkyl side chain on N1 atom.
Namely, the non-substituted ionic liquid, [C0mim][Cl], attracts
ethylene glycol from N1 site, due to absence of the steric hin-
drance. Therefore, the ethylene glycol distance from the N2 site
that is protected with methyl group is prolonged. The distance of
ethylene glycol to N2 site is decreased when the N1 site become
more protected by prolongation of alkyl side chain, leading to a
higher proximity of EG to methyl group attached to N2.

For the ionic liquids [C2mim][Cl], [C4mim][Cl] and [C6mim][Cl]
the distance between H atoms of ethylene glycol and hydrogens
from the terminal methyl group attached to N1 of ionic liquids is
presented in Fig. 12. This is a convenient method to prove the exis-
tence of solvophobic solvation. As can be seen from Fig. 12, the
wide, broaden peaks appear in [C6mim][Cl] and [C4mim][Cl], while
in the [C2mim][Cl] this peak is absent. The obtained results are in
good correlation with volumetric results that were suggesting the
existence of solvophobic solvation in the case of [C6mim][Cl] and
[C4mim][Cl] with the more pronounced solvation of [C6mim][Cl].

From obtained radial distribution functions for each atom of ILs,
solvation numbers, sn, were calculated using the equation:

sn ¼ 4pq
Z rmin

0
r2gðrÞdr ð22Þ

where g(r) denotes the RDF, q is the number density, and rmin is the
minimum after the first peak of RDF, which represents the first sol-
vation sphere. For the calculation of solvation numbers, the each-
atom RDF is calculated (considering each atom of ionic liquid as a
solute and each atom of EG as an solvent) and taken in account.
The obtained solvation numbers are presented in Table 7. As can
be seen from Table 7, the [C2mim][Cl] have the lowest sn, as was
proposed by density and conductivity measurements. On the other
hand, the better solvation of ILs with longer side chains ([C4mim]
11
[Cl] and [C6mim][Cl]) compared to [C0mim][Cl] and [C1mim][Cl]
suggest that the solvophobic solvation of alkyl side chain is more
favourable than ion–dipole interaction between imidazolium ring
and ethylene glycol.

To determine if there is a tendency for cation–anion interaction
in investigated solutions, the RDFs corresponding to H2 atom of
imidazolium ring and chloride anion is presented in Fig. 13. As it
can be seen from Fig. 13, the occurrence of the peak can be found
in the systems with [C2mim][Cl], [C4mim][Cl] and [C6mim][Cl],
while in the case of [C0mim][Cl] and [C1mim][Cl] the peak is
completely absent. The peak maximum distance is around 4.0 Å
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suggesting the absence of the strong H-bond formation. It can be
noted that the [C2mim][Cl] have most prominent peak (maximum
g(r) value slightly higher than 1.0), while the intensity is signifi-
cantly lower for [C4mim][Cl] and [C6mim][Cl]. Considering inten-
sity of the first peak, as well as a distance, the cation–anion
association is not pronounced, so the proximity of chloride anion
originate from weakest solvation of imidazolium ring in the case
of [C2mim]+.
4. Conclusions

In this study, themixture of various imidazolium chloride-based
ionic liquids and ethylene glycol were investigated applying den-
sity and conductivity measurements supported by molecular
dynamics simulations. The experimental measurements were per-
formed in the temperature range T = (278.15 to 313.15) K. From
the density measurements, volumetric properties were calculated
and the weak ion-ion interactions were concluded for all ionic liq-
uids except [C2mim][Cl]. Based on the Heppler’s coefficient it is
noted that [C0mim][Cl] and [C1mim][Cl] behave as a structure-
breakers, [C2mim][Cl] was classified as a borderline while the
[C4mim][Cl] and [C6mim][Cl] show structure-making tendency.
The side-chain length of the imidazolium cation largely determines
the type of interaction between ethylene glycol and investigated
ionic liquids. Interaction between ionic liquids with a longer side
chain, ([C4mim][Cl] and [C6mim][Cl]) and ethylene glycol are pri-
marily realized through hydrophobic solvation. On the other hand,
ion–dipole interactions are dominant inmixtures of ethylene glycol
and ionic liquidswith shorter side chains ([C0mim][Cl] and [C1mim]
[Cl]).

Conductivity results were analysed using a low concentration
chemical model (lcCM). It was found that the investigated ionic liq-
uids behave like weak electrolytes in the analysed temperature
range.With increasing temperature the tendency to form ionic pairs
increases. The values of molar conductivities (Km) for the tested
ionic liquids from [C0mim][Cl] to [C6mim][Cl]] increase with the
increase of liquid temperature in ethylene glycol in the tested con-
centration range. The obtained values of the thermodynamic func-
tions (DGo, DSo and DHo) suggest the spontaneity of the
association process in the studied systems. TheDHo values are pos-
itive and suggest that the ion pair formation process is endothermic.
Since the Gibbs free energy is negative, the entropy effects appear to
dominate the enthalpy effects. Therefore the formation of ionic pairs
of ionic liquids in ethylene glycol is an exothermic process. This sug-
gests that as the molar masses of the investigated ionic liquids
increase, the intermolecular interactions weaken, and the number
of intermolecular associates decreases. As shown in this paper, the
values of the diffusion coefficient Do increase with increasing tem-
perature and decrease with increasing molecular weight of ILs.

From the results of molecular dynamics simulations, it was con-
cluded that ethylene glycol is preferably located around imida-
zolium ring in the case of [C0mim][Cl] and [C1mim][Cl]. On the
other hand, RDFs show that ionic liquids with longer alkyl side
chains ([C4mim][Cl] and [C6mim][Cl]) have pronounced solvopho-
bic solvation. The calculated solvation number, suggests that the
weakest solvation occurs in [C2mim][Cl], which was further con-
firmed by the measured distance between chloride and the cation
indicating potential cation–anion interactions at it was proposed
by experimental results.
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