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In this paper we report classical Molecular Dynamics and ab initio Density Functional Theory simulations
of the structure and single particle dynamics of ternary mixtures of a protic (ethylammonium nitrate,
EAN) and an aprotic (1-Ethyl-3-methylimidazolium tetrafluoroborate, EMIMBF4) ionic liquid, lithium
salts with common anion and a molecular cosolvent, dimethyl sulfoxide (DMSO). The coordination num-
bers and electrical conductivities of the different mixtures have been calculated throughout the whole
concentration range, and the differences between mixtures with the protic and aprotic ionic liquids were
analyzed. In both cases, the evolution of the electrical conductivity is seen to correlate well with the for-
mation of mixed tetrahedral solvation complexes of lithium cations with ionic liquid anions and cosol-
vent molecules. The differences in the solvation and charge transport mechanisms in hydrogen bonded
mixtures and those based in the aprotic ionic liquid are analyzed. Our conclusions indicate that the major
feature behind the electrical conductivity of the ternary mixtures is the composition of the solvation shell
of the metal cations in the mixtures and the rate at which anions in it are replaced by DMSO molecules.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Electrochemical energy storage is crucial in the pursuit of a
model for sustainable development due to its application in elec-
tric vehicles and as a support in devices for power generation from
renewable energy sources. Mainly, lithium-ion batteries have ful-
filled our energy storage needs since Sony first commercialized
them in 1991. Nevertheless, their insufficient energy density and
unsatisfying security standards, due to their reliance on liquid
organic solvent-based electrolytes, are hindering the advancement
of electric vehicles. As a consequence, it is imperative to find new
electrolytes that enable safer and energy-denser battery
chemistries.

Ionic liquids (ILs) are molten salts with their melting point lying
below 100 �C. They are usually made up of a bulky organic cation
and an inorganic anion, which handicaps crystal packing and keeps
a low melting temperature. The large number of possible anion-
cation combinations makes them highly tunable substances, which
is interesting for the field of electrochemical energy storage,
among others [1–3]. Moreover, the nonvolatility and non-
flammable nature of ILs may enable safer and more stable batter-
ies. IL-based electrolytes stand as an alternative due to remarkable
features as high ionic conductivity, wide electrochemical stability
windows and environmental friendliness. Alas, they are burdened
by low Li+ transference number and very high viscosity, negatively
impacting ion transport properties. A remedy for this is the addi-
tion of organic solvents to reduce the coordination of Li+ ions with
the anions from the IL to enhance mobility and conductivity, as
well as transport numbers [4]. For all these reasons, mixing ILs, sol-
vents and metal salts is a promising strategy towards next gener-
ation batteries. Oldiges et al. [5] already followed this procedure
in a molecular dynamics (MD) and experimental study for two
salts: LiTFSI and LiPF6. They dissolved these salts in several 1-
butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) imide
(Py14TFSI) with ethylene carbonate and dimethyl carbonate mix-
tures, showing that a high IL concentration would impact nega-
tively in transport and transference processes. Moreover, Li et al.
[6] proved that this approach may also solve interfacial issues,
mixing Py13TFSI, dimethoxyethane, dioxolane and LiTFSI with
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Fig. 1. 3D models of the molecules comprising the simulated substances. a) [EMIM]+, b) BF4�, c) [EA]+, d) NO3
� and e) DMSO. White, grey, navy, light blue, pink, red and yellow

correspond to H, C, N, B, F, O and S, respectively. Designed with Avogadro 1.93.0 [11,12].
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regard to stabilizing the passivation of a lithium metal anode.
Hence, tuning the concentration of the different components of
the mixture is essential for achieving the appropriate transport
properties of the electrolyte.

However, there is still a lack of understanding of the behaviour
of these complex mixtures at the microscopic scale. For this, com-
puter simulations are a valuable tool in this regard, since they pro-
vide us the capability of studying this kind of systems from the
atomic scale. On the one hand, classical MD simulations enable
the study of long trajectories of the molecules in electrolyte mix-
ture. On the other hand, Density Functional Theory (DFT) computa-
tions may provide valuable information about their geometry and
stability properties at the microscopic scale.

In this work, both types of simulations for mixtures of two dif-
ferent ILs [EMIM][BF4], Fig. 1 a) and b) and EAN (Figs. 1 c) and d))
and a lithium salt with common anion have been performed, EAN
being a protic IL and [EMIM][BF4] being aprotic. As a molecular
cosolvent we chose dimethyl sulfoxide (DMSO, Fig. 1 e)- a highly
polar (l=3.96 D) solvent with a wide electrochemical window
(4.4 V) and miscible with water and organic solvents, quite often
used in electrochemical devices [7–10]. The goal is to improve
our current understanding of the evolution of the solvation shells
of the Li+ with the concentration of the cosolvent, and their effect
on the conductivity, as well as to clarify the differences between
protic and aprotic ILs in this context.
2. Methodology

In this work, several MD and DFT simulations were run for two
different ionic liquids: EAN and [EMIM][BF4]. In both cases, we
studied the change in structural and dynamical properties with
the addition of DMSO. Besides, ternary mixtures of IL + solvent
with a lithium salt were analysed: LiBF4 in the EMIMBF4 mixture
and LiNO3 in the EAN one.

2.1. Molecular dynamics methods

Binary mixtures of IL + DMSO and ternary mixtures of the same
systems with common-anion lithium salt were simulated using the
Groningen Machine for Chemical Simulations (GROMACS) version
2019.5 [13]. The Optimized Potentials for Liquid Simulations in
its all-atoms version (OPLS-AA) force field was employed [14,15].
Simulations were conducted across a whole range of DMSO con-
centration - from 0 % up to 100 % molar fraction of DMSO. The
2

parameters for the simulation of the DMSO were obtained from
Ref. [16], while the parameters for the ILs have been already
reported in Ref. [17]. For the Li+ cation the OPLS 404 atom model
with a charge of þ1e was used, following the methodology pre-
sented in Ref. [18].

The process followed for simulating the binary and ternary mix-
tures was the same and can be divided in several steps. Firstly, sim-
ulation boxes were generated using PACKMOL [19], with a suitable
number of molecules, which we will discuss later. Once the boxes
were generated an energy minimization was carried out with GRO-
MACS using a conjugate gradient algorithm with a 0:1

kJ mol�1nm�1 tolerance and an initial step of 0:01 nm. A steepest
descent algorithm minimization was needed in some cases prior
to conjugate gradient with the same tolerance and initial step.
After that a 20 ns long stabilization in the NPT ensemble was per-
formed. Finally, production runs were performed from the previ-
ously stationary-state starting points also in the NPT ensemble.
These production runs were performed for 20 ns with a 1 fs time-
step recording the positions of all atoms were recorded every 500
timesteps.

All the NPT simulations were performed with a pressure of
1 atm and a temperature of 298.15 K. The temperature was kept
constant by a velocity re-scale algorithm with a stochastic term
[20] with a 0.1 ps coupling constant. Moreover, an isotropic
Parrinello-Rahman barostat, with 1 ps coupling time as using for
keeping the pressure constant. Coulomb interaction was computed
by smooth Particle-Mesh Ewald electrostatics [21], i.e., real space
positions are used for particles within a cut-off radius and Fourier
space is employed for the rest. Real space cut-off radius was
1.1 nm, whereas Fourier grid spacing was 0.12 nmwith cubic inter-
polation. Finally, van der Waals forces were considered with long
range dispersion corrections for the energy and the pressure and
a 1.1 nm cut-off radius.

The total number of molecules of the mixture was fixed to 1000
in the majority of the simulations, with the exception of the simu-
lations of those for EAN + DMSO binary system at DMSO concentra-
tions of 95% or more, where the total number of molecules had to
be scaled upwards in order to obtain reliable statistics in this low IL
concentration regime. The precise number of molecules of each
species for the different concentrations can be found in the table
S1 of the supplementary information. For ternary configurations,
75 salt molecules were always used. The exact number of mole-
cules of each species as a function of solvent concentration can
be found in Table S2. Box sizes were varied during the simulations
to properly fit the different concentrations.



Table 1
Solvent descriptors for the SMD model implicit solvent DFT simulations in Gaussian.
All descriptors are dimensionless except c, which has units of cal mol�1 Å�2.
Abraham’s hydrogen bonding parameters for the ionic liquids were computed
according to Ref. [26]. DMSO values are taken form Ref. [32].

DMSO EAN EMIMBF4

n2 2.185371 2.1115 [29] 1.987536 [26]

RaH
2

0.0 0.35473 0.29326

RbH2 0.88 0.371348 0.248588

c 61.78 69.28886 [30] 78.3 [26]
e 46.826 28.73 [31] 12.8 [26]
/ 0.0 0.0 0.2308 [26]
w 0.0 0.0 0.3077 [26]

n2 square of index of refraction at optical frequencies at 298 K.
RaH

2 Abraham’s hydrogen bond acidity.
RbH2 Abraham’s hydrogen bond basicity.
c Macroscopic surface tension at a liquid–air interface at 298 K in cal mol�1 Å�2.
e Dielectric constant (relative permittivity) at 298 K.
/ Aromaticity: fraction of non-hydrogenic solvent atoms that are aromatic carbon
atoms.
w Electronegative halogenicity: fraction of non-hydroge-nic solvent atoms that
are F, Cl, or Br.
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2.2. Density functional theory methods

Equilibrium geometries of several Li compounds were com-
puted with Gaussian 16 [22] (displayed in Fig. 5). The calculations
were performed using the B3LYP exchange and correlation hybrid
functional [23,24] and the 6� 311gðd; pÞ basis set [25]. In order to
account for the effect of the solvent - and therefore achieve more
reliable results - implicit solvent simulations were performed.
SMDmodel [26] was used for the implicit solvents with the param-
eters shown in Table 1.

Values of Abraham’s hydrogen bond acidity and basicity, RaH
2

and RbH
2 , for the ionic liquids were computed according to the

expressions specified in Ref. [26]:

RaH
2 ¼ 0:4098aþ 0:0064;ð1aÞ

RbH
2 ¼ 0:6138bþ 0:089;ð1bÞ

where a and b are the Kamlet-Taft hydrogen bond acidity and basic-
ity parameters of the corresponding ionic liquid. For [EMIM][BF4],
a ¼ 0:70 and b ¼ 0:26 [27]. For EAN, a ¼ 0:85 and b ¼ 0:46 [28].

3. Results and discussion

3.1. Structural properties

In order to analyze the microscopical structure of the different
mixtures, the radial distribution functions (RDFs) were calculated
for all four systems with MD simulations. From the RDFs, the
cumulative radial distribution functions (CRDFs) were also com-
puted in order to evaluate the different coordination numbers.
These functions can be obtained from the production runs as:

RDFabðrÞ ¼ V
NaNb

XNa

i¼1

XNb

j¼1

d ri � rj
�� ��� r
� �� �

; ð2Þ

CRDFabðrÞ ¼ Nb

V

Z r

0
4p r0ð Þ2gabðr0Þdr0; ð3Þ

respectively. From the CRDF, the coordination number (CN) of b
species surrounding a can be calculated as CRDFabðr0Þ, where r0 cor-
responds to the distance of the first solvation shell of a and can be
estimated as the position of the first minima of the RDF. For the RDF
calculations, different references were used to compute the dis-
tances between the different molecules: the oxygen atom of the
3

DMSO molecules; the nitrogen atom of [NO3]�; the nitrogen atom
of [EA]+; the boron atom of [BF4]� and the center of the aromatic
ring of [EMIM]+.

The analysis of the RDF for the binary mixtures (Fig. 2) shows a
similar general behaviour for both ILs. The structure of the pure IL
does not seem to be greatly modified when DMSO is added to the
system and no changes in the positions of the peaks are found.
Both ILs show a stronger interaction between the cations and the
DMSO than between the anions and the DMSO. This effect is the
opposite to what is found when EAN is mixed with alcohols [33],
but it is in line with experimental results of EAN-DMSO mixtures
which suggest a very strong correlation between [EA]+ cations
and DMSO [34]. Moreover, these results also match the findings
for a different imidazolium-based IL, [BMIM][TFO] mixed with
DMSO and ethyleneglycol, which found a preferential interaction
between the molecular solvent and the cation when the latter
has hydrogen-bond acceptor groups and with the anion when it
has donor groups [35]. This effect is enhanced - as may be seen
in Fig. 2 - in the EAN mixtures due to the ability of the cation to
form hydrogen bonds with DMSO.

Regarding the ternary mixtures, we analyzed the salt-IL and
salt-DMSO RDFs for the simulations with both ILs, which are rep-
resented in Fig. 3. If we look at the salt-anion distribution (on
the top row), we can see that their evolution is clearly different.
The distribution for the EAN mixtures (left column) displays two
peaks on the first solvation shell, as already observed by
Méndez-Morales et al. [36]. These peaks represent a bidentate
coordination (the closest one) and a monodentate coordination
(the second one). We can see that as the concentration of DMSO
increases, the height of both peaks also increases. This suggest that
the stability of the Li-[NO3]� complexes is very high and that
DMSO molecules cannot easily replace the role of [NO3]� anions
in the coordination complexes. Moreover, the relative heights of
these peaks change throughout the DMSOmolar fraction spectrum,
i.e. the second peak is higher than the first one at low DMSO con-
centrations, but the first one is predominant at high concentrations
of the molecular solvent. This represents a change in coordination
preference, from a monodentate coordination at low DMSO con-
centrations to a bidentate coordination at high DMSO concentra-
tions, which may be induced by the presence of more DMSO
molecules in the first solvation shell at high DMSO concentrations.
On the other hand, Li-anion distribution for the [EMIM][BF4] mix-
tures shows a single peak, which has the opposite trend than that
of EAN mixtures and it decreases as the concentration of DMSO
molecules in the mixture is increased (except for a slight growth
from 80 to 85 and 90%).

Interestingly, the RDFs of the Li+ ions around DMSO molecules
show a very different behaviour depending on the nature of the
IL they are solvated into. While DMSO molecules show a very
intense interaction with the Li+ ions at high concentration of
[EMIM][BF4] and it decreases in magnitude as the amount of DMSO
increases, the mixtures with EAN show a much weaker interaction
between Li+ and DMSO which becomes stronger as the amount of
DMSO increases. This difference seems to be caused by the strong
interaction that the binary mixtures show between the [EA]+ ions
and the DMSO molecules. This, in turn, hinders the interaction
between the oxygen atom of the DMSO and the Li+ ions. These
remarks imply that DMSO can easily replace the BF4� ions in the
Li+-[BF4]� complexes, but it is more difficult for them to replace
the [NO3]� of Li+-[NO3]�, due to the preferential interaction of
the DMSO molecules with the [EA]+ ions of the IL.

From the RDFs of Figs. 2, 3 we estimated the value of r0 to cal-
culate CNs in the first solvation shell, which values can be found in
Table 2. The CNs for the binary mixtures are represented in Fig. 4
and, as can be seen there, both ILs show a progressive substitution
of molecules in the first solvation shell of the cation. However, this



Fig. 2. Radial distribution functions for the binary mixtures (left EAN + DMSO, right [EMIM][BF4]+DMSO. The following RDFs are represented from top to bottom: anion-
cation, cation-DMSO, anion-DMSO.

P. Martínez-Crespo, Martín Otero-Lema, O. Cabeza et al. Journal of Molecular Liquids 359 (2022) 119188
substitution happens at different rates depending on the IL, with
the substitution around [EA]+ cations being a little faster than
around [EMIM]+ cations. The coordination numbers for the [EA]+

can be easily explained by the formation of hydrogen bonds
between the cation and the molecular solvent, as previously dis-
4

cussed. Moreover, the values obtained with this analysis are in
agreement with those reported by Russina et al. [34].

Regarding the ternary mixtures, their CNs are represented in
Fig. 5. The CNs show that the addition of the Li+ salts does not
impact the IL structure, at least in the small quantities introduced
for these simulations. The Li+-anion and Li+-solvent CNs are also of



Fig. 3. Radial distribution functions computed for the structural analysis of the ternary mixtures. Left column is for EAN + DMSO + LiNO3, right column is for [EMIM][BF4]
+DMSO + LiBF4. The O atom in Li-O RDFs belongs to DMSOmolecules. Legend is common for the four plots. The reference atoms chosen for the computation are shown in the y
axis.

Table 2
Coordination distances for binary and ternary mixtures of EAN (top) and [EMIM][BF4] (bottom).

[EA]+ NO3
� DMSO Li+

[EA]+ - 4.5 Å 3.5 Å -
NO3

� 4.5 Å - 8 Å 3.5 Å
DMSO 3.5 Å 8 Å - 3.5 Å
Li+ - 3.5 Å 3.5 Å -

[EMIM]+ BF4� DMSO Li+

[EMIM]+ - 7.5 Å 8.5 Å -
[BF4]� 7.5 Å - 8.5 Å 3.8 Å
DMSO 8.5 Å 8.5 Å - 3.5 Å
Li+ - 3.8 Å 3.5 Å -
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great interest and they reveal deep changes in the structure of the
Li+ first coordination shell. The mixtures with both ILs show, in
general terms, the same picture for the Li+ complexes, starting with
a [LiA4]3� tetrahedral configuration when no DMSO is present and
progressively turning into [LiDMSO4]+ as the concentration of
DMSO increases. Moreover, the Li+ complexes in both system pre-
sent a 1 to 1 substitution, where the anions are progressively sub-
stituted by DMSO molecules, but preserving at all times the
tetrahedral coordination. However, just like in the binary mixtures,
the rate at which this happens is very different between both sys-
tems. As can be seen in Fig. 5, the replacement of anions with
DMSO molecules is much slower in the EAN mixtures, specifically,
the tipping point at which there are more DMSO molecules than IL
anions happens at higher DMSO concentration. It is also very inter-
esting that, despite the smaller size of the Li+ ions compared to the
EA+ ions, their coordination with the anions of the IL is higher for
Li+. Both effects can be explained by the already mentioned hydro-
gen bonding between the [EA]+ and the DMSO, which prevents the
substitution of anions in the Li+ complexes.
5

3.2. Conductivity analysis

For all systems, electrical conductivity was calculated using the
Nernst-Einstein equation

r ¼ e2

VkBT

X
i

NiziDi; ð4Þ

where Ni is the number of ions of each species, zi their respective
valence, and Di the corresponding diffusion coefficient. This expres-
sion is in principle only valid when the concentration of charged
species is low, as it neglects possible correlations between the ions
[37]. However, it has been proven to accurately predict conductivity
values of concentrated mixtures due to cancellations in the correla-
tion among species [38]. For this reason, we will use Eq. (4)
throughout the whole concentration range. Diffusion coefficients
were obtained with the velocity autocorrelation function (VACF)
of each charged species, given by

VACFiðtÞ ¼ v iðt þ t0Þ � v iðt0Þ;h i ð5Þ



Fig. 4. Conductivity and anion-cation coordination number of IL + DMSO mixtures. The left graphs represent the results from the EAN mixtures, and the right ones depict the
[EMIM][BF4] ones. The coordination represented in the top row is the average number of solvent molecules around a cation (red dashed line) and the average number of
anions around a cation (green dotted line). It can be clearly seen how solvent molecules gradually replace anions in the cation’s solvation shell as DMSO rises. It is also clear
that the total coordination around cations is kept constant through the whole concentration range, taking a value of around 3.5 for EAN and 7 for [EMIM][BF4].

Fig. 5. Conductivity and coordination numbers for EAN (left) and [EMIM][BF4] (right) mixtures. For the coordination, we display the average number of anions around Li+ (red
solid lines), solvent molecules around Li+ (blue dashed lines) and anions around cations (green dotted lines). The various Li+ solvation complexes obtained from DFT
calculations are displayed as they begin to appear in the mixture.
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where the brackets entail averaging over all ions of the i-th species,
and over possible time origins t0. This VACFs were computed from
additional production runs in the NPT ensemble, simulating the sys-
tems for a total of 250 ps and recording the velocities at each step in
order to ensure accurate statistics. From these correlation functions
the diffusion coefficients can be calculated using the well-known
Green–Kubo relation:

Di ¼ 1
3

Z 1

0
VACFiðtÞdt; ð6Þ

where the integral was performed numerically by calculating the
cumulative integral and averaging its values once it has begun oscil-
lating around a definite value, which happened after 50 ps. In order
to estimate the uncertainty of the values, the remaining of the VACF
was divided into 10 fragments and the variance of the mean in each
fragment was used.

Once diffusion coefficients were determined, conductivities for
all systems were calculated using Eq. (4), and the results are shown
in Figs. 4 and 5 for the binary and ternary mixtures respectively. In
both binary mixtures, the usual dome-like shape of the conductiv-
ity can be appreciated [39], reflecting the competition between the
two driving forces of the conductivity: i) the number of charge car-
riers, which decreases as DMSO concentration rises; and ii) the
mobility of charge carriers, which increases with DMSO concentra-
tion. This is due to the fact that, as the number of charge carriers
Fig. 6. Cage autocorrelation functions for

7

decreases, so it does the strength of the electrostatic interaction
in the IL, accordingly, thus increasing the diffusion coefficient.
There is, however, a clear difference in the behaviour of the EAN
and [EMIM][BF4] mixtures. While the latter show a gradual
increase in conductivity as DMSO is added to the pure IL, the mix-
tures with EAN show a sort of plateau at low DMSO concentrations,
where the conductivity remains almost constant. This plateau fin-
ishes once a 70% molar fraction of DMSO is reached. This concen-
tration is the same where the cation of the IL starts to have more
DMSO in its first solvation shell than NO3. This suggests that the
hydrogen bond network that holds the EAN together is so severely
impacted by the presence of DMSO (which can only form 1 hydro-
gen bond per molecule) once this concentration is reached that the
system loses its rigidity.

The same competition is clearly reflected in the case of ternary
mixtures, too. In these, highly electropositive Li+ ions strongly
attract the anion molecules of the ILs. This results in a mobility -
and thus conductivity - downturn relative to the binary mixtures.
Moreover, the different behaviours in the Li+ solvation shell substi-
tutions of each mixture seem to affect the corresponding curves of
conductivity. EAN mixture shows greater aversion to change
[NO3]� for DMSO, due to the EA+-DMSO hydrogen bonding, as
reflected in its less steep CN curve in comparison to the [EMIM]
[BF4] mixture. As a consequence, conductivity of EAN mixture
shows a fast growth when the DMSO CN is greater than 2. Mean-
EAN (top) and [EMIM][BF4] (bottom).
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while, the more gradual change in the CNs for the [EMIM][BF4]
mixture results in a slower growth of the conductivity.

On the other hand, whereas DMSO molecules comprise the
whole Li+ solvation shell at high solvent concentrations for the
[EMIM][BF4] mixture, at least one [NO3]� anion is kept even for
the less concentrated EAN mixtures. This may explain the final
downturn in the conductivity of the latter, which would come from
the decrease in mobility that takes due to the stronger interaction
between the Li+ and the NO3

� compared to BF4� (as can be seen in
Fig. 3. For the [EMIM][BF4] mixture, the solvation shell of Li+ at high
DMSO concentration is formed almost exclusively by solvent mole-
cules. Consequently, a very fast increase in conductivity was
obtained for the 925 DMSO + 75 LiBF4 mixture, which reached
r ¼ 4:5874� 0:0014 S/m. Therefore, a direct relation between
the composition of the Li+ cations solvation shell and conductivity
growth must exist.

To further study the robustness of the solvation structures that
surround Li+ cations in both mixtures, we computed the cage auto-
correlation functions (CACF) of those ions

CACFLiþ�a tð Þ ¼ haðtÞhað0Þh i
h2að0Þ
� � ; ð7Þ

where ha is a function that takes a value of 1 if the species a is in the
first solvation shell of Li+ cations and 0 otherwise. These CACFs take
a value of 1 at t ¼ 0, and then start decaying when the solvation
complexes begin to break. Fig. 6 displays the CACFs for both ILs, tak-
ing the anion as the a species. It can be seen that the stability of the
complexes as function of the DMSO concentration is completely dif-
ferent for each IL. While in the [EMIM][BF4] mixture the cages
become gradually feebler as solvent concentration rises, in the
EAN systems this change from highly resilient cages with a high
lifespan to short-lived solvation structures is much more abrupt,
with a sudden change around 70 % DMSO concentration. CNs of
anions and solvent molecules around Li+ ions become equal at this
concentration and the conductivity begins to increase (see Fig. 5),
which again confirms that the microscopic structure of the Li+ sol-
vation complexes plays a key role in the conductivity of the system.
In the case of [EMIM][BF4], the smooth behaviour of the conductiv-
ity curve reflects the gradual changes in the CACFs for these sys-
tems. This analysis reveals that the hopping of Li+ ions between
adjacent solvation complexes does indeed play a key role in the
conductivity of the mixture, and as such the analysis of the struc-
ture of the molecular cages can be of interest when studying it
[39,40].
4. Conclusions

We simulated the structure and single-particle dynamics of
ternary mixtures of ILs with lithium salts and DMSO for a protic
(EAN) and an aprotic ([EMIM][BF4]) IL. The structure and single-
particle dynamics of the mixtures were analyzed by means of
radial distribution functions, coordination numbers, velocity auto-
correlation functions and cage autocorrelation functions. The RDFs
clearly indicate that a replacement of anions A� by DMSO mole-
cules in the first solvation shell of Li+ takes place as the concentra-
tion of this molecular solvent increases, giving rise to mixed
tetrahedral solvation complexes whose structure was optimized
by means of implicit solvent DFT simulations. Notwithstanding,
the replacement rate is quite different for the protic and the aprotic
IL. In the former case, the capability of the cations of the IL to form
hydrogen bonds with the DMSO prevents the replacement on
anions with DMSO in the Li-anion complexes. Moreover, the
hydrogen bond network seems to further stabilize the microscopic
structure Li-anion complexes. These effects dominate up to a 60%
8

molar concentration of DMSO and are followed by an abrupt
increase in conductivity as DMSO molecules outnumber IL anions
in the first solvation shell of Li+. Note that this capability of forming
hydrogen bonds is a common characteristic of protic ILs. Therefore,
one will expect a similar slow growth of the conductivity for most
protic ILs with a molecular solvent which is a hydrogen bond
acceptor. Alternatively, the structure and conductivity of the mix-
tures with aprotic IL undergo a more gradual variation with the
concentration of DMSO, with DMSO molecules dominating in the
first shell above 40% DMSO concentration. As proved by the cage
correlation functions, when DMSO outnumbers anions in the first
solvation shell of the salt cations the stability of complexes steeply
decreases, and a large increase in conductivity is registered, sug-
gesting that the solvation of the salt is the major phenomenon
behind the charge transport in the mixture.
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