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Energetic Arguments on the Microstructural Analysis in
Ionic Liquids
Takeshi Kobayashi,* Jens Smiatek, and Maria Fyta
the ambiguity for water-IL mixtures, various other protic and aprotic IL-solute mixtures with low concentrated neutral solvent molecules attracted a lot of interest
over the last years.[1,3,13,15,19,25–38] In addition to the properties of IL-solute mixtures
in a bulk solution, also the properties of
the mixtures at interfaces are a strong focus of current research.[25,39] It has been
found, for example, that certain factors such
as the chemical properties, entropic eﬀects,
as well as the choice of anions and their
combinations with solutes, strongly inﬂuence the spatial distribution of the diﬀerent
species.[17,25,40–43]
Diﬀerent molecular sizes or shapes of
both the ILs and the solute, as well as the
polarity crucially aﬀect the interactions of
the ionic species at both in bulk solutions
and at interfaces.[18,40–42,44–47] Furthermore,
the hallmarks of solid or gaseous surfaces,
for instance charged, uncharged, polar or
apolar induce spurious diﬀerences in the
expected mixture properties.[17,25,41,48–51]
In view of designing new technological
applications, what is often missing is a
deep microstructural insight into IL solutions. Previous experimental and theoretical studies on IL-water and IL-DMSO mixtures in front of uncharged and purely repulsive surfaces revealed
some interesting insights and have underlined the entropic effects on the molecular structuring.[50,52–54] However, due to strong
electrostatic and dispersion interactions, it can be assumed that
also enthalpic contributions play an important role.[55] Motivated
by the above studies, here we propose a new qualitative measure
of molecular interactions within IL bulk solutions. We assess and
diﬀerentiate short range interactions of the IL with the solute
molecules. Thereby, we introduce a novel theoretical approach for
a straightforward interpretation of molecular interactions which
yields insight into microstructural behavior that arises from the
individual ions and solute species and their molecular compositions. This new measure, “eﬀective interaction energies”, can
be used for the further analysis, for instance, as the interaction
energy terms in the calculation of the chemical potentials in a
Lattice gas model.[56] As representative IL solutions, we discuss
IL-water and IL-DMSO solutions, which attracted some interest
in the last years.[52,54] In view of these, the paper is organized as
follows: we begin with an outline of the methodology in Section 2,
discuss the results of our MD simulations in Section 3 and provide a summary on the relevance of these outcomes in Section 4.

The interaction of ionic liquids (ILs) with additives or impurities is crucial for
the performance of ILs in technological applications. In order to understand
the interaction between these, an insight onto the microscopic arrangement
of molecules is needed. As a representative case, 1-ethyl-3-methylimidazolium
dicyanamide ([EMIM]+ [DCA]− ) mixtures are studied with dimethyl sulfoxide
(DMSO) and water in bulk phase using molecular dynamics (MD)
simulations. Diﬀerent molar fractions of DMSO and water are studied to
elucidate the inﬂuence of the molecular solute concentration on the
structuring of the ILs. The results indicate that DMSO-[EMIM]+ [DCA] and
water-[EMIM]+ [DCA]− mixtures are deﬁned by quite distinct molecular
interactions between the species. By increasing the DMSO or water
concentration, in the former the solute molecules are repelled from the ions,
while in the latter they accumulate closer to the ions. The diﬀerences arise
from the weakening of the interactions between the ions imposed by the
presence of the water molecules whereas DMSO promotes a strengthening of
these interactions. Accordingly, this study provides a deep understanding of
the IL behavior in combination with neutral solute molecules and allows for a
proper selection of IL-solute combinations in view of speciﬁc
technological applications.

1. Introduction
Room-temperature ionic liquids (ILs) are beneﬁcial media for
many technological applications. In contrast to other solvents,
ILs combine a low volatility and high temperature stability with
a low ﬂammability in combination with a broad electrochemical
stability window.[1–5] Due to these properties, ILs are often used as
green solvents for various polar and apolar solutes,[3,5–9] as reaction media for purposes of chemical synthesis or as electrolytes
for electrochemical devices.[10–17] In combination with water as
the main solute, aqueous ILs were also proposed as stabilizing
solutions for protein and DNA conformations.[18–24] On the other
hand, the negative impact of water on the stability windows in
electrochemical storage devices was also pointed out.[25] Despite
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2. Theoretical Background

i around species j (or similarly as the distribution of species j
around species i) as

2.1. Eﬀective Interaction Energies
In order to provide a detailed analysis of the enthalpic contributions to the interactions between the species, we describe the
respective conservative long- and short range interactions between the diﬀerent molecules in the solution. Thereby, we explicitly rely on force ﬁeld methodology which already has shown
its merits in the context of atomistic MD simulations for a broad
range of systems. In the following, the indices i, j denote diﬀerent species, namely cation, anion or solute. In standard classical
atomistic force ﬁelds, the intermolecular potentials are typically
represented by long-range (long) and short-range (short) interactions. It has to be noted that all forces are typically evaluated
between atoms of molecules but here we neglect this point and
assume short- and long range interactions as the sum of molecular interactions between the atoms of distinct species. The total
interaction energy between molecules i and j per unit volume is
expressed by
long

Eij = Eijshort + Eij

short,LJ∕Coul

Eij

(1)
LJ∕Coul

=

+ Eijshort,Coul ) +

long
Eij

(2)

where both the short-range interaction energy Eijshort and longlong
Eij

are taken into consideration, rerange interaction energy
spectively. Furthermore the short range interaction is divided into
short,LJ
Lennard-Jones part Eij
and Coulomb part Eijshort,Coul . In order
to provide a reliable estimate of interaction energies, we set 1
nm as a cut-oﬀ distance for the short-range interaction both for
Lennard-Jones and Coulomb interactions after which we can observe a bulk behavior as shown in Section 3. In order to assess
the interaction between each species in the solution, the eﬀective
interaction energy 𝛾ij between distinct molecular species i and j
is deﬁned through

LJ∕Coul

𝛾ij
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⎪∫
⎩ 0

(5)

Equations (3) and (5) are diﬀerent expressions for the same
entity assuming homogeneous solutions. Notably, Equation (5)
introduces a ﬁxed reference position due to the introduction of
the radial distribution function, whereas Equation (3) considers
a bulk volume-like behavior. From the simulations, we can calLJ∕Coul
LJ∕Coul
using Equation (3). 𝛾ij
can
culate directly Eijshort , thus, 𝛾ij
be also expressed in a diﬀerent way by Equation (5) using the
LJ
radial distribution functions gij (r). These values, 𝛾ij and 𝛾ijCoul , indicate by deﬁnition how the contributions of Lennard-Jones and
Coulomb interactions in a local interaction between molecules i
and j can be compared to the bulk for diﬀerent solute concentrations.
2.2. Local/Bulk Partition Functions

(3)

where ni , nj are the numbers of species per unit volume. For
i = j, a factor of 1/2 is needed to avoid double counting. The effective interaction energy is actually an indication of how well
each species interacts with the other species and thus an indicator of the local arrangement within a cutoﬀ-distance. Thereby,
this parameter allows us to condense all relevant information
on the local arrangement onto a single value. In view of nonidentical mole fractions, Equation (3) is normalized with respect
to a mean interaction energy per species. The spatial short-range
mean interaction energy between species i and j, Eij , can otherwise also be expressed using the molecular distribution of species
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(4)

where Eij (r) is the average interaction energy between one
molecule of species i and one molecule of species j separated by a
distance r. The prefactor ni is included as the species of type i are
used as a reference. In order to take into account all molecules
from species of type i and j within the volume slice, we multiply the corresponding value with the local number density nij (r)
of species j around one molecule of species i. Substituting Equation (4) into Equation (3) by taking also into account the deﬁnition of the radial distribution function gij (rij ) of species j around
species i, and also the cutoﬀ radius rcut = 1 nm for the short-range
interaction yields

𝛾ij
short,LJ
(Eij

rcut
⎧1
LJ∕Coul
4𝜋r 2 Eij
(r)nij (r)dr, i = j
⎪ ni ∫
0
⎪2
=⎨
rcut
⎪
LJ∕Coul
4𝜋r 2 Eij
(r)nij (r)dr,
i≠j
n
⎪ i∫
⎩
0

In order to analyze the local accumulation of solutes around
cations (index c) and anions (index a), we use the local/bulk partition functions[19,57–60]
Ksi (r) =

< nis (r) > ∕ < ni (r) >
ns ∕n

(6)

with i = c, a where < nis (r) > and < ni (r) > denote the average local number of solute molecules and all molecules within a distance of r around the ions, respectively. ns and n are the total
number of solute and all molecules in the simulation box. A value
of Ksi > 1 highlights a pronounced local accumulation of solute
molecules near the cation or anion and Ksi < 1 the opposite. The
local/bulk partition functions together with the eﬀective interaction energies will lead to important information on the preferential interaction between the species in the IL solutions.

2100114 (2 of 11)

© 2021 Wiley-VCH GmbH

www.advancedsciencenews.com

www.advtheorysimul.com
Table 1. Simulation details for DMSO-[EMIM]+ [DCA]− and water[EMIM]+ [DCA]− mixtures. The box length is the length of the equilibrated
system.
Mole fraction of solute xsol
0
Number of ions ni

Figure 1. The atomic structures of a) [EMIM]+ , b) [DCA]− , c) DMSO and
d) water. The carbon (C), nitrogen (N), oxygen (O), and hydrogen (H)
atoms are colored in cyan, blue, red, and white, respectively.
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2.3. Simulation Details
Number of ions ni

We study in detail the microstructuring and the properties of bulk IL mixtures. To this end, we perform atomistic molecular dynamics (MD) simulations for distinct
IL solutions using as solutes, water or dimethyl sulfoxide
(DMSO). The former is essential for biological applications
and unwanted in energy applications. DMSO on the other
hand is expected to be beneﬁcial for technological applications of the ILs. In more detail, we consider 1-ethyl-3methylimidazolium dicyanamide [EMIM]+ [DCA]− , at various solute mole fractions ranging from xsol = 0 (pure IL) to xsol = 0.875
(highly diluted IL solution). Speciﬁcally, the mole fractions
are
xsol ={0, 0.125, 0.250, 0.375, 0.500, 0.625, 0.75, 0.875, 1.00}
considered for the bulk solutions. The corresponding geometries
of both the ions and the molecules are shown in Figure 1. For our
atomistic MD simulations with the GROMACS 5.1.3 software
package,[61–63] we have used the OPLS/AA force ﬁelds for the ions
and DMSO[64–66] with the SPC/E model for water.[67] Speciﬁcally
the force ﬁeld parameters are taken from ref. [65] for [EMIM]+
and [DCA]− , and from ref. [66] for DMSO. This combination
has already been validated for bulk water-IL mixtures.[58] In
all simulations, the temperature was kept at T = 300 K by an
improved velocity-rescaling thermostat,[68] using a coupling time
constant of 0.1 ps. Electrostatic interactions were treated through
the particle mesh Ewald (PME) method,[69,70] where a real-space
cutoﬀ of 1.0 nm and a grid spacing of 0.16 nm with fourth-order
interpolation scheme were used. The Lennard-Jones (LJ) interactions were truncated at 1.0 nm and shifted to zero. The equations
of motion were integrated using the Leapfrog algorithm with
an elementary time step of 2 fs. All bonds were constrained
by the LINCS algorithm.[71] An energy minimization was ﬁrst
performed using a conjugate-gradient method, followed by an
equilibration period of 10 ns under constant volume-constant
temperature (NVT) conditions, and a subsequent equilibration
run of 10 ns under constant temperature and constant pressure (NpT) conditions. The ﬁnal NpT production runs had a
length of 300 ns each. Positions and velocities of atoms were
stored every 10 ps. For the initial conﬁgurations we have used
computational boxes of dimensions 6.3 –6.5 nm in the periodic
x, y, z-directions in which all species were randomly inserted
using the software package PACKMOL.[72] The corresponding
numbers of molecules and ions for the respective mole fractions
are shown in Table 1. The pressure was kept constant at p = 1 bar
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by an isotropic Parrinello–Rahman barostat[73] with a coupling
time constant of 2 ps and a compressibility of 4.5 × 10−5 bar−1 .
Note, that the assignment of DMSO or water as solute or solvent
depends on their concentration.[54] In order to simplify our
discussion below, we use the term “solute” for either DMSO or
water in this work.

3. Results
3.1. Eﬀective Interaction Energies
We begin the analysis with the eﬀective interaction energies
between the species in the solutions as calculated through
Equation (3). The results of the bulk solutions for all IL mixtures
throughout the solute concentration range are summarized in
Figure 2. Note that the error bars were less than 1%, thereby
are not shown in the ﬁgure. As a ﬁrst observation, in Figure 2a
the DMSO has stronger LJ interaction with other species due
to the larger size than water. The main diﬀerence is found in
the cation-cation interaction. While the DMSO mixtures show
decreasing trend, the water mixtures show the opposite. Note,
that the cation-DMSO interaction almost coincides with the
anion-DMSO interaction in the top right panel of this ﬁgure and
is hidden behind the latter curve. For the Coulomb interaction,
the interaction involving DMSO is decreasing while the water
interaction is increasing with respect to the solute concentration.
Furthermore the cation-cation interaction increases in the DMSO
mixtures while in the water mixtures it decreases at xsol = 0.125
and reaches a plateau. The cation-anion interaction shows the
opposite trend between the DMSO and water mixtures, which
decreases in the DMSO mixtures and increases in the water mixtures. Furthermore the strong anion-solute interaction in the water mixtures should be attributed to the hydrogen bonds between
water and the anions as shown in the remainder of this work.
The comparison between the LJ and Coulomb interactions provide an insight on the strong contribution of LJ interaction to the
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Figure 3. The a) cation-anion and b) ion-ion radial distribution functions in the
mixtures for the whole range of solute concentrations as described in the legend.

diﬀerence between cation-solute interactions. The cation-solute
Coulomb interaction shows a negligible diﬀerence, while the
cation-DMSO has stronger LJ interaction than the cation-water.
Water interacts mostly through Coulomb interactions with anions forming hydrogen bonds. With water due to its small size
there is a negligible LJ interaction. The repulsive DMSO-DMSO
interaction is signiﬁcantly compensated by LJ interactions. According to these observations, the local ionic structure, which
is based on the cation-anion interaction, is strengthened in the
DMSO mixtures by adding DMSO and weakened in the water
mixtures. In the DMSO mixtures, DMSO tend to strongly interact by Coulomb interaction with other molecules in a long range,
and in the water mixtures this interaction is weaker. This is due
to the fact that the dipole moment of 4.42D for DMSO is larger
than the value of 2.35D for water, as calculated from our simulations. Note, that the respective experimental values are 3.960D
for DMSO and 1.855D for water.[74] These trends in the dipole
moments and the strong hydrogen bonds between water and anions are linked with our observation that the solute molecules in
the second solvation shell around each species contribute more to
the Coulomb interaction in the case of DMSO compared to water.
DMSO interacts with other molecules equally within a distance
of 1 nm. Water, though, interacts strongly in the close vicinity but
weaker in larger distances. Therefore adding solutes does not re-
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0.8
rij(nm)

(top) and the water-[EMIM]+ [DCA]− (bottom)

quire a rearrangement of the local ionic structure in the case of
the DMSO mixtures, but requires a local rearrangement of ions
in the water mixtures.
These trends can be conﬁrmed by the radial distribution functions (rdfs) depicted in Figure 3. In panel (a) of this ﬁgure the
rdfs for cations-anions are sketched, while in panel (b) the ionion rdfs are shown. For the latter, both the cations and anions
are considered as ions. The cation-anion rdfs capture the interaction between direct cation-anion pairs. In contrast, the ion-ion
rdfs provide more insights into the total ionic structure of the IL
mixtures by including also cation-cation or anion-anion contributions. In the case of DMSO mixtures, the cation-anion rdfs have
their ﬁrst peaks at the same position for all concentrations. The
ﬁrst peaks increase with the concentration, showing that the ion
pairing persists. This can be seen in a decreasing cation-anion
eﬀective interaction energies in the top panels of Figure 2. In the
case of the water mixtures, increasing the concentration leads to
a shift of the ﬁrst cation-anion peaks to shorter distances, while
the peak height remains more or less constant, which indicates
that the amount of associated cation-anion pairs decreases in
the same manner as in the bulk solute concentration. The water molecules, which increase in number, are mixed with the ILs,
so that they only change the favorable orientation between the
cations and the anions. A further comparison of the cation-anion
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Figure 4. The radial distribution functions between center of mass of the
cation and the atoms in the anion. (Top panels) DMSO-[EMIM]+ [DCA]−
mixtures and (bottom panels) water-[EMIM]+ [DCA]− mixtures. The results
for the cation-N1 atoms (left) , cation-N4/N5 atoms (center) and cationC2/C3 atoms (right) for each mixture are depicted as a function of the
solute concentrations deﬁned in the legend.

rdfs in panel (a) reveals an interesting trend in the ﬁrst peaks.
For water and DMSO the ﬁrst peaks in the cation-anion rdfs are
found at 0.4 nm and 0.6 nm, respectively. At ﬁrst, this shows the
more strongly bound ion-pair in water compared to the case in
DMSO. Both peaks remain at their respective positions throughout the concentration range of water and DMSO. However, as
the concentration increases, the peak heights increase in both
mixtures, revealing more strongly bound ion-pairs in both mixtures. The change in eﬀective cation-anion interaction conﬁrmed
through the results in Figure 2 is based on the persistent ion pairs
in the DMSO mixtures and the orientational change in the water
mixtures. Further analysis on the rdfs between center of mass of
the cation and each atom in anion (atomic labels are shown in
Figure 11) reveals additional details on the orientational change
of anions around the cation in Figure 4.
Based on this ﬁgure, as the solute concentrations increase,
the peaks of the rdfs between cation and the atoms in DMSOmixtures increase in the same manner. On the other hand, in
1

water mixtures, there is distinct diﬀerence in the rdf between
cation and N4/N5 atom in the anion. The ﬁrst and second peak
around 0.2 nm and 0.35 nm decrease and the third peak at 0.4
nm increases. This implies that the N4/N5 atoms lose the capability to interact with the cations in the high water concentration
of xsol = 0.875. This relates to the fact that the over-accumulation
of the water molecules around those atoms weaken the interaction between cation and the anions. This is explained more in detail in the following preferential position analysis. In the ion-ion
rdfs for the water mixtures, the ﬁrst peak shifts to shorter distances at high water concentrations, while the peak height converges to unity. This shift of the ﬁrst peak and the decreasing peak
value attribute to the change in the favorable orientation between
cations and anions and the weakened ionic interactions including all cation-anion, cation-cation and anion-anion interactions.
On the other hand, in DMSO mixtures, no shift is observed in
the peak position, while the height increases with an increased
DMSO concentration. This trend implies that the cation-anion
pair and the interactions between these pairs remain stable.
We next discuss the potentials of mean force (PMF) in Figure 5
as calculated from the radial distribution functions among ions
using the following equation
A(r) = −kB T ln
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gij (r = ∞)

with the Boltzmann constant kB . As observed in this ﬁgure,
in DMSO mixtures, a steep minimum at r = 0.6 nm occurs
throughout the whole solute concentration range. As discussed
in ref. [75], this indicates that the ions are more associated at
higher solute concentrations. A comparable behavior can be observed in IL-water mixtures up to xsol = 0.625, where the ions
show a pronounced negative PMF at the nearest minimum at
r = 0.6 nm. At xsol = 0.750, the local minimum at r = 0.6 nm
has a positive value and a new local minimum shows up at
r = 0.4 nm. As a consequence, at this higher concentration, the
local minimum at r = 0.6 nm turns to be a local maximum
and the local minimum at r = 0.4 nm becomes more apparent. Accordingly, higher water concentrations induce a signiﬁcant rearrangement of the local composition around the ions.
These results are in a quite good agreement with experimental
results.[76]
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Figure 5.
(bottom) mixtures for the whole range of solute concentrations as described in the legend.
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Figure 6. The local/bulk partition functions of solute molecules around
cations (bottom) and anions (top) at diﬀerent solute mole fractions. The
solid lines correspond to the DMSO mixtures and the dashed lines to the
water mixtures.

3.2. Local/Bulk Partition Functions and Preferential Molecular
Positions
Based on Equation (6), the local/bulk partition functions for the
mixtures are summarized in Figure 6. Both DMSO and water

mixtures reveal a decreasing trend in the height of the peaks with
respect to the solute molar concentration. This indicates a saturation of solute molecules close to the ions even for dilute mixtures
(xsol = 0.125). With regard to the decreasing values, it can thus be
concluded that the added solute molecules tend to be located in
the bulk region instead in close distance to the individual reference molecules. Moreover, the polar molecules such as DMSO or
water accumulate near the charged ions even if the solute is made
of neutral species. However, there still exist distinct diﬀerences
between DMSO mixtures and water mixtures. For example, due
to the small size of the water molecules, these accumulate more
than the DMSO molecules around the ions. In addition, while
i
> 1 holds even at the highest water concentration indicating
Ksol
i
<1
the preferential binding of water molecules to the ions, Ksol
holds for the DMSO mixtures at the highest DMSO concentration xsol = 0.875. The latter highlights the repelled behavior of
DMSO molecules around the ions. These results support the
conclusions obtained above for the eﬀective interaction energies
and their diﬀerence in the DMSO and water mixtures showing
strengthened ion-ion interactions in the DMSO mixtures and
the weakened ion-ion interactions in the water mixtures.
We further analyze these observations with respect to the orientation of the species around other species. Distinct characteristics are again observed in DMSO and water solutions as evident
from Figure 7 for the solute molecules around the anions. In this,
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Figure 7. The preferential positions of the solute molecules around the anion for both solutes at diﬀerent concentrations as denoted by the legends on
the left. The red colors and larger spheres denote a higher occurrence probability of the molecules.
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the preferential positions of the solute molecules around the anions are shown. Note, that in this and the following ﬁgures, the
probability depicted is calculated by the number of occurrences
at each rectangular grid point with 0.1 nm distances and divided
by the total number of occurrences within 0.8 nm from the anions center of mass. It can at ﬁrst be observed that solutes accumulate diﬀerently in DMSO mixtures and water mixtures. In
DMSO mixtures, DMSO molecules accumulate near the negative side of the dipole moment direction in anions. The dipole
moment is calculated by
𝜇⃗ =

∑

qi (x⃗i − x⃗0 )

(8)

i

where qi is the partial charge of atom i in a molecule and x⃗i is the
position of this atom. x0 is the center of mass of the molecule.
The partial charges and the direction of the dipole moments are
shown in Figure 11. The calculated values of 𝜇 for each species
are 1.77D for [EMIM]+ , 0.90D for [DCA]− , 4.42D for DMSO, and
2.35D for water.
In water mixtures, the water molecules accumulate near the
highly negatively charged atoms. This diﬀerence arises from the
diﬀerent sizes of DMSO and water. The smaller water molecule
is more ﬂexible, can more easily reorient, and thus interacts
strongly with charged atoms. For the larger DMSO molecule,
the interactions to neighboring ions are more dispersion interaction orientated. More speciﬁcally, in DMSO, orientational preferences are absent. These ﬁndings diﬀer in water solutions in
which the water molecules are strongly accumulated close to the
anion and its respective nitrogen atoms. This localization eﬀect is
stronger at low water concentrations, while it decays as more water is added into the solution. The accumulation close to the two
nitrogen atoms can be understood based on the fact that the hydrogen atom in water has the largest positive charge, while these
two nitrogen atoms (N4/N5 atoms in Figure 11)in [DCA]− deﬁne
together the region of the highest negative charge. In combination with the small size of water, these atoms interact strongly
and form hydrogen bonds. The average numbers of the hydrogen
bonds between the N4/N5 atom or N1 atom in [DCA]− and water
molecule for diﬀerent water concentrations are shown in Table 2.
At lower water concentrations, each water molecule forms nearly
two hydrogen bonds with the N4 or N5 atom of [DCA]− . This
means that most of the water molecules are trapped between interacting [DCA]− molecules. Apparently at lower solute concentration up to xsol = 0.5 the water molecules accumulate about ten
times nearer the N4/N5 atoms compared to the respective N1
atom. At high solute concentrations, the water accumulation near
N4/N5 atom seems to be weakened, which corresponds to the
ion-ion structural changes observed in the rdfs (Figure 3). This
region has a total negative charge greater than −1 and interacts
strongly with the cations. In fact, this charge is about −1.19e arising from the N1 atom in [DCA]− , the H1(H2), and O1 in water
in Figure 11. In this way, water mediates the interaction between
cation and anion due to the high electronegativity and chemical
hardness leading to the strong aﬃnity to the anion.[77–79] This
leads to a weak cation-anion interaction in water mixtures. On
the other hand, due to the smaller electronegativity, the preferential position of the species do not change in DMSO mixtures.
Thus, the cation-anion interaction remain strong. In the case of
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Table 2. The average numbers of hydrogen bonds per N4/N5 atom or N1
atom in [DCA]− molecules and water molecules at diﬀerent water concentrations. For the atom labeling refer to Figure 11.
Mole fraction of solute xsol
0.125

0.250

0.375

0.500

0.625

0.750

0.875

Number of
hydrogen bonds
per N4/N5 atom

0.132

0.295

0.503

0.764

1.085

1.490

2.073

Number of
hydrogen bonds
per N1 atom

0.008

0.020

0.039

0.074

0.149

0.320

0.705

Number of
hydrogen bonds
per water
molecule

1.900

1.833

1.741

1.603

1.391

1.100

0.693

solute molecules around the cations, the results in Figure 8 reveal
that the positions of the highly localized area are clearly diﬀerent
between the DMSO and water mixtures. For water mixtures it
is more in plane of the imidazolium ring in the cation while the
DMSO is localized at the top/bottom of the imidazolium ring. For
the water molecules the localized area is near the anions localized
in Figure 9 (anions around the cation) implying that these localization is mediated the accumulation of water around the anion.
Moving to the anions around the cations in Figure 9, at xsol =
0.000, the preferential position of the anion is close to that
of the highest positively charged region. These preferences do
not change qualitatively with the addition of DMSO. However,
at xsol = 0.875 the localization area of water is shifted to the
top/bottom of the imidazolium ring. This shift is the manifestation of the peak shift of the cation-anion rdfs in Figure 3. On
the other hand, the preferential positions of the cations are close
to the negatively charged side of the anion in Figure 10. These
preferential positions do not change with the addition of either
DMSO or water even at high concentrations. Only for the water
mixtures case, the preferential position is localized more on the
top/bottom of the plane of the anion triangle, which relates back
again to the peak shift of the cation-anion RDFs in Figure 3.
In order to study the DMSO-solute interactions further, we
have calculated the average number of weak hydrogen bonds as
C3, C6 and C7 atoms in [EMIM]+ as the donor and O2 atom in
DMSO as the acceptor in Figure 11 (the donor-acceptor distance
is < 0.32 nm and the angle is < 90◦ as stated in ref. [80]). It has
been reported that the attachment of DMSO to these atoms via
weak hydrogen bonds weakens the cation-anion interaction in
the imidazolium-based ionic liquids.[81] In Table 3 the average
number of weak hydrogen bonds between [EMIM]+ (C6/C7/C3)
and DMSO (O2) for diﬀerent DMSO concentrations is summarized. Due to the systematic constraint, C6 and C7 atoms in
[EMIM]+ are treated similarly, though there is a slight diﬀerence between those due to the asymmetric shape of [EMIM]+ .
Our simulation results reveal the similar trend to the result from
ref. [81]. Our results also reveal an increasing trend of average hydrogen bonds with respect to the DMSO concentration. However,
as discussed already, the anion-cation interaction is strengthened
by adding DMSO. Therefore, we conclude that the attachment
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Figure 8. The preferential positions of the solute molecules around the cation for both solutes at diﬀerent concentrations as denoted by the legends on
the left. The red colors and larger spheres denote a higher occurrence probability of the molecules.
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Figure 9. The preferential positions of the cations around the anion for DMSO-[EMIM]+ [DCA]− and water-[EMIM]+ [DCA]− mixtures at diﬀerent solute
concentrations as denoted by the legends on the left. The red colors and larger spheres denote a higher occurrence probability of the molecules.
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Figure 10. The preferential positions of the anions around the cation for DMSO-[EMIM]+ [DCA]− and water-[EMIM]+ [DCA]− mixtures at diﬀerent solute
concentrations as denoted by the legends on the left. The red colors and larger spheres denote a higher occurrence probability of the molecules.

Figure 11. The partial charge distribution in the molecules. The dipole moments are shown as arrows on each molecule.
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Table 3. The average numbers of hydrogen bonds per C5/C7 atom or C3
atom in [EMIM]+ molecules and O2 atom in DSMO molecules at diﬀerent
DMSO concentrations. For the atom labeling refer to Figure 11.
Mole fraction of solute xsol
0.125

0.250

0.375

0.500

0.625

0.750

0.875

Number of
hydrogen bonds
(C-H–O) per
C5/C7

0.014

0.029

0.046

0.068

0.094

0.127

0.175

Number of
hydrogen bonds
(C-H–O) per C3
atom

0.013

0.028

0.047

0.071

0.101

0.141

0.201

[DCA]− ). On the other hand, the solute molecules, which have
a low electronegativity interact weakly with the charged particles
leading to a weak inﬂuence on the ionic pair. Accordingly, in order to maintain an optimum interaction between ions, a proper
choice is the combination of the solute molecules with low electronegativity such as DMSO. For practical applications requiring
the persistence of ion pairs having a weak interaction with solute molecules, solutes with low electronegativity are appropriate.
These results serve an optimum tuning of IL-solute mixtures for
selected applications.

Acknowledgements

of DMSO to the cations via hydrogen bonds does not weaken
the anion-cation interaction. This can also be inferred from
Figure 2, in which the Lennard-Jones contribution is much
higher than the Coulomb contribution in the cation-DMSO interaction. This trend is based on the large size of the cation
and DMSO. Finally, as can be inferred from Figures 7, 8,
10, and 9, the structural change around each molecule in
DMSO-[EMIM]+ [DCA]− mixtures with respect to the solute
concentration is negligible.

The authors greatly acknowledge ﬁnancial support from Deutsche
Forschungsgemeinschaft DFG (grant number 358283783 – SFB 1333, subproject C6). T.K. also thanks the Physics Department of the University of
Stuttgart for funding.

Conﬂict of Interest
The authors declare no conﬂict of interest.

Data Availability Statement
The data that support the ﬁndings of this study are available from the corresponding author upon reasonable request.

4. Conclusion and Summary
In this work, we have studied bulk DMSO-[EMIM]+ [DCA]− mixtures and water-[EMIM]+ [DCA]− mixtures using MD simulations. The inﬂuence of diﬀerent DMSO/water concentrations on
the structuring of the IL molecules has been investigated. The
DMSO mixtures and water mixtures show distinct diﬀerences in
the accumulation behavior of their molecules. In order to elucidate these diﬀerences, we have proposed the deﬁnition of effective interaction energies between the diﬀerent species in the
IL mixtures. These allowed us to provide important insight into
the preferential energies related to diﬀerent pairs of the species
in the mixtures, as well as the preferential orientation and positioning of the species around other types of species. Our results
reveal that in DMSO mixtures the cation-anion interactions increase with respect to the DMSO concentration, but decrease in
water mixtures. This can be justiﬁed by the fact that the cationanion pairs are weaker bonded in water mixtures at high water
concentrations and stronger bonded in DMSO mixtures even at
high DMSO concentrations. These diﬀerences can be explained
by the higher electronegativity and chemical hardness of water than DMSO, which leads to the strong interaction of water
with [DCA]− disturbing the cation-anion interaction. This cationanion pair interaction rationalizes the accumulation behavior of
the species in the solution mixtures. In DMSO mixtures, the interaction between cation-anion pairs is stronger than the DMSODMSO interaction.
Our results highlight the fact that the charge distributions
of the molecules play an important role in the interaction between the species in IL-solute mixtures. In principle, the solute
molecules, which have a high electronegativity like water, interact
strongly with ions containing highly charged atoms (in our case
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