Probing the distribution of ionic liquid mixtures at charged and neutral interfaces via
simulations and lattice-gas theory
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Room temperature ionic liquid solutions confined between neutral and charged surfaces are
investigated by means of atomistic Molecular Dynamics simulations. We study 1-Ethyl-3-
methylimidazolium dicyanamide ([EMIm]*[DCA]™) in water or dimethylsulfoxid (DMSO) mixtures
in confinement between two interfaces. The analysis is based on the comparison of the molecular
species involved and the charged state of the surfaces. Focus is given on the influence of different
water/DMSO concentrations on the microstructuring and accumulation of each species. Thermo-
dynamic aspects, such as the entropic contributions in the observed trends are obtained from the
simulations using a lattice-gas theory. The results clearly underline the differences in these proper-
ties for the water and DMSO mixtures and unravel the underlying mechanisms and inherent details.
We were able to pinpoint the importance of the size and the relative permittivity of the molecules in
guiding their microstructuring in the vicinity of the surfaces, as well as their interactions with the
latter, i.e. the solute-surface interactions. The influence of water and DMSO on the overscreening
at charged interfaces is also discussed. The analysis on the molecular accumulation at the interfaces
allows us to predict whether the accumulation is entropy or enthalpy driven, which has an impact
in the removal of the molecular species from the surfaces. We discuss the impact of this work in
providing an essential understanding towards a careful design of electrochemical elements.
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I. INTRODUCTION

Room temperature ionic liquids (ILs) are tunable media that have useful applications in many novel technological

applications. Hence, ILs can be considered as stable electrolytes in energy storage devices such as lithium ion batteries
[1-5] up to stabilizers or destabilizers of proteins [6-13] in biotechnological applications. In order to realize such
applications, the inherent properties of the ILs, meaning their interaction patterns, structural properties as well as
their behavior under certain conditions have been in the focus of research in the last two decades [6, 7, 14-16].
Accordingly, bulk ILs have been investigated theoretically [17-20], computationally [7, 21-24], and experimentally
[25-29]. As ILs are formed in various combinations of cations and anions of different sizes and polarities, they can also
possess different properties such as conductivity, diffusivity, viscosity, volatility as well as electrochemical stability
[1, 29-31], which affect the total performance of ILs in certain applications [3, 31-36]. Further modifications can
be observed after the solvation of additives or impurities in combination with trace amounts of solvent molecules
[31, 37-40]. Another factor influencing the IL properties and performance is the presence of interfaces (IF) and other
materials such as electrodes, proteins or DNA [5, 9, 36, 39, 41-45]. For a tailor-made design of ILs in terms of certain
applications, insight into their microstuctural arrangements and molecular interactions are essential.
An important example for short-range properties in ILs is the formation of layers in front of IFs. Due to electrostatic
and dispersion interactions between the surfaces and the molecules, several layers parallel to the surfaces are formed
on length scales of a few nanometers [46-49]. For IL mixtures including ions and other molecules, the type of solute
or solvent can play a crucial role on the IL properties. Prominent examples for interfacial IL mixture effects are the
accumulation of water in ILs as electrolytes for energy storage systems [50] that narrows the electrochemical stability
window [51] or the stabilization of proteins in aqueous ILs [6, 7, 10-13]. Overall, the microstructure of ILs at IFs
depends on the surface characteristics in terms of polarity and charge as well as the molecular properties of the
individual ions in the ILs [5, 36, 42, 45, 47, 49, 52, 53]. Thus, the molecular accumulation of ions and solute species
at IF's is driven by thermodynamics in combination with entropic effects for uncharged IFs [54]. In front of charged
surfaces, though, the behavior of ILs is not well understood. From a theoretical point of view, the layering of dilute
electrolyte mixtures in front of charged surfaces can be described by the mean-field Gouy-Chapman model [55]. As this
cannot be directly applied to the case of ILs which are concentrated electrolytes, several extensions or modifications
of the Gouy-Chapman theory were used [56]. Despite all changes, the presence and influence of neutral species is
typically included through a background dielectric permittivity or an excluded volume consideration of voids which
are not accessible by the ions [57]. Although such theories provide some insight on IL solutions, they usually ignore
many essential effects like partial charges and dipolar contributions as governed by molecular details of the solution.
One of the manifestations of the influence of the molecular distributions is the overscreeing [58] which consists of not
only double but several layers in front of the charged surfaces. The fist layer of counter ions provide excess charge
to the surface charges, and the following counter-ion rich layers show oscillating charge until it converges to zero. It
is widely studied theoretically [53, 57, 59, 60], experimentally[53, 61-65], and computationally [66-68]. However, the
complete explanation is still far to reach and it must take atomistic details of relevant molecules including neutral
species into account.

In order to study the influence of the molecular characteristics, we performed all-atom Molecular Dynamics (MD)
simulations of the IL 1-ethyl-3-methyl imidazolium [EMIM]* dicyanamide [DCA]~ with water or dimethyl sulfoxide
(DMSO) molecules at different concentration in presence of charged interfaces. A further comparison between neutral
and charged IF's reveals the contribution of the solute-surface interactions and their influence on the overall properties
of these systems. A main focus is given here on the distinct features of the relevant molecules and their behavior
within the IL mixtures and close to the IFs. The results from the MD simulations are further compared to a lattice-gas
model [56], which describes the IL mixtures in terms of a free energy functional. We extend this theory to also include
the distribution of molecules in front of the neutral surfaces.

II. METHODOLOGY
A. Simulation Details

We study in detail the microstructuring and the properties of IL mixtures confined within charged/uncharged sur-
faces. To this end, we perform atomistic Molecular Dynamics (MD) simulations for distinct IL solutions with either
water or dimethyl sulfoxide (DMSO). We choose water as a representative protic solute and DMSO as a representative
aprotic solute. The description of assignment of DMSO or water as a solute, co-solvent or solvent depends on the con-
centration, such that low molar concentration refers to solute properties while high molar concentration relates DMSO
or water being the solvent. In order to simplify the following discussion, we use the term ’solute’ for either DMSO
or water independent of the actual concentration. For the IL, we consider 1-ethyl-3-methylimidazolium dicyanamide
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FIG. 1: Left: ball & stick models of the IL ([EMIm]" cations and [DCA]~ anions), as well as water and DMSO
molecules. Right: a snapshot of an equilibrated IL-mixture with water (top) and DMSO (bottom) between two
charged surfaces at a solute concentration of x5, = 0.500. The axes, the charge on the IFs, and the distance between
the IF's are depicted. 'N side’ and 'P side’ denote the negatively and positively charged IF, respectively. The
hydrogen, oxygen, nitrogen, carbon, sulfur atoms are shown in white, red, blue, gray, and yellow, respectively.

[EMIm]|*[DCA]~, at various solute (water or DMSQO) mole fractions ranging from x5, = 0 (pure IL) to 25, = 0.875
(highly diluted IL solution). Specifically, solute mole fractions of {0,0.125,0.250,0.375, 0.500, 0.625, 0.75,0.875} were
simulated. The geometries of all species, ions and molecules, are shown in Fig. 1 together with snapshots of the IL
mixtures between the two interfaces.

The atomistic MD simulations with the GROMACS 5.1.3 software package [69-71] rely on the OPLS/AA force fields
for the ions and DMSO [72-75] and the SPC/E model for water [76]. This combination has already been validated
for water-IL mixtures [54, 77]. In all simulations, the temperature was set to T = 300 K by an improved velocity-
rescaling thermostat [78], using a coupling time constant of 0.1 ps. Electrostatic interactions were treated through
the particle mesh Ewald (PME) method [79, 80], where a real-space cutoff of 1.0 nm and a grid spacing of 0.16 nm
with a 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 [81]. An energy minimization was first performed
using a conjugate-gradient method, followed by an equilibration period of 10 ns under constant volume and 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 were performed for 300 ns each. Atomic positions and
velocities were stored every 10 ps. We have used computational boxes of dimensions 6.3 nm - 6.5 nm in the periodic
x, y directions and fixed the length z = 14.5 nm in the z direction perpendicular to the surfaces. These were placed
at z = 0 nm and z = 14.5 nm in parallel to the xy plane (see Fig.1 for the definition of axes and dimensions). All
species were randomly inserted using the software package PACKMOL [82]. The corresponding numbers of molecules
and ions for the respective mole fractions are shown in Table I. In order to compensate periodic interactions in
z-direction, a 3D-Ewald summation method with an electrostatic gap correction term [83] was used, thereby assuming
empty boxes with a height of three times the box length. We performed two types of simulations, one with the IL
mixtures confined between uncharged IFs and one with the IL mixtures within charged IFs. For the charged surfaces,
the surface charge is implemented by image charges on the surfaces so that the absolute value of the charge density



TABLE I: The input parameters for the MD simulations of water-[EMIM|*[DCA|~ mixtures and
DMSO-[EMIM]*[DCA]~ mixtures. 'NCF’ and "CIF’ refer to the neutral and charged IFs, respectively.

Mixture Mole fraction of solvent xso
0 \0.125\0.250\0.375\0.500\0.625 0.750\0.875

water-[EMIM] T [DCA]™ H ‘

Number of ions NV; 2500 2310 | 2257 | 2187 | 2090 | 1946 | 1710 | 1254

Number of solutes Ngo1 0 330 | 752 |1312]2090 |3243|5130 | 8778

Box length in x/y directions (nm) (NIF)|| 6.82| 6.61 | 6.61 | 6.60 | 6.58 | 6.56 | 6.53 | 6.46
Box length in x/y directions (nm) (CIF)|| 6.78| 6.57 | 6.57 | 6.56 | 6.55 | 6.54 | 6.51 | 6.46
DMSO-[EMIM] " [DCA]~ |
Number of ions N; 2500{ 2310 | 2190 | 2000 | 1760 | 1422 | 1110 | 640

Number of solutes Ngo1 0 | 330 | 730 {1200 | 1760|2370 | 3330 | 4480

Box length in x/y directions (nm) (NIF)||6.82| 6.76 | 6.83 | 6.86 | 6.87 | 6.77 | 6.93 | 6.99
Box length in x/y directions (nm) (CIF)|[6.78| 6.72 | 6.80 | 6.82 | 6.83 | 6.75 | 6.92 | 7.00

equals approximately 0.2 C/m?. The image charges can move on the surface which allows us to include the influence
of the fluctuation of the change distribution on the surfaces. This is essential to describe the correct properties of the
system [68]. The left and right surfaces reveal negative and positive charges, respectively (see Fig.1). The pressure
was kept constant at p = 1 bar by a semi-isotropic Parrinello-Rahman barostat [84] (periodic x- and y-dimensions
with a fixed z-dimension) with a coupling time constant of 2 ps and a compressibility of 4.5 x 1075 bar~1.

B. Lattice-gas model and free energies

In order to calculate chemical potentials of the species in the mixtures and the entropic contributions to them, we
briefly introduce the lattice-gas model [56] for both neat ILs, as well as IL mixtures which is used to study the outcomes
of the simulations. In this framework, the system is sliced into slabs parallel to the xy plane as depicted in Fig.2 in
two-dimensions. These slabs are in turn divided into sites, which can be occupied by the molecular species, namely
the cations, the anions, and the solute molecules. We next describe the derivation of thermodynamic observables
based on this model:

a. Neat ILs: the free energy F' of IL mixtures is given through

F=e®(Ny —N_)+ BN} +B_N? + CN;N_ — kgTlnW , (1)

where e the elementary charge, ® the mean field electrostatic potential, N the number of the total available sites for
each species within the slab parallel to the xy plane, N, and N_ the numbers of cations and anions, respectively, B
and B_ and C the coefficients for the cation-cation, anion-anion and cation-anion interactions, 7' the temperature,
kp the Boltzmann constant, and kg In W the mixing entropy of the mixture. The latter can be expressed as

N!

S kB nW kB n (N*Tl_A'_N_«_ 7n_N_)'(TL+N+)'(n_N—)'7 ( )

where kp is the known Boltzmann constant and N the number of the total available sites for each species within
the slab parallel to the xy plane, and n; and n_ are the number of the sites occupied by a cation and an anion,
respectively.

b. IL mixtures The lattice-gas theory was originally developed for dilute electrolytes, but can be extended to
neutral mixtures [57]. For the latter, the free energy F' of the IL mixtures is described through

F=e®(Ny —N_)+ > (UFN;)—d EN,+ B.N? + BLN? + B.N?+ YY" CyyN;N; — TS, (3)
i i
with (i,7 = +, —, s). The subscript s denotes the solute, N; is the number of solutes, d is the mean dipole moment

of the solute molecules, B, is the coefficient for the solute-solute interactions, C;; the coefficient for the interaction
of molecules i and j, and E is the mean electric field applied on the system. The interaction energy (UMY) between a
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FIG. 2: A schematic view of the concept behind the lattice-gas model representing the slicing of the slab of a
mixture on a two-dimensional xy plane. The slab is divided into a lattice, on which the various molecular species
occupy different sites depending on their molecular size as denoted by the different colors and labels.

molecule of species i with the surface was added to express the non-Coulomb interactions between all species in the
solution and the surface. The entropy is now given as

N!
(N—nyNy —n_N_ —ngN)!(ny N ) (n_N_)!(nsNy)!’

S=kplnW =kgln (4)
where, in addition to the notations used in Eqn.(2), ns is the number of the sites occupied by a solute molecule.

The free energies in Eq.3 provide access to other thermodynamic properties such as the chemical potentials relevant
to the mixtures and the contributions of entropy and enthalpy. The chemical potentials of the molecular species can
be calculated from the derivatives of the free energy with respect to the number N; of each species using the Stirling
formula (In N! =~ Nln N + N) leading to the expressions

e 6
N —niNy —n_N_ —ngNg
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where p; with i = 4, —, s represents the chemical potential of the cation, anion, and solute molecules, respectively. One
usually employs the indistinguishable ion approach [7] for reasons of thermodynamic consistency. However, referring
to individual ion species is convenient for evaluating the detailed thermodynamic quantities from simulation results. In
a system in equilibrium, the chemical potentials of each species and at each position are identical. Hence, by equating
the chemical potential in bulk solution pP"* and at the IF MZI-F, setting the interaction term 2B;N; +Zj# CijN; = E;

3
with the intermolecular interaction energy FE;, and using the relations & = 0, d-EP = 0 and UF = 0 in bulk, we
are led to the following equations:

NPk (N —n NIF — p_NIF — n NIF)

AH, —TAS, = (EP% _ BIFY _ e _ UF _ ko7 1In —F
+ + ( + + ) + B NJIrF . (N _ n+NE“1k — p_Nbulk _ nSN;oulk)

(8)
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FIG. 3: The normalized molecular density p2¥(z) of each species at a solute concentration of x4, = 0.5 for (top)
water and (bottom) DMSO mixtures with respect to the distance from the IF. The results are shown for neutral
(left) and (right) charged surfaces as indicated by the labels. In the left panel due to the symmetric configuration
for neutral surfaces only one is shown located at z=0 nm. The coloring of the lines corresponds to the species given
in the legend.
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where AH; and AS; with ¢ = +, —, s are the enthalpic and entropic contributions to the free energy for cations,
anions, and solutes, respectively. These contributions are related to the change in the chemical potentials in the
solutions at IFs compared to bulk solutions. In terms of the previous expressions, it is possible to use the results from
the simulations in order to calculate all energetic contributions and evaluate the behavior of each species at the IFs.
In these calculations, the bulk solutions are taken as the reference. Accordingly, we use the lattice-gas theory together
with the data from our simulations in order to access the microscopic details of the IL mixtures close to neutral and
charged IFs.

III. RESULTS

A. Density profiles at the interfaces

We start our analysis with the normalized molecular density profiles of each species in the solution mixtures, as
directly obtained from the MD simulations. The normalized molecular density denoted as pl¥(2) is the local density
at the position z (perpendicular to the IFs) divided by the bulk density. The density is calculated with respect to the
center of mass of each molecule and is given as a function of the distance z connecting the two interfaces (see axes in
Fig.1). According to this definition, p¥(z) converges to unity in the bulk near the center of the simulation box. Both
in front of charged and neutral surfaces, experimental results provided some evidence for the formation of distinct
layers [85]. A representative example for the layering in front of the neutral IFs for x5, = 0.5 in terms of water and
DMSO mixtures is shown in Fig.3(left). A more detailed inspection of these results highlight that in both cases three
distinct layers are formed. The intensity of the peak for the solutes is about 3 times larger for DMSO compared to
the protic water molecules. Accordingly, the ions show a reversed behavior in presence of both solutes. The first peak
is located at z; = 0.3 nm for the cations and anions, at z; = 0.25 nm for water, and at z; = 0.3 nm for DMSO.

In order to evaluate the difference in the accumulation of the species close to charged IFs, we follow the same
procedure as discussed above. The respective results for the IL mixtures and both the negatively and positively
charged interfaces are depicted on the right of Fig.3 again for a solute concentration of x4, = 0.5. The layering here
differs from the case of the neutral IFs, as the position of the peaks shift to z; = (0.3 — 0.35) nm for the cations,
0.3 nm for anions, 0.2 nm for water, and 0.4nm for DMSO close to the negative IF, and 0.3 nm for DMSO close to
the positive IF. In the case of charged IFs, the relative heights of the first layer for all species shows the opposite
trend compared to the neutral IFs. Our results depict the formation of electric double layers (EDLs) [56, 86], which
include the counterion-rich layer in front of the surface and the following co-ion layer in front of both negatively and
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FIG. 4: The normalized number density p,(z;) of each species within the first layer with respect to different solute
concentration g for (top) water and (bottom) DMSO mixtures with respect to the distance from the IF. The
results are shown for neutral (left) and charged (right) surfaces as indicated by the labels. In the left panel due to
the symmetric configuration for neutral surfaces only one is shown located at z=0 nm. The coloring of the lines
corresponds to the species given in the legend.

positively charged surfaces. The polar water molecules are accumulated closer to both IFs, followed by the cations
close to the negative IF and the anions close to the positive IF. The water molecules are much smaller than DMSO
and have a higher relative permittivity, such that they can occupy the voids between the ions and reveal favorable
electrostatic interactions which rationalizes the higher water concentration in the EDL. In the DMSO mixtures, the
DMSO molecules form the second layer in front of the charged IFs, following the cations close to the negative IFs
and the anions close the positive IF. The layers extend further towards the bulk, while at the charged IFs roughly six
layers are formed for mixtures including water in contrast to four layers in presence of DMSO.

The positions of the peaks from the normalized molecular densities in Fig.3 are further used for the calculation
of the normalized number density pgl(zl) of each species within the first layer at z; close to each IF. The results
with respect to the solute concentration zy, are depicted in Fig.4(left). A clear difference can be seen in the water
and DMSO mixtures for both neutral and charged IFs. In water mixtures, the number of ions increases in the first
layer with an increasing concentration xs., while for DMSO the number of ions, both for cations or anions decreases.
For increasing solute concentrations, the number of water molecules within the first layer close to the IFs slightly
decreases. For the DMSO mixtures, the number of DMSO molecules increases up to a mole fraction of x4, = 0.625
and then drop. Accordingly, comparing water and DMSO mixtures underlines a reversed behavior in terms of the
accumulation of each species within the first layer close to neutral IFs. This is a direct consequence of the different
solute type, its size and electronegativity and can be rationalized by entropy-driven effects [54].

For charged IFs as shown on the right of Fig. 4, the accumulation of molecular species closest to the IFs reveals some
differences when compared to uncharged IF's. Increasing the solute concentration xs. leads to a decrease of the number
of ions in front of the charged surfaces in the water mixtures and a significant increase at x4, = 0.75 for the DMSO
mixtures. Regarding the solute accumulation, in water this is enhanced at the positive side up to a concentration of
Zsol = 0.875 and is depleted at the negative side of the IFs. DMSO is depleted both at the negative and positive IFs.
The higher accumulation of the water molecules close to the positive IF is probably related to the high dipole moment
in the direction of the negatively charged oxygen atom which does not lower the conformation entropy. In contrast, the
reverse arrangement results in restricted rotational movements, such that the entropic contribution is reduced which
rationalizes the lower occurrence probability of water in front of negatively charged IFs. The distinct accumulation
behavior between water and DMSO is crucial for practical applications of IL mixtures in terms of electrochemical
stabilities [36], which rely on the type of species, ions or solutes, that are preferably accumulated at IF's.

B. Entropy and molecular accumulation

Our results have underlined a distinct accumulation behavior of the molecular species at the IFs. In order to provide
insight into the fundamental mechanism of this accumulation, we calculate the entropic contribution to the chemical



potentials as provided in Egs. 9, 10, 11. For each species at different solute concentrations, we first need to estimate

n; IN; pivi/a;

N-nyN,—n_N_—nsN, 1.0—pyv,/ar—p_v_Ja_ — psvs/as’ (11)
according to Eqgs.6, 5, 7, where p; is the atomic number density of species i = +, —, s in combination with the
molecular volume, v;, which is v, = 0.116 nm? for the cations, v, = 0.0553 nm?® for the anions, v, = 0.0196 nm? for
water, and v, = 0.0717 nm?® for DMSO as obtained from the literature [87]. The number of atoms in each species,
a;, is ay = 19 for the cations, a_ = 5 for the anions, a; = 10 for DMSO, and a, = 3 for water. Using Eq.11, the
entropic term —kpTAS; in Egs.9, 10, and 11 is shown in Fig.5 (left) for neutral surfaces at distances in the range
0.125 nm — 0.375 nm from the position of the IFs. These distances include the first peaks of the normalized molecular
densities as discussed above. Specifically, in water mixtures a higher entropy term when compared to the solute can
be observed for the ions. For DMSO mixtures, a higher entropy term can be associated with the DMSO molecules.
These trends in both types of mixtures follow those for the normalized molecular densities in Fig.3(left). Our results
underscore the fact that the change in the accumulation behavior of molecules is governed by changes in the entropy.
Accordingly, at neutral IFs; the accumulation of the molecular species close to the IF's is entropy driven in agreement
with previous findings [54].

Next, we compare these results to the respective ones for the IL mixtures at the charged IFs. The outcomes are
depicted in Fig.5 (right). Similar trends as for the neutral IFs can be observed in the DMSO mixtures and only for
the anions in water mixtures, as for these the entropy term increases with the solute concentration as in the case
of the neutral IFs. The other species in water mixtures show a distinct behavior, as their trends are on average
reversed when compared to the neutral IFs. A comparison with the respective normalized molecular densities in
Fig.3(right) reveals the correlation of a higher accumulation as indicated by the high peak in the densities to a lower
entropy contribution. In more detail, in water-IL mixtures, the accumulation of species decreases with the following
order: water at negative IFs, water at positive IFs, and ions. At the same concentration of x5, = 0.5, the entropy
contribution decreases with the following order: ions, water at positive IF's, and water at negative IFs. In DMSO-IL
mixtures, the trends at the same concentration of x4 = 0.5 as in Fig.3(right) show a stronger accumulation of the
ions at the charged IF's, followed by the DMSO molecules at positive and negative IFs, respectively. A comparable
trend is observed for the entropic contributions within the DMSO mixtures.

Overall, our observations point to distinct changes in the entropy contribution in the water accumulation in front
of charged IFs when compared to DMSO mixtures. These results highlight the fact that the differences in the
accumulation of the species is driven by entropic effects, larger contributions in terms of electrostatic and dipolar
interactions affect the free energy in presence of charged interfaces which rationalizes the differences in our observations.
In the end, adding a solute with low permittivity like DMSO does not change the molecular structuring at IF's, while a
solute with high permittivity like water considerably changes the structuring by interacting strongly with the ions and
aligning favorably its orientation with the charged IF. Note, that the experimental values of the relative permittivity
of water and DMSO are 78.42 and 46.64 at 297.15 K [88], and the corresponding values calculated by our simulations
using the dipole moment fluctuation formula [89] are 71.14 and 44.40, respectively. These results are important and
striking as they unravel the underlying mechanism of the interaction of molecular species with interfaces, allowing a
proper selection of the species type in order to tune their interaction, thus their accumulation at the IFs.

C. Molecular specifics: dipole moments and interactions with surfaces

Our previous results clearly underline the important role of the solute molecules in defining the behavior of the IL
mixtures especially in front of the charged IFs. In order to obtain a deeper insight into the distinct features that the
specific choice of molecular species can offer, we turn to the solute-surface interactions d-EF in Eq.11 and summarize
the results in Fig.6. At a first glance, the solute-surface interactions are of the same order apart from the water
negative-surface interactions which are 2-4 times stronger. This observation can be understood with regard to the
higher relative permittivity of water when compared to DMSO molecules in combination with the weak interaction
between cations and water [24]. As observed above, in the case of water mixtures Fig.3, the water molecules are closest
to the negative IF, followed by the cations. Accordingly, water molecules can strongly interact with the external field,
namely the electrostatic field generated by the surface charge. At the positive IF, though the water molecules are
again closest to the surface, these are also more closer to the anions. As a result, the water molecules do not only
interact with the IF, but also with the neighboring anion layer. In the case of DMSO mixtures, the solute-surface
interactions at the negative IF are less strong than the water mixtures due to the lower relative permittivity of DMSO.
In consequence, DMSO is more restricted in the spatial conformations in order to maximize its interactions with the
charged interface. At the positive IF, the solute-surface interactions are about two times stronger, as the anion layer
between the surface and DMSO enhances these interactions.
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the negative and positive IF, respectively.

In order to analyze further the influence of the surface, we access the average normalized dipole moment of solutes.
Due to the symmetric configuration along the z, y directions, we only focus on the z component of the average dipole
moment of the solutes with respect to their distance from the surface, which is given through:

dZ(Z) — %Z Mz,i(z)’ (12)

|l

where (i, ; is the z component of the dipole moment of the solute ¢, and |f] is the norm of the dipole moment of the
solute, which is 2.35D for water and 4.416D for DMSO as calculated from the simulations. Note, that the respective
experimental values are 3.960D for DMSO and 1.855D for water [90]. The sum is taken over all N solute molecules
located at the distance z from the surface. Our results shown in Fig.7 reveal that, even in front of the neutral surfaces,
the periodic orientational preference of solutes is observed. In water mixtures at neutral IFs, the first peak at z = 0.2
nm, corresponds to a positive average dipole moment for water up to a solute concentration of xg, = 0.750. At this
latter concentration, the first peak is shifted to z = 0.15 nm and corresponds to a negative value for the average
dipole moment of water which shows that the O-H bonds of the water molecules are directed towards the surface.
This change indicates that the strong interaction of the hydrogen atoms of water with the anions is important up
to high concentrations [24]. In the case of DMSO mixtures at neutral surfaces, no modifications for DMSO can be
observed, as DMSO interacts mostly through van der Waals interactions with other molecules. These interactions are
not highly influenced by changes in the solute concentration [24].
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FIG. 7: The z component of the average dipole moment d,(z) of solutes in front of (left) neutral, (middle)
negatively and (right) positively charged surfaces at different solute concentrations. The color convention for the
different xsol is denoted in the legend.

In front of charged surfaces, the amplitude of the average normalized dipole moments is enhanced compared to
the neutral surfaces. As observed in Fig.3, the main differences between neutral surfaces and charged surfaces is the
existence of the cation rich layer in front of the negatively charged surface and the anion rich layer in front of the
positively charged surface. For a lower water concentration, the water dipole moments point to the surface due to
the strong electric field between the cation-rich layer at z = 0.3 nm and the anion rich layer at z = 0.6 nm. At a
high water concentration of zs, = 0.875, the dipole moments of water molecules are oriented towards the surface
as water due to its small size can fill the gaps between the ion layers and clusters at the interface. At the negative
IF, significant variations in the second peak (z = 0.4 ~ 0.6 nm) of the average normalized dipole moments can be
observed when increasing the water concentration. Close to the positive IF, the water molecules interact with the
anions at low water concentrations. We have observed at high water concentrations, that water starts to form again
clusters and hydrogen bonded networks. This observation is highly relevant to the interaction energy between the
surface and the solute UF and d-E™ in Eq.11 and reveals that the electrostatic contribution from the interface d- E™F
is important only in the case of charged surfaces as expected. It strongly influences the structuring of the ions in front
of the charged surfaces, enhancing the differences in the solute-surface interactions for the positively and negatively
charged surfaces as observed in Fig.6. In DMSO mixtures close to the positive IF, the DMSO concentration has an
evident effect due to the weak interactions between anions and DMSO. Accordingly, there is a higher response to the
external electrical field. In front of the negatively charged surface, the DMSO mixtures do not show any significant
changes with increasing DMSO concentration. DMSO is depleted from the IF as shown in Fig.3 and the structuring
of the ions at the IF is not strongly affected by changes in the DMSO concentration.

D. Overscreening at the interfaces

Finally, the influence of solute molecules on overscreening effects is analyzed. First, in order to observe the over-
screening at the IFs, the cumulative charge Q(z) with respect to the distance z from the negative IF and the positive
IF in the water and DMSO mixtures using the following equation
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Qz) = / Cy(2)dz, (13)

where z is the distance from the surface and ¢(z) is the charge density at distance z. In order to relate the accumulation
of each species at IFs with the overscreening, the contribution of total species and ions, both of which include the
surface charges, are calculated separately. The calculated values are shown in Fig. 8.

Interestingly, except for the water mixtures at negative IF, adding solutes does not affect the total screening at the
highest peaks (located at 0.4 nm at negative IF and 0.25 nm at positive IF) shown in the top and the third rows
in Fig. 8. Note that, overscreening occurs when Q(z) > 0 at the negative IFs and Q(z) < 0 at positive IFs. In the
water mixtures at negative IF where water interacts very weakly with cations, the highest peak position shifts to
around 0.18 nm due to the accumulation of the water molecules. The contributions from ions (the second and the
bottom rows in Fig. 8) decrease with respect to the solute concentration due to the decrease of the concentration
of ions. An exception is the case of DMSO mixtures at the negative IF, where the DMSO is depleted from the IF
and the contributions from ions remain dominant. Combining these observations underlines that the total screening
is determined by the combination of the surface charge, the shape of cations and anions of IL, and the interaction
between the solute and the ILs at IFs. However, the screening does not depend on the distribution of molecules at
the IF's. Note, that weak interactions between ILs and the solute at IF's and the small size of the solute molecules can
change the amount of overscreening effects. This finding is consistent with dipole-surface interactions at the negative
IF in the water mixtures discussed in the previous section, where the strong adsorption of water to the negative
surface charge is observed.
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IV. CONCLUSIONS

We have studied confined water-[EMIm]*[DCA]~ and DMSO-[EMIm]*[DCA]~ mixtures using atomistic MD sim-
ulations. The confinement is imposed by two neutral or oppositely charged structureless walls with a surface charge
of 0.2C/m?. The influence of different water/DMSO concentrations on the microstructuring, accumulation and ther-
modynamics of each species is discussed. For the latter, the contribution of the entropy directly from the simulation
results using a lattice-gas theory is evaluated. Our work clearly underlines the differences between water-IL and
DMSO-IL mixtures. The results indicate that the differences in microstructuring of the molecular species in front of
both neutral and charged surfaces are governed by entropy changes throughout the solute concentration range. An
exception from this trend was clear for water in front of the positively charged surface, where the strong interaction
between anions and water play an important role suppressing the interaction of water with the positively IF. We have
provided a direct insight to IL mixtures confined between surfaces, through a detailed analysis of their structural and
dielectric characteristics. We were able to connect our observations to the explicit solute-surface interactions in the
confined IL mixtures and underline their inherent differences. The investigation of these, revealing the significant
role of the interaction between the surface charge and the dipole-moment of solutes, pointed to the observations that
water reacts to the surface charge of the negatively charged surface, while DMSO reacts less strongly to the surface
charge of the positively charged surface.

In view of practical applications, the different trends in the IL mixtures including water or DMSQO, provide an
essential understanding which stimulates further research in improved electrochemical devices. Our results reveal
that the removal of water from the surface is a challenging task due to the small size of the molecule. Water is a
molecule with high electronegativity, which interacts more strongly with the anions than with the positive IFs [91—
93]. This shielding effect may protect water from direct surface electrolysis which allows to increase the operating
voltage of the device. Alternatively, using ions with higher electronegativity lead to weaker interactions with the
water molecules in addition to the ionic shielding effect [92, 93], such that water removal from the charged interfaces
might be enhanced. Overall, our results clearly show that the use of a large solute in combination with large ions
can suppress the accumulation of solute molecules in front of charged surfaces. Through this choice, the interactions
between surface charges and the solutes during the dilution of ILs can be prevented. Alternatively, solutes interacting
strongly with ions can be chosen in order to reduce the interactions between surfaces and the solutes as also observed
in the opposite case to our system [53], where water strongly interacts with cations at negative IFs. This is an
important aspect for the chemical stability of IL mixtures when adding solutes in order to increase their conductivity.
In the end, our study provides valuable insight into the proper choice of the molecule type and size in tailoring the
cation-anion combination in IL mixtures for specific purposes and applications.
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