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ABSTRACT

Polarizability is a key factor when it comes to an accurate description of different ionic systems. The general importance of including polariz-
ability into molecular dynamics simulations was shown in various recent studies for a wide range of materials, ranging from proteins to water
to complex ionic liquids and for solid-liquid interfaces. While most previous studies focused on bulk properties or static structure factors,
this study investigates in more detail the importance of polarizable surfaces on the dynamics of a confined ionic liquid in graphitic slit pores,
as evident in modern electrochemical capacitors or in catalytic processes. A recently developed polarizable force field using Drude oscillators
is modified in order to describe a particular room temperature ionic liquid accurately and in agreement with recently published experimental
results. Using the modified parameters, various confinements are investigated and differences between non-polarizable and polarizable sur-
faces are discussed. Upon introduction of surface polarizability, changes in the dipole orientation and in the density distribution of the anions
and cations at the interface are observed and are also accompanied with a dramatic increase in the molecular diffusivity in the contact layer.
Our results thus clearly underline the importance of considering not only the polarizability of the ionic liquid but also that of the surface.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0077408

I. INTRODUCTION

Room temperature ionic liquids (RTILs) are considered as
promising materials for a wide range of chemical and electrical
applications. The growing attention to these materials rises mainly
from their distinct properties: As a room temperature molten salt,
they have almost no vapor pressure, a high thermal stability, and
a large liquidus and electrochemical window.' * Tonic liquids are
used as solvents in the processing of aerogels, as a silica supported

simulations.'”'” However, the conductivity of ionic liquids is gener-
ally rather low?’ and can be increased by the addition of solvents that
effectively reduce their viscosity.”"*” With the ever increasing emer-
gence of nanoporous carbons as electrodes or as support materials
for catalytic reactions in combination with RTILs, the interactions
between those materials and the resulting dynamics are of great
interest as RTILs often continue to exceed expectations, for exam-
ple, in terms of high voltage charging'>”* and increasing catalytic

catalyst in water and in other homogeneous and heterogeneous
catalytic processes.”'” Concerning electrochemistry, they attract
great attention as promising electrolytes in energy storage applica-
tions such as batteries and supercapacitors'”'® and their associated
charging dynamics have been extensively studied with molecular

effectiveness.”"”’

Several molecular dynamics studies have been conducted pre-
viously employing a broad range of different force fields to obtain
fundamental insights into the structure and dynamics of ionic lig-
uids in contact with carbonaceous structures.””*' While most force
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fields with fixed atomic partial point charges are able to reproduce
structural data from experiments, they typically underestimate the
dynamical properties of RTILs by orders of magnitude.” " In par-
ticular, ion-dynamics are important for modeling and optimizing
the charging and discharging processes in carbon based supercapac-
itors, for instance.” A commonly used work-around to reproduce
effectively correct dynamics of the RTILs is to scale down some of
their atomic point charges. However, this scaling leads to inaccu-
racies in the description of the dielectric and structural properties
and often yields incorrect densities.””” Tonic liquids are rather
large ionic molecules with mostly strongly delocalized charges. Their
often polar aromatic side groups are thus exposed to pronounced
electrostatic forces. A straightforward approach to improve the rep-
resentation of electrostatics, and hence dynamic properties, is the
explicit modeling of the polarization.”””**" In addition, several
works in the past have proven that a polarizable treatment of the
surfaces, especially when in contact with RTILs, plays a key role."” "
However, previous studies have focused either on other material
combinations (e.g., water—graphene or saline-gold) or merely
structural properties of RTILs.

In this work, we illustrate that the surface and liquid polar-
izabilities play a crucial role in determining the dynamics of
ionic liquids at electrode interfaces. A polarizable semi-empirical
Drude-Lennard-Jones force field is adjusted to accurately describe
the ionic liquid 1-butylpyridinium bis(trifluoromethane) sulfon-
imide [BuPy][NTf2]. The modified parameter set is validated against
experimental data in terms of dynamical and structural properties
in the bulk phase.”*’" After validation, different slit-pore confine-
ments (cf. Fig. 1) are investigated in order to obtain a detailed insight
in the behavior of the RTILs at the solid-liquid interface on an
atomic scale. Finally, the focus of this work lies on the investigation
of the influence of a polarizable surface on the dynamical proper-
ties, e.g., diffusion coefficients—with a remarkable enhancement of
near-surface diffusion—and the associated structural ordering of an
RTIL in confinement.

Il. METHODS

All simulations are performed within the framework of molec-
ular dynamics using the Large-scale Atomic/Molecular Massively

FIG. 1. Snapshot of the 4.09 nm slit-pore confinement. For visualization, 33% of
the RTIL [BuPy][NTf2] are shown along with the dipole orientation normal to the
surface in the graphite layers (positive charge toward the RTIL: red; positive charge
toward the RTIL: blue). The color coding of the RTIL atoms is as follows: N: blue,
C: teal, O: red, S: yellow, F: brown, and H: white.
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Parallel Simulator (LAMMPS).” LAMMPS was built with the
USER-DRUDE package to enable the polarization of atoms by
Drude oscillators.”® The resulting data are visualized using Visual
Molecular Dynamics (VMD).*” VMD is also used to create initial
slit pores with graphene layers of different sizes. Initial configura-
tions of the ionic liquid are generated using the fftool” that relies on
PACKMOL.”!

Short-range van der Waals interactions are described by a 12-6
Lennard-Jones (LJ) potential and use the same 12 A cutoff as the
real-space Coulomb interactions. In addition, long-range electro-
static interactions are computed with a particle-particle particle-
mesh (PPPM) solver. Parameters for an unpolarized ionic liquid
[BuPy][NTf2] are taken from the CL &P force field.”> The recently
released CL & Pol force field was employed to take polarizabil-
ities into account by employing Drude oscillators.””** Short-
ranged electrostatic interactions between induced dipoles are effec-
tively reduced by Thole functions preventing excessive correlations
between neighboring Drude particles.”” The integration of Drude
particles into the CL &P force field is accomplished according to
the method of Lamoureux and Roux.” Atomic polarizabilities of
the ionic liquid are modeled by introducing additional Drude par-
ticles on heavy atoms as proposed by Goloviznina et al.*’ and
Schroder.”® All calculations related to confined states employ the
CP & Pol polarizable force field for the description of the ionic liquid.

To account for image charge effects, graphite is polarized in a
procedure similar to that used previously for gold®” using a method
described in the work of Geada et al.,** which allows us to describe
electrode polarization in a consistent way without requiring too
much additional computational effort. Alternatively, a fixed poten-
tial approach™ " or an electrostatic layer correction with image
charges (ELCIC)®! could be utilized. For graphite atoms, a per-atom
polarizability of 0.867 A® is used as obtained from ab initio calcu-
lations of the out-of-plane polarization of few layer graphenes in a
vacuum.®” Ho and Striolo*” investigated the impact of surface polar-
ization of trilayer graphene in contact with water using a compara-
ble value for the per-atom-polarizability. Misra and Blankschtein®’
employed a somewhat larger value of 1.139 A’ in their studies of
the water/graphene interface in order to take the anisotropic char-
acter of the polarization into account. Although anisotropic Drude
oscillators would generally be preferable, in this study, we chose
the polarizability of Yu et al.” to avoid overestimating the out-of-
plane polarization, as an anisotropic polarization of electrode atoms
is not yet possible with current simulation approaches. Aside from
the scaling of the intermolecular energy-related variable ¢ in the L]
potential (according to the symmetry-adapted perturbation theory
values of Goloviznina et al."’), a reasonable ¢ parameter scaling is
obtained by evaluating various scaling factors besides the suggested
one of 0.985."" The obtained simulation results are compared to
experiments of Busch et al.,*® which considered the bulk density and
self-diffusion coefficient of the cation.

All calculations are performed with a time step of 0.25 fs and
contained 300 ion pairs of the RTIL to ensure accurate calcula-
tions of the mean square displacement.”’ This rather small time step
ensured stable simulations and accurate dynamics despite the small
mass of the additional Drude oscillators. Bulk phase calculations
with periodic boundary conditions in all three dimensions are used
for equilibration using a NPT ensemble employing a Nosé-Hover
barostat and thermostat at 340 K and 1 atm pressure. In contrast,
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slit-pore walls restrict the RTIL in the z-dimension, and hence, a 2D
k-space modification is used.* Pore walls are modeled by a stack
of three graphene layers on each side of the RTIL. According to
previous studies, three layers have been proven sufficient to model
a polarizable surface."”***” To ensure atmospheric conditions, slit
pores were exposed to a force equal to a pressure of 1 atm applied to
the upmost three layers that act thus as a piston on the whole system.
The pressure was held constant until the pore walls reached their
equilibrium positions in which they were then fixated. To keep the
computations feasible, different pore heights are created by varying
the surface area of the slit pores while keeping the amount of ionic
liquid constant. As a result, slit pores with a distance between the
walls of 4.09, 2.36, and 1.65 nm are generated. Besides the usage of
(modified) CL &P force field parameters for the ionic liquid, para
meters for electrode carbons are taken from the OPLS-AA force
field.®® LJ interactions between different species are calculated
according to the required geometrical mixing rules of OPLS-AA.

The slow dynamics of the ionic liquid required a specific equi-
libration using different temperatures (cf. supplementary material,
Sec. I B). A detailed description of the force field parameters as well
as the simulation setup is given in the supplementary material.

A. Mean square displacement

The mean squared displacement (MSD) of a particular atomic
species can be calculated according to

2 1 N 2
(F(@) = § - L+ D =AY (1)

Therein, the displacement r within a certain period of time 7 of
each particle i of a given species is averaged. Equivalently, a MSD
of an individual spatial dimension can be obtained by using one
coordinate component, e.g. x, in the calculation. Each production
run for calculating the MSD in the whole pore lasts 10 ns, which is
considered to be sufficient according to other works.*’

The diffusion coefficient is obtained from the slope of the MSD
by employing the Einstein relation, with n being the number of
considered spatial dimensions. While all three dimensions (n = 3)
were considered for the bulk calculations, only the displacements in
x- and y-dimensions are considered for the confined state (n = 2)
since diffusion is restricted in the z-direction. As the displacement
in each spatial dimension is independent from other dimensions, the
two-dimensional diffusion coefficient Dy, is given by

1 d

py- L im (Bl o). @
To investigate the influence of polarizable surfaces on the
dynamics of the confined ionic liquid, especially in the contact layer,
trajectories of individual molecules are partitioned as described
below to calculate specific diffusion coefficients within molecular
layers. Each layer height is defined by two minima in the density pro-
files as illustrated in Fig. 4. Since the differences in the overall density
profile of the ionic liquids for polarizable and non-polarizable sur-
faces are marginal, the same layering was used in both cases. In order
to avoid highly fragmented trajectories, layer transitions are trig-
gered if a molecule moves across a layer boundary for more than

25 ps.
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FIG. 2. Schematic representation of the method used to calculate the mean square
displacement layer-wise by partitioning trajectories. (a) Molecule i diffuses in the
pore within total simulation time 7y, = feng — fo. During the simulation, two layer
transitions take place on time steps {1 and f,, respectively. (b) The displace-
ment is partitioned according to these two layer transitions. (c) Resulting per-layer
displacements of the traced molecule.

Figure 2 illustrates exemplarily the approach to partition a tra-
jectory for the case of a twofold layer transition. During the entire
movement, two layer transitions occur, the first at time step ¢, when
the particle moves from layer I to layer II, and the reverse transi-
tion from layer II to layer I at time step f, [cf. Fig. 2(a)]. Based on
these two time steps, the trajectory is now partitioned into layer-wise
partitions, as shown in Fig. 2(b). A new displacement is calculated
for each partition, using as the initial position the location where
the molecule enters the respective layer. The position, at which the
molecule crosses the layer boundaries, thus represents both the end
of the current and the new origin for the following displacement
calculation. For instance, the first partition (blue curves in Fig. 2)
ranges from the start of the overall simulation trajectory at ¢, to the
first layer transition at ¢; with the total time 7o. The displacement of
the first partition rj (7o) is calculated continuously starting from the
origin at 7i(#o) up to ri(t1),

ri(o) = 7i(t1) = 7i(to). ®

Accordingly, the second partition covers the displacement that takes
place in layer II after the first layer transition at r;(#;) and until the
molecule leaves the layer at 7;(t,) (orange curves in Fig. 2). The dis-
placement of the following third partition is calculated from 7i(#,)
to the end of the overall simulation trajectory at 7;(3) (green curves
in Fig. 2). In the general case of K layer transitions, one obtains
K + 1 individual trajectories by partitioning the trajectory of a spe-
cific molecule. Each of these partitions k covers only the timespan 7
between its starting time step #;, defined by the recent layer transi-
tion [or the simulation start for the first partition (k = 0)], and the
last time step ty.1, defined by the following layer transition [or the
simulation end for the last partition (k = K)]:

7i(Tiot) = kz_: (Fi(tesr) — 7i(te))- @
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According to these limits, the displacement 7(7;) by the con-
tinuously movement in one particular layer can be calculated,

Fi(Tk) = Fi(tkﬂ) - ﬁ(tk). (5)

The layer-wise partitions are treated as individual trajectories, which
are used to calculate a mean square displacement for each particular
layer, as shown in Fig. 2(c), by averaging over the ensemble. It should
be noted that Fig. 2 shows artificial data and is only used to illustrate
the approach to fragment the trajectory to estimate the MSD. The
resulting data of our simulations can be found in Sec. IT A of the
supplementary material. The resulting layer-wise trajectories have
various lengths 7 depending on the time a molecule remains in the
respective layer continuously [cf. Fig. 2(c)]. This results in a decreas-
ing number of trajectories with time and affects most critically layers
with a low density. Diffusion constants are obtained from the slope
of the layer-wise MSDs analogous to Eq. (2) and are calculated only
up to the time step at which at least 20 individual layer-white tra-
jectories are available. The lower limit of the range used for the
slope calculation is defined according to the transition to the bal-
listic regime, in which the MSD is no longer linear (i.e., 0.2 ns; see
Fig. $4 of the supplementary material). The slope is weighted by the
number of trajectories available at each specific point.

B. Induced dipoles

The induced dipole y on the atoms is calculated from the dis-
placement p of the specific Drude particle and its core atom in the
presence of an electric field E arising from the fixed charges as well
as all the other induced dipoles,

2
u:qD-p:(Z—g)E, 6)

where gp is the charge on the Drude particle and kp is the
spring constant of the Drude bond."*** Dipoles induced by a sin-
gle adsorbed ion on the substrate are estimated from a 2 ns gas
phase production run without any other ionic liquid molecules at
a temperature of 1.0 K (cf. Fig. S11 of the supplementary material).
Since the system is not charge neutral in this specific case, an overall
neutral system is ensured by introducing a neutralizing background
charge.””

I1l. RESULTS AND DISCUSSION
A. Bulk properties of the ionic liquid

Calculated bulk densities at 340 K for different o-scaling factors
A, are summarized in Table I. A scaling factor of 0.950 gives nearly
perfect agreement with the experimentally determined bulk density
as compared to the factor of 0.985 proposed by Goloviznina et al.*’
Consequently, this optimized value is used in all simulations where
the polarizability of the RTIL is considered.

Including polarizabilities in the ionic liquid model enhances the
diffusion of the cation by more than one magnitude as compared
to an unpolarized description. After the scaling of ¢ with the opti-
mized scaling factor, the diffusion enhances by another 25% and
is in almost perfect agreement with previous experimental results.
It should be noted here that correct scaling not only improves

ARTICLE scitation.org/journalljcp

TABLE I. Comparison of bulk densities of pure [BuPy][NTf2] at 340 K for different
scalings A, of the Lennard-Jones o parameter when Drude particles are introduced.

p D* D
Ay (g cm™) (107 m?s7!)
Unpol. 1.384 0.151 n/a
0.985 1.347 1.797 n/a
0.970 1.374 2.008 n/a
0.950 1.407 2411 2.107
Exp.”" 1.407 2.407 n/a

static quantities such as the bulk density; at the same time, it pro-
vides a correct estimate of dynamic quantities such as the diffusion
coefficient.

B. lonic liquid structure at the solid-liquid interface

The importance of an additional polarizable treatment of the
pore surface atoms is investigated for three different nanosized slit
pores. First, (symmetrical) density profiles of a confined RTIL in slit
pores using polarizable or non-polarizable pore surfaces are com-
pared in Figs. 3(a)-3(c). In general, only small differences in the total
density profiles and electrostatic potentials inside the confinements
are observed for a polarizable or non-polarizable surface treatment.
Ionic liquid density profiles are slightly shifted toward the surface
(about 0.1 A) when surfaces are polarizable. This can be attributed
to the mobile Drude charges in the first graphene layer, which orient
themselves depending on the surrounding ions—shifting the center
of mass slightly. While it was not possible to calculate the potential at
zero charge (PZC) for the smaller confinements due to the absence
of a bulk-like phase, it was estimated from Fig. S9 to be —0.23 V for
the largest confinement.

However, the influence of the polarizable surfaces on the distri-
bution of the individual ions is much more pronounced, as shown
in Figs. 3(d) and 3(e). An increased layering, where the cation and
anion are separated in more distinct areas, is observed for polariz-
able surfaces. The increase in the alternating arrangement is most
pronounced in the first contact layer; in the case of the cation, the
number density increases significantly—i.e., more than 20 nm™
(~17.5%). The general layering for polarizable surfaces is illustrated
in Fig. 4. While it is absent in the smaller pores, a stable bulk phase
begins to form in the middle region of the third layer in the largest
pore. However, before a stable bulk-like phase appears, the number
density of the cation and anion alternate in the second (diffuse) layer
caused by ion screening,”’ while other peaks appear in the contact
layers for both ions, which has been observed as well by Buraschi
et al.”® for another type of RTIL. Quite surprisingly, the smallest
pore demonstrates no bulk or bulk-like phase and contact layers are
divided by a diffuse-like zone alone [layer II in Fig. 4(c)]. This dif-
fuse layer illustrates furthermore a rather unusual behavior as both
ions show a maximum number density in this layer.

To investigate changes in the nearest neighborhood and molec-
ular ordering in the different layers and confinement states, the
cation—cation and cation-anion pair correlation functions (PCFs)
are calculated layer-wise. Layer-wise pair correlation functions of all
confinements with polarizable and non-polarizable surfaces can be
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FIG. 3. Density profiles of the ionic liquid [BuPy][NTf2] in the three slit-pore confinements with a height of 4.09, 2.36, and 1.65 nm using polarizable (solid line) and non-
polarizable (dotted line) surfaces (a)—(c). lon density differences (Ap} = pipol - piunpol) of BuPy* (blue) and NTf2~ (red) between polarizable and non-polarizable

surfaces are shown in panels (d)—(f), respectively. Az = 0 coincides with the first layer of the graphite stack in contact with the RTIL.

found in Figs. S7 and S8, respectively. By using a cylindrical rather
than the usual spherical integration volume, the calculated PCF only
takes the neighboring molecules in the same layer into account. This
approach makes it possible to investigate changes in the Coulom-
bic ordering within each individual layer, as shown in Fig. 5, and
is similar to the one from the work of Futamura et al.*> While the
contact layers in all three confinement heights have approximately
the same structure, the composition in the diffuse layer of the nar-
rowest confinement differs significantly from the others. As can be
seen in the ratios of nearest neighbor ionic species in Fig. 5, the
fraction of cations located in the first coordination shell of another
cation increases significantly. Surprisingly, it is independent of the
polarization of the surfaces (see the pie charts in Figs. S8 and S7
of the supplementary material). Due to a strong confinement, the
ordering in particular layers is alternated in a way that the Coulom-
bic ordering, in which an ion is mostly surrounded by ions of the
opposite charge, is replaced by a block-wise alternating structure
of same ion clusters. This so-called “superionic state” was first pre-
dicted for sub-nanometer pores by Kondrat and Kornyshev’* and
later experimentally observed by Futamura et al.”’ However, the
rearrangement associated with a superionic state was so far only
observed in narrow confinements with a monolayer configuration
and is associated with mirror charges induced on the surface, which
decrease effectively Coulombic interactions between the ions.”" """
We observe that a similar change, albeit less dramatic, occurs already
in the middle (diffuse) layer of the trilayer ionic liquid in the small-
est confinement, which can be attributed to a pure confinement
effect independent of the polarization of the surfaces. Hence, we call
this specific situation a quasi-superionic state. For illustration, two

simulation snapshots of the respective contact and diffuse layers in
the smallest confinement are shown in Fig. S6.

C. lonic liquid dynamics in nanoconfinement

The influence of polarizable surfaces on the dynamics of the
RTIL is investigated for all three confined states in the following.
For both ion species, the diffusion coefficients are summarized in
Table II. The diffusion coefficients with index I, II, or III (e.g.,
D{) consider only the motion in the respective layers (cf. Fig. 4)
and determine the diffusion according to the method described
in Sec. II A. Overall diffusion coefficients Do correspond almost
to the averaged diffusion of all cations or anions in each layer of
the entire pore, respectively. Overall, the total diffusion is reduced
for both ions in confinements, regardless of whether the surface is
polarizable or not. The decrease becomes more pronounced as the
slit-pore height continues to decrease. Apart from other differences
in the total diffusion, it is quite remarkable that the increase in dif-
fusion for both ions through a polarizable surface is about 80%-90%
higher than for a non-polarizable surface for the smallest confine-
ment. Moreover, a slower anion diffusion compared to the cation is
observed for the largest confinement when the surface is polarizable.
The surface polarization enhances the diffusivity of the specific ions
studied here to a greater extent for smaller confinements.

To get a more detailed insight into the influence of the polariz-
able model on the confined dynamics—especially at the solid-liquid
interface—the diffusion was calculated with respect to the layers
shown in Fig. 4. The diffusion in the contact layer is always smaller
than the total diffusion over the entire pore, as expected due to the
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FIG. 4. Density profiles of a polarizable ionic liquid [BuPy][NTf2] in the three slit-
pore confinements with polarizable surfaces and a height of (a) 4.09 nm, (b)
2.36 nm, and (c) 1.65 nm. The mass density of the ionic liquid is shown as a
black line, while the blue and red lines represent the individual number densities
pY of BuPy* and NTf2", respectively.

stronger interaction and higher density in the contact layer and the
consequent limitation of its mobility. For all three confinements, the
diffusion increases toward the middle area of the pore for both ion
species. It should be noted, however, that these layer-wise diffusion
coefficients should be treated with caution, as the statistics for esti-
mating an appropriate diffusion coefficient from the MSD can be
quite poor. In addition, the aforementioned retention time would
need to be increased to represent the time it may take for an ion to
equilibrate in a new layer, but this is not possible due to the already
quite extensive simulations. A more detailed discussion of this topic
can be found in the supplementary material.

D. Substrate dipole structure

Induced dipole moments in the surface layers are calculated
according to Sec. II B for the whole system as well as for isolated
ions adsorbed on the substrate (cf. Fig. S11 of the supplementary
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FIG. 5. Ratio of the BuPy*-BuPy* (blue) and BuPy*-NTf2~ (red) coordination
number in the diffuse layer (cf. layer Il in Fig. 3) of all three confinements.

material). Moreover, induced dipoles are divided into two compo-
nents: an out-of-plane and an in-plane dipole moment. In the case
of isolated ions, the maximum induced dipole moments are about
0.10 D for both components. An isolated cation induces slightly
smaller dipoles since it distributes its molecular charge over a wider
range due to its larger size. However, it is remarkable that although
out-of-plane and in-plane components have approximately the same
maximum values in Fig. SI1 of the supplementary material, the
in-plane polarization is much more far-reaching for both isolated
ions.

Gaussians fitted to the dipole distributions of the liquid-filled
pores shown in Fig. 6 can be used to determine an average sur-
face dipole moment from the mean(y), and the overall extent of
the induced dipole moments in the respective substrate layer can
be obtained from the standard deviation std(y). Accompanying
Gaussian fitting parameters are summarized in Table S5 of the sup-
plementary material. The distribution of induced dipoles shows
that there is no pronounced net polarization of the surface in any
particular direction, as might be anticipated given a more or less
uniform charge distribution and an overall charge-neutral system.
As expected, between the individual substrate layers, a strong reduc-
tion in the induced dipole moments is observed (cf. distribution
widths in Fig. 6). However, this reduction is not equally distributed
for both dipole orientations: While in the most inner graphene layer,
the induced dipole moment is equally strong along both orienta-
tions, in the second and third layers, the in-plane polarization is
more dominant than the out-of-plane polarization.

In general, a decrease in confinement height leads to an increase
in induced dipole moments especially in the case of the smallest con-
finement. Most probably, the increase in induced dipole moments
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TABLE II. Total and layer-wise diffusion coefficients of BuPy* and NTf2~ in confinement with polarizable and non-polarizable surfaces. The layer-wise values are calculated

according to the density profiles shown in Fig. 4.
d (nm) Dt Diot Df Dy Dy Dy Dy Dy
(10—10 m2 S—l)
Polarizable surface
4.09 1.506 1.176 0.876 0.838 1.131 0.792 1.802 1.469
2.36 0.958 0.982 0.860 0.758 0.912 0.860 n/a n/a
1.65 0.410 0.418 0.411 0.375 0.604 0.419 n/a n/a
Non-polarizable surface
4.09 1.584 1.499 0.842 0.952 1.344 0.816 1.898 1.888
2.36 0.725 0.702 0.673 0.629 0.851 0.639 n/a n/a
1.65 0.215 0.215 0.201 0.214 0.283 0.244 n/a n/a
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FIG. 6. Distribution of the induced dipoles in each of the three substrate layers of all confinement heights divided into its out-of-plane [(a), (c), and (€)] and its in-plane
component [(b), (d), and (f)]. Coloring of the distributions is according to the inset shown in (g). (h) std() for each graphene layer decomposed in its out-of-plane (solid

lines) and in-plane component (dashed lines).

is caused by the approaching of the two contact layers and hence
a resulting higher charge density. For the reduction in the confine-
ment height between 4.09 and 2.36 nm, the proportional change in
the dipole moments in the two inner graphene layers is about the
same; in the outermost layer, an increase in the more far-reaching in-
plane polarization is observed while the out-of-plane dipole moment
stays the same. By further reducing the confinement height (from
2.36 to 1.65 nm), the increase in the induced dipole moments is even
more pronounced. The further enhancement of the induced dipoles

can be attributed to the reorientation of the ionic liquid in the diffuse
layer, where the increasing aggregation of the same charged ions (cf.
Fig. 5) creates larger charged clusters, which intensifies the effect of
the mirror charges through the induced dipoles in the surface. Gen-
erally, the changes in the induced dipole moments follow the same
pattern and magnitudes as the increase in the overall diffusion coef-
ficient in Fig. 7 and illustrate a close relation between diffusion and
induced dipoles in the surface—with an increasing impact on small
confinements.
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FIG. 7. Impact of a polarizable and non-polarizable surface on the diffusion Dy of
BuPy™ (blue) and NTf2~ (red).

IV. CONCLUSION

The influence of surface polarizability on confined RTILs
in slit-like graphene pores was investigated using a repara
meterized, fully polarizable ionic liquid force field. The modi-
fied parameters for the RTIL [I-butylpyridinium (BuPy*) and
bis(trifluoromethane)sulfonimide (NTf27)] yield accurate overall
densities and bulk dynamics in close agreement with recent experi-
mentally determined values for the cation diffusion. Including the
surface polarizability explicitly alters the density profiles of the
cations and anions [cf. pli in Figs. 3(d)-3(f)], although the over-
all density profile of the liquid remains almost unchanged [cf.
Figs. 3(a)-3(c)], this change in the layering of the anions and cations
upon inclusion of a polarizable surface model is associated with a
dramatic increase in their diffusivity compared to non-polarizable
surfaces. The contact layer shifts slightly closer to the surface that
can be attributed to the reorientation of the dipoles according to the
interacting ion and is consistent with previous studies of single ions
on polarizable gold surfaces by Geada et al.** In the contact layer,
the layer-like arrangement of the ions is enhanced by more than 15%
due to the induced dipoles in the surface (cf. bottom panel of Fig. 3).
Furthermore, a coalescence of the number density peaks of both ions
(cf. Fig. 4) in the smallest confinement was observed, indicating an
unusual ordering of the ions in the diffuse layer.

Aside from structural properties, a polarizable treatment of the
surface impacts even more the dynamics of the RTIL in the confine-
ment. In general, the explicit consideration of dipoles on the surfaces
enhances the diffusion in the smallest and medium sized slit pores.
An increase of up to nearly 100 % was observed for cation diffusion
in the smallest confinement compared to non-polarizable surfaces.
Surprisingly, polarizable surfaces affect anion diffusion in the largest
pore more than cation diffusion.

The analysis of individual ion diffusion in each layer shows that
diffusion within the pores is highly variable and dependent on the
confinement height. Due to the observed increased mobility of the
ions (especially in the contact layer) in the case of a polarizable sur-
face, one would intuitively assume that the explicit polarization of
the surface would reduce the liquid-solid friction. However, this
could not be validated within the error limits of additional sim-
ulations for friction (cf. Fig. S10 of the supplementary material).

ARTICLE scitation.org/journalljcp

Rather, the increased mobility can be attributed to the weakening
of Coulomb forces between ions due to induced dipoles on the
polarized surfaces—comparable to the increase in bulk mobility by
polarizable models, which is the “result from attenuated long-range
electrostatic interactions caused by enhanced screening from the
polarization effect,” according to Yan et al.”> The attenuation of
Coulomb forces between ions by image charges on conducting and
polarizable surfaces has already been observed for sub-nanometer
confinements with a strong impact on the ionic liquid structure,
i.e., a superionic state.'®**”* Since here the confinement alone is
responsible for the partial lifting of the Coulomb order in the central
layer of the smallest confinement, independent of the surface polar-
ization, we here refer to a quasi-superionic state. Interestingly, the
Coulomb order is enhanced in the contact layer of all investigated
pore sizes, and the first coordination shell of an ion consists almost
exclusively of counterions, regardless of surface polarization. The
strong Coulombic order is generally compensated by a less stringent
Coulombic order in the next, the diffuse layer—except for the small-
est pore, which considerably overcompensates it. Strong Coulomb
order was also observed for pores containing a single molecular layer
of an ionic liquid in the work of Futamura et al.,* indicating that the
substrate is most likely responsible for the strong Coulomb order in
the contact layer and the resulting overcompensation in the case of
the smallest pore. However, it remains elusive why such an arrange-
ment is favored in the contact layer and is an interesting point for
further investigations.

Remarkably, the decrease in the diffusion occurs faster when
the surface is non-polarizable (cf. Table IT). The cation diffusion
in the bulk-like region of the largest confinement is almost indis-
tinguishable for polarizable and non-polarizable surfaces, while the
anion diffusion is much slower compared to a non-polarizable sur-
face. This behavior indicates a remarkable long-range impact of the
surface polarization on the dynamics of the confined RTILs.

Comparing liquid-filled pores to isolated ions on the substrate,
ithas been observed that the induced dipole moments decrease by up
to 90% in the surfaces due to the charge screening of the ions. Previ-
ous studies have often used isolated ions to estimate the number of
polarizable substrate layers required. In contrast, our results suggest
that polarization effects are much more attenuated for liquid-filled
pores and, consequently, the number of required substrate layers
could be effectively reduced. However, smaller confinements need
a more careful consideration.

In addition to the newly proposed force field parameters for
an accurate description of the here investigated RTIL, this study
highlights the importance of accounting for the polarizability of
both constituents in a solid-liquid interface when a strongly charged
liquid is considered—which is in contrast to the findings of an
uncharged polar liquid such as water in a previous study by Ho and
Striolo.*” It is demonstrated that a polarizable treatment of the sub-
strate surface is particularly important for small confinements and
highly polar molecules, as often found in typical applications of ionic
liquids at room temperature. Since the mobility of the ions has a sig-
nificant impact on the dielectric constant and thus on the properties
of ionic liquids in energy storage systems in general, the accurate
description of the dynamics is a key factor for the evaluation of dif-
ferent RTILs in such systems. Although the isotropic Drude model
already shows significant effects for this specific case investigated
here, a more advanced anisotropic polarization model, particularly
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for graphite substrates, would be desirable in order to investigate the
importance of in-plane and out-of-plane polarization further.

SUPPLEMENTARY MATERIAL

The supplementary material contains simulation parameters,
further details on MSD calculations, PCFs of the ionic liquid con-
fined between polarizable and non-polarizable surfaces, simulation
snapshots of the smallest confinement showing partial lifting of the
Coulombic ordering, the electrostatic potential in the confinements,
solid-liquid friction coefficients, and additional information on the
induced dipoles in the surfaces.
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