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Abstract

Liquid water confined within nanometer-sized channels exhibits a surprisingly low
dielectric constant along the direction orthogonal to the channel walls. This is typically
assumed to result from a pronounced heterogeneity across the sample: the dielectric
constant would be bulk-like everywhere except at the interface, where it would be
dramatically reduced by strong restrictions on interfacial molecules. Here we study
the dielectric properties of water confined within graphene slit channels via classical
molecular dynamics simulations. We show that the permittivity reduction is not due
to any important alignment of interfacial water molecules, but instead to the long-
ranged anisotropic dipole correlations combined with an excluded-volume effect of the
low-dielectric confining material. The bulk permittivity is gradually recovered only over
several nanometers due to the impact of long-range electrostatics, rather than structural
features. This has important consequences for the control of, e.g., ion transport and

chemical reactivity in nanoscopic channels and droplets.
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The structural and dynamical properties of liquid water can dramatically change upon

2

confinement within nanometer-sized channels,? and one of the properties most spectacu-

larly affected is the water dielectric constant. Numerical simulations have predicted that

37 and can reduce the €

confinement leads to a strong anisotropy in the dielectric response,
dielectric constant with respect to the bulk ¢, value by several-fold along the direction orthog-
onal to the channel walls.>®? Confirmation was provided by recent atomic-force scanning
dielectric microscopy experiments'® on liquid water within nanochannels, which revealed
that the dielectric constant (as defined in the experiments) exhibits a striking drop from
€, ~80 to €; ~2 when the channel width is decreased from 100 nm to 1 nm.

The implications of these aspects are of very considerable importance in contexts ranging
over such varied areas as energy storage in aqueous supercapacitors, water desalination in
nanochannels,!! ion transport in biological membrane channels'? and charge-transfer reac-
tions at electrodes.!® In addition — and notably — this interfacial phenomenon is apparently
not specific to water: further molecular dynamics simulations® suggested that dielectric
constant reduction also applies to both protic and aprotic confined solvents.

The confined water low effective dielectric constant has typically been interpreted346:10:14-21
as arising from an average over distinct regions with very different water properties: bulk-
like (b) water with €, ~ 80 in the middle of the slab, in between two extremely low €; ~ 2
interfacial (i) water layers. In analogy to the so-called electrically ‘dead’ layer in solid-state
capacitors,?? the very low ¢; interfacial dielectric response was suggested %19:16:19:21 t5 result
from the alignment of interfacial water molecules induced by the channel walls. In this con-
nection, the confined water effective dielectric constant was described by a model involving
a series of three capacitors: a bulk layer between two interfacial layers; the model interfacial
layer thickness could then be adjusted to yield the same dielectric constant decrease with
decreasing channel width as observed in experiments and simulation. !0:14:15,23,24

However, a source of major difficulty with this model and its interpretation of the reduced

€, in confinement is the postulate that interfacial water exhibits a vanishingly small apparent



dielectric response €; >~ 2 independently of the slab thickness. First, while the model critically
depends on this assumption, it could not be directly confirmed because specific probing of the
interfacial permittivity remains a challenge for experiments; further, as detailed below, local
dielectric constant calculations from molecular dynamics simulations with slab geometry
boundary conditions are notoriously difficult to converge.®7?325 A second difficulty for this
postulate is that it would require an extreme alignment of interfacial water dipoles, a situation
in stark contrast with the moderate structural perturbation of water at graphene interfaces
found in a series of recent molecular dynamics simulations.?672? Also, it has been proposed !¢
that the slower reorientation dynamics of water at the interface compared to the bulk would
be consistent with the very low dielectric constant. However, the static dielectric constant is
not a dynamical property, and in any event our recent work has shown?%27 that interfacial
water dynamics is too moderately affected to be consistent with any extreme restriction of
molecular orientations.3°

To address the dielectric constant issue, we will use molecular dynamics simulations of
water confined between graphene plates with different separations. We show that the dielec-
tric constant reduction does not arise from a surface-induced alignment of water molecules;
instead it is due to the dipolar electric field anisotropy and the replacement of water molecules
with a nonpolarizable wall in a region where dipoles are positively correlated. This two-fold
source explains why simulations found the dielectric constant reduction to be common %23 to
all confined polar solvents. The two-state description involving frozen interfacial and bulk-
like populations is shown to be inadequate. This failure results, first, from the decay of the
walls’ effect over several nanometers inside the slab due to the large dipole-dipole correlation
length, and second, from the interfacial properties’ dependence on the wall separation.

In our study, we performed classical molecular dynamics simulations of a slab of SPC/E
water molecules confined between two rigid single graphene sheets and periodically replicated

in the two directions parallel to the graphene planes. Increasing sheet separations of 15, 50,

80 and 110 A were considered. The Yeh-Berkowitz® slab correction to Ewald summation



was employed. A 80x80x80 A? neat water system was simulated for reference. For each
system, trajectories between 150 ns and 4.5 us were propagated with Gromacs 20213! at
300 K. Details are provided in SI. All reported error bars are 95 % confidence intervals.
First, we determine the local dielectric constant changes across the sample. The static
dielectric constant is defined by the system’s polarization response to an electric field, and
the classic Kirkwood-Frohlich®? theory has established that the constant is related to the
sample’s polarization fluctuations. Prior studies?®3? have shown that under the assumptions
of local and linear polarization response to the field, a local dielectric constant can be defined,
related to the local polarization density and total dipole correlation. For a two-dimensional
liquid slab periodic along x and y, and under constant electric displacement along z, the

local dielectric constant in z ig2%33

e (2) =1—drB[(my(z)My) — (mi(2)){(M1)] , (1)

where m (2) is the local polarization density along the z axis, averaged in the plane parallel to
the graphene wall, M is the total dipole and 5 = 1/kgT. Following ref. 5, m, (z) is defined
from the water point charge density p(z) as m.(z) = — [ p(z')dz’, where the simulation
box extends between 0 and L, along the z direction. Although eq. 1 can formally be used
to determine a local €,'(z) value with an arbitrary spatial resolution, the underlying local
response approximation will break down for resolutions finer than the molecular dimension, 2
and a physically meaningful effective dielectric constant requires an average over one (or
more) molecular layers.

The ell(z) profile calculated for a 50 A wall separation is reported in Fig. 1. In agreement

6:7:23 gur results show that the local dielectric con-

with recent calculations on similar systems,
stant is strongly affected by the walls over more than two molecular layers, and approaches
the bulk value in the middle of the slab. However, while these dielectric constant profiles cor-

rectly describe the polarization response to an external applied field, 3 their determination



and interpretation remain complex. First, obtaining a precise estimate of €, (z) is challenging
due to the difficulty in converging these profiles even with considerable simulation lengths
(here 4.5 ps). Second, the profile exhibits rapid and large amplitude fluctuations, at times
23:35,36

reaching negative ell(z) values (suggested to reflect an overscreening of the fiel and

also present in the bulk wavevector-dependent dielectric function®®), so that averages over
molecular layers should be considered. Simplified models with box profiles for the dielec-
tric constant have been developed to reproduce the average dielectric constant over some
regions,?® but the molecular factors causing the wall’s dramatic reduction of the water di-

electric constant still remain to be elucidated.
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Figure 1: Inverse local dielectric constant profile €]'(z) across the water slab eq. 1 (blue
solid lines, with confidence interval in cyan), bulk €, * ~ 1/71 reference (black dashes) and
molecular number density profile (red dashes).

A precise molecular connection between dielectric constant and correlations between
dipoles is provided by the Kirkwood factor, and dipolar correlations have been extensively
studied for dipolar liquids. 3743 Inspired by recent work*? #* on the calculation of neat water’s
dielectric constant from the Kirkwood factor, we have borrowed some ideas from these efforts
to obtain a qualitative molecular understanding of the confined water dielectric constant.

Before addressing the complex confined case, we consider the reference situation of neat



liquid water without confinement. For a homogeneous isotropic liquid, the r-dependent

Kirkwood function defined as*0:4143

Gr(r) = (@ - MY (r))/u? (2)

probes the correlation between the dipole pu(® of molecule i and the total dipole M® (r)
due to all molecules within a sphere of radius r centered on molecule 7. Within an infinite
system, G (r) reaches a plateau value gx for r larger than the Kirkwood correlation length
TK,

JgK = GK(’I“ > ’I“K) . (3)

gk is the Kirkwood g-factor and the dielectric constant is determined by both the dipole

density and an orientational correlation contribution probed by gx,?

S Bprian — (€ — 1)£2e +1) | ()

where py is the dipole number density and p is the molecular dipole amplitude.

However, the situation is rendered more complex by the periodic boundary conditions
used in molecular dynamics simulations (even for large systems): the electrostatic boundary
conditions used in the Ewald summation critically affect the relation between dielectric
constant and dipole fluctuations.?® The typical tin-foil conditions correspond to embedding
the range of periodic system replicas in a ¢ = oo continuum (zero macroscopic field) and
preferentially stabilize large fluctuations of the system total dipole. In contrast, embedding
the system in vacuum (¢’ = 0, i.e. zero electric displacement) tends to depolarize the system.
Electrostatic boundary conditions thus cause long-range dipole correlations that add to the
correlations present in an infinite system. The Kirkwood function obtained from periodic
boundary condition simulations is the sum of the infinite system Kirkwood function and of

these long-range correlations, and may no longer exhibit the large-r plateau that defines the



Kirkwood g-factor in infinite systems. This therefore precludes the simple application of the
Kirkwood expression eq. 4 to obtain the dielectric constant.

Recent work on neat water??#* has proposed an elegant approach to cancel these long-
range terms — and thus provide a much closer approach to the infinite bulk liquid descrip-
tion — by combining the Kirkwood functions obtained with ¢ = oo and ¢ = 0 conditions.
Based on a prior study*® which had established the analytic expression for these long-range
corrections in a homogeneous dipolar liquid, the Kirkwood function corrected for periodic
boundary condition effects was determined? to be Gy, (r) = (2G5=°(r) + G%=°(r))/3. We
have performed molecular dynamics simulations for a large 80x80x80 A3 box of neat water
respectively embedded in ¢ = oo and € = 0 dielectric media and determined the corrected
Kirkwood function Gk.(r). In agreement with ref. 42, Fig. 2a shows that Gk.(r) exhibits a
plateau after a few molecular layers at approximately r = 10A.

However, as we now show, dipoles remain correlated much beyond this distance. To this
end, rather than perform the usual average of the Kirkwood function over all orientations
around the central dipole i, we decompose the total dipole M®(r) due to all molecules within
a sphere of radius 7 around molecule i into its contributions M®(r,#) arising from those
molecules j such that the r;; = r; — r; vector is at an angle 6 with the p® dipole vector,

and define the angle-dependent Kirkwood function

Gr(r,0) = (u" - MY(r,0))/p* , (5)

such that G (r) = [ dfsin0G(r,6). Figure 2b shows that in the direction of the p®
dipole, the dipole correlation probed by Gk (r,#) has not reached a constant value by 40 A
This behavior may be understood by noting that the dipole-dipole interaction scales as
(3cos?(0) —1)/r® (see SI), and that its angular average vanishes; thus, after a few molecular
distances in an isotropic homogeneous dipolar liquid — i.e. once the intermolecular corre-

lations are well described by the point dipole potential — G (r) reaches a constant value,



despite the continuing existence of ongoing angular correlations. These results show that
the correlation between a molecular dipole and the total surrounding dipole is both strongly
anisotropic and decays on a distance of several nanometers. Both these points will be very

important for the anisotropic slab conditions that we now address.
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Figure 2: a) Kirkwood function Gk(r) eq. 2 in neat water with ¢ = oo (blue) and ¢ = 0 (red)
boundary conditions and the resulting corrected Kirkwood function Gg.(r) = (2G5~ (r) +
G5=°(r))/3 (green), together with the confidence intervals. b) Angularly resolved Kirkwood
function eq. 5 Gk (r,0 = 0) from ¢ = oo (blue) and ¢ = 0 (red) simulations c¢) Gg(r =
20A,0) from ¢ = oo (blue) and € = 0 (red) simulations together with the second Legendre
polynomial fit (3 cos?# —1)/2 (dashes) (the L notation used in the slab situation is dropped
here since neat water is isotropic).

To analyze the local dielectric constant of confined water along the direction normal to



the walls, we start by extending the r-dependent Kirkwood function eq. 2 to describe the

dependence of dipolar correlations on both the distance r and the location z across the slab,

Glrsz) = (MO )iz — ()M ()] (6)

1
N2
(1) )eres
G+ (r; z) probes the correlation between the perpendicular component of the dipole of molecule
1 lying at a position z; = z and the perpendicular component of the total dipole MY) (r) due
to all molecules within a sphere of radius 7 centered on molecule .45 The associated r- and

z-dependent local dielectric constant is defined by the extension of eq. 4

(e1(r;z) —1)(2ep(r;2) + 1)

er(r; 2)

127 Bpn (2) (1. (2)) G5 2) = ) (7)

where Gy (r;2) is the Kirkwood function eq. 6 corrected for the electrostatic boundary
conditions used in the simulations.

However, the correction of this new Kirkwood function eq. 6 for the electrostatic boundary
conditions is more complex than in the homogeneous solvent eq. 2. The inhomogeneous
character of the confined water slab implies that the theoretical developments applied to a
homogeneous isotropic dipolar liquid#® and the procedure designed*? to correct the Kirkwood
function for electrostatic boundary conditions and described above for neat water are no
longer directly applicable. A formal extension of the analytic approach of ref. 40 to an
anisotropic system would be desirable, but appears to be quite challenging. Here we will
adopt a simple approximate numerical method which will be shown to prove useful.

Our slab simulations are performed with the Yeh-Berkowitz® slab correction to the three-
dimensional Ewald summation, which has been shown** to be equivalent to zero electric
displacement conditions (D = 0) along the direction normal to the slab. These conditions
are expected to depolarize the system and add a negative contribution to the Kirkwood

function. This contribution needs to be compensated in order to obtain the Kirkwood func-
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tion corresponding to an infinite system that is required in eq. 7 to determine the dielectric
constant. We first note that in the homogeneous liquid, the electrostatic boundary condition
correction scales?? as the ratio between the volume v(r) of sphere of radius r’s portion that
remains within the simulation box and the simulation box’s total volume V' = L, x L, x L.,
with an amplitude that depends on the dielectric constants of the system and of the embed-
ding medium. We will therefore perform simulations of very large slab boxes, so that the
Kirkwood function eq. 6 can reach an approximately constant value before the v(r)/V term
(and the correction) becomes too important. In addition, we estimate the necessary electro-
static boundary condition correction by assuming that it approximately scales as v(r)/V in
the slab, and determine its amplitude a from a numerical fit (a v(r)/V + b) at very large
r distances, following what had been done in ref. 41 for the neat water case. We therefore

approximate the corrected Kirkwood function as

Grelr;2) = Gi(riz) —av(r)/V . (8)

As shown in the SI, this procedure provides a very good description of the large-r behavior
of the Kirkwood function eq. 6 in the middle of the slab where the liquid is homogeneous and
where the correction amplitude a is large; this approach is more approximate closer to the
wall, but there the magnitude of the correction is smaller. Finally, we verify that the short-
range part of the Kirkwood function that we analyze does not significantly change when the
simulation box size is changed (see SI). Certainly, this approach is only semi-quantitative,
but as we now show, it offers a useful way to achieve our central goal of gaining a microscopic
understanding of the changes in the water dielectric constant due to confinement.

Figures 3a and b show first the G3(r; z) and G%..(r; z) profiles around water molecules at
increasing z distances from the graphene wall and then the associated r-dependent dielectric
constants €, (r; z) from eq. 7. We first examine the profile in the middle of the 110 A-thick

box, i.e. at a distance of >45 A from the walls. The short-range part of G (r;2) there is
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very similar to that found in neat water (Fig. 2a), while its long-range part exhibits a decay
with r due to depolarization induced by the electrostatic boundary conditions that scales
as 13 (see SI). Compensating for the latter via eq. 8 yields a G%.(r; ) corrected Kirkwood
function that is constant beyond ~10 A, and the resulting long-range limit of the r-dependent
dielectric constant eq. 7 yields a value of €, (z) ~ 71.5; this shows that the bulk dielectric
constant is recovered at very large distances from the walls.

We now contrast this with the behavior in the first layer next to the wall (2.5 < z < 5.0 A).
The corrected Kirkwood function profile (Fig. 3b) is strongly reduced with respect to that
in the middle of the slab just discussed, which leads to a dramatic drop in the r-dependent
dielectric constant profile (Fig. 3b). To understand this first layer behavior, we need to
appreciate that both the corrected Kirkwood function and the local dielectric constant result
from a sum of dipole correlations over three main r-separation ranges; we examine the
contributions of these successive terms to the overall change Ae in the dielectric constant.

The first contribution comes from dipole self correlations: €, (r = 0; 2) is determined by
the (1% (2)) autocorrelation of molecular dipole z components. While the water molecules’
orientations are distributed isotropically in the neat liquid and in the middle of the slab,
molecules at the interface tend to lie with their OH groups tangent to the wall.?” This leads
to a decrease in (2 ) %4 from 1.84 D? to 1.09 D?, which causes a dielectric constant reduction
of just Ae ~ —10. This result thus shows that the usual explanation of confined water’s very
low dielectric constant by the orientational restrictions imposed by the wall on the interfacial
molecules only accounts for a small fraction of the overall dielectric constant reduction.

The largest contribution actually comes from an effect on the two other terms arising
from intermolecular correlations, now discussed. Short-ranged intermolecular correlations
arise from molecules in the first or second shell of each other (2.5 < r < 8.5A), where the
fluctuations in Gy, (r; 2) and €, (r; z) reflect the liquid radial density profile: the decrease
between the middle of the slab and the interfacial layer results from the reduced number

of neighbors around a molecule next to the wall.#” Long-ranged intermolecular correlations
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Figure 3: a) Kirkwood function G7%(7;2) eq. 6 at a dipole-dipole separation of r around a
molecule at a series of distances z from the graphene wall (solid lines), calculated from a
large simulation box of 110.68x110.76x110 A® (see SI). Also displayed are their confidence
intervals (short dashes) and the corrected Kirkwood function G, (r; 2) eq. 8 (long dashes);
b) Separation-dependent local dielectric constant €, (r; z) eq. 7 for the same situations as in
a); ¢) Local dielectric constant profile e, (z) determined from the e, (r; z) profiles at =40 A,
together with the bulk reference €, value (dashes); d) schematic representation of the dipolar
electric field produced by a dipole perpendicular to the wall and showing the excluded volume
effect.

are due to dipole-dipole correlations: the intermolecular dipole correlations’ decrease at the

interface with respect to the slab’s middle is shown by Fig. 3b to cause a very large Ae >~ —52
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reduction in the dielectric constant. A two-dimensional decomposition of G5 (r; 2) along the
distance r between the dipoles and the orientation of their separation vector relative to the
wall normal direction is instructive here (see Fig. S7 in SI). It shows that the decreased
correlation is essentially due to the volume excluded by the wall rather than to a change in
the intermolecular dipoles’ correlation between the confined water molecules compared to
the neat liquid. As shown in Fig. 2b for neat water, the dipolar field is strongly anisotropic
and water dipoles remain correlated over several nanometers. In the bulk, water molecules
that lie around a central dipole within a cone — whose axis is aligned with this dipole and
whose semiangle is the magic angle — are positively correlated with the central dipole. In
the slab geometry, as illustrated in Fig. 3d, the wall’s presence induces a shape factor by
selectively excluding water molecules in the direction of the p; vector component that, in
the bulk, gave a positive correlation. Thus, this exclusion reduces the angle-averaged dipole-
dipole correlation that enters in the Kirkwood factor. As shown in the SI, this wall excluded
volume effect on the average dipole correlation can be determined analytically for a dipolar
fluid at a distance z from the wall and its r-dependence yields a good description of the
G#,(r; 2) r-decay obtained from our simulations in Fig. 3a over the 10-40 A range.

The analysis that was just described for the first layer is then repeated for a series of
molecular layers at increasing distances z from the wall. Figures 3a and b show that the
dipole correlations remain affected by the presence of the wall up to distances of several
nanometers, a feature consistent with the long-range dipole correlation determined in neat
water in absence of confinement. For example, at 19.0 < z < 22.5 A, G (r; 2) exhibits the
same behavior as that in the bulk up to r distances of ~ 12 A, when the sphere around the
central dipole approaches the first two layers next to the wall where the dipole orientations
are perturbed by the wall; for » > 12 A distances, G%.(r; 2) markedly drops, reflecting the
volume excluded by the wall.

Figure 3c reports the local dielectric constant €, (z) determined from the long-range

plateau value of €, (r; 2z) in Fig. 3b. While the values should be considered as approximate

14



estimates, they show two important features: that the dielectric constant is strongly reduced
at the interface (e, ~9), and that the bulk value is gradually recovered only over a distance
of several nanometers.

These results show that the typical capacitor model — based on a combination of bulk-like
and ice-like populations — often used to interpret the average dielectric constant of confined
water does not correctly describe the confined liquid water situation. First, a description
involving only two populations with extreme dielectric constants of ¢, = 2 and ¢, = 71
is an oversimplification: the dielectric constant reduction is not due to a local structural
restriction induced by the wall but instead is caused by a long-range dipolar correlation
effect; the local dielectric constant gradually approaches the bulk value over distances of
many molecular layers, and multiple populations with distinct dielectric constants would
need to be accounted for. Beyond that necessary accounting, the dielectric properties at
the interface and in the middle of the slab are not independent of the slab thickness, in
contrast to the capacitor model’s underlying assumption. Figure 4 demonstrates this by
comparing the Kirkwood functions in the first two layers next to the wall when the inter-
wall distance is changed from 110 A to 15 A. Due to the long-range dipole correlation, at the
smaller separation, the interfacial layer is affected by both walls and the Kirkwood function
is further reduced when there are two walls instead of one. All of the features discussed in
this paragraph show that the dielectric constant of ~2 determined experimentally!° for an
extremely thin slab with a single layer of water cannot be taken to be representative of the
dielectric constant at the interface for larger slab thickness.

We finally quickly comment on the confinement’s effect on the water dielectric constant

6 our results show

along the direction parallel to the wall. As found in recent simulations,?
that this component of the dielectric tensor is strongly enhanced with respect to the bulk
dielectric constant, but that this effect does not extend further than a few molecular layers

from the wall (see SI). In agreement with the suggestion of ref. 46, we find that this enhance-

ment arises mostly from the orientation of interfacial water molecules which, typically lying

15



25 : : : : :

— first layer - L=110 A
— second layer - L=110 A 4
—- first layer - L=15 A

—- second layer - L=15 A

0.5 N

N

Figure 4: Corrected Kirkwood function G, (r; z) eq. 8 determined in the first (blue) and
second (red) water layers next to the wall for a distance between the walls of 110 A (solid
lines) and 15 A (dashes).

tangent to the wall, increase the (uﬁ) average dipole projection. This structural origin there-
fore explains why the €(z) enhancement only occurs close to the wall and why it sensitively
depends on the wall’s nature.'® The long-range dipolar field shape factor responsible for the
perpendicular component’s reduction further enhances the parallel dielectric constant, but
this effect is much weaker in this geometry than in the perpendicular situation (see SI).

In conclusion, our study has shown that the low perpendicular dielectric constant that
has been measured for water confined within nanometer-sized channels is not due to aligned
"ice-like” water molecules at the interface. This reduction instead arises from the anisotropy
of the dipolar electric field and from the low dielectric constant of the surrounding medium;
this produces an excluded-volume effect in which water molecules are excluded from a region
where, in the bulk, they bring a positive dipole correlation. Due to the long-range charac-
ter of the dipole-dipole interaction, the impact of the wall on the local dielectric constant
extends over several nanometers within the slab, contrasting with the traditional capaci-
tor series model assumptions. Our results thus show that the large reduction in dielectric

constant across the confined water slab is mostly a consequence of the low-dielectric envi-
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ronment in which it is embedded, and not of specific interfacial water properties. This is
consistent with the low dielectric constant of the surrounding media in all observations of
confined water dielectric constant reduction so far — e.g. boron nitride (¢ ~ 3) channels

6,89,21,46 _ o0

in the experiments!® and apolar walls surrounded by vacuum in simulations
with the universal character of the dielectric constant reduction observed for a series of
confined polar solvents.® One important consequence of this environmental impact is that
changing the confining material dielectric properties (e.g. replacing graphene with metallic
walls) could be used to control the confined water dielectric constant. In a broader view,
these results have very important implications, e.g. for mesoscopic continuum models which
require the water dielectric constant as an input, for water and ion transport inside artificial

11,12,48,49

and biological nanochannels and mesoporous material cavities®® and for chemical

51,52

reactivity in aqueous nanodroplets and at electrodes. '
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Simulations

We use classical molecular dynamics to simulate a slab of liquid water between two parallel
single sheet graphene plates. The two rigid graphene sheets are constructed from an ideal
hexagonal lattice with a 1.42 A distance between neighboring carbon atoms. Four simula-
tion boxes with different sizes and distances between the graphene sheets are employed. The
respective z X y x z dimensions are 49.19x51.12x50 A3 for system a, 81.16x80.94x80 A3
for system b, 81.16x80.94x15 A3 for system ¢, and 110.68x110.76x110 A® for system d.
The number of water molecules in each system was determined iteratively via an inser-
tion/deletion procedure such that the density in the middle of the box equals the experimen-
tal liquid water density. Water is modelled by the widely employed SPC/E potential,! which
has been shown?? to provide an excellent description of water static dielectric constant at
ambient temperature. Graphene carbon Lennard-Jones parameters are taken from ref. 4
where they were optimized to reproduce DFT-based molecular dynamics simulation results.
Long-range electrostatic interactions are described via the two-dimensional slab correction
to the Ewald summation method.® Water molecules are held rigid by the LINCS algorithm.

For each system, 2 to 4 independent initial configurations are prepared. Molecular dy-
namics simulations are run with Gromacs 2021.% After equilibration at 300 K, production
runs are then propagated with a 2-fs timestep with the velocity rescaling thermostat,” and a
1-ps trajectory output interval. The respective simulation lengths for each system are 4.5 us
for system a, 400 ns for b, 200 ns for ¢, and 150 ns for d.

A 80x80x80 A3 neat water reference system was prepared at the experimental liquid
water density. The trajectories are propagated for 50 ns with the same procedure except for
the three-dimensional periodic boundary conditions. Two different electrostatic boundary
conditions are employed for the Ewald sum, embedding the system within a dielectric contin-
uum of dielectric constant €, with respectively ¢ = oo (tinfoil conditions, zero macroscopic

field E = 0) and € = 0 (zero electric displacement D = 0).®
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Partially angle-averaged dipole-dipole interaction

We consider the interaction between dipoles @y and o, using the notations of Fig. S1. The

interaction energy is”

u= M2 (2 cos 0 cos By — sin 0 sin Oy cos @) . (S1)

r3

Wf\61 ¢£7\92
T

Figure S1: Dipole—dipole interaction.

For a fixed 0; angle between dipole w1 and the axis between the two dipoles, the dipole—

dipole correlation averaged over the po orientations is

foﬂ dfs sin 0, f027r dop, - N26_5U(917927¢7T)

Q . 27 _ (82)
Jo dBasin by [;7 dpe=Fulrbz.ém)

(11 - p2)rg, =

A first-order perturbative expansion with respect to ratio between the dipole-dipole interac-

tion potential and the thermal energy yields

3cos?l; — 1
(1 ), = g O ($3)
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Kirkwood function in the slab

Figure S2 shows the box size effect on the Kirkwood function G3%(; 2) eq. 6: comparing the
results obtained with 110.68x110.76x110 A® and 81.16x80.94x80 A? boxes shows that the
dramatic drop in the short-range (r <20 A) part of the Kirkwood function responsible for
the dielectric constant reduction is independent of the simulation box size in this range of

sizes.

Figure S2: Kirkwood function G%(r;z) eq. 6, calculated at increasing distances z
from the graphene wall in simulation boxes of 110.68x110.76x110 A® (solid lines) and
81.16x80.94x80 A3 (dashes).

At large r distances, it has been shown!® that the Kirkwood function for a homogeneous
dipolar liquid includes a term due to the electrostatic boundary conditions that scales with
ratio of the volume v(r) of the sphere of radius 7’s fraction that remains within the simulation
box and the total volume of the simulation box V' = L, x L, x L. In the slab, at a distance
z from the wall, the volume v(r) of the sphere’s fraction that lies within the simulation box
is

47

v(r) = ?7“3 forr <z
2m

?7“3 + 7z — gz:s forz<r<L,/2. (S4)
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In the slab, we approximate the long-range decay by a term that scales with v(r). Figure S3

shows the long-range decay of the Kirkwood function and the fit with eq. S4.
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Figure S3: Kirkwood function G%(r; 2) eq. 6, calculated at increasing distances z from the
graphene wall in the 110.68x110.76x110 A3 simulation box together with the long-range fit
with eq. S4 (dashes).

For a dipolar liquid next to a wall, in the absence of orientational restrictions induced
by the wall, the average correlation between the components perpendicular to the wall of
a dipole ¢ at a distance z from the wall and all the surrounding dipoles within a sphere of

radius R is determined from eq. S3 to be proportional to

R 7r 2
. , . 3 0—1
<M$)M§l)<R)>/<(/~L$))2> o / dr r2/ dé sin 9% ) (S5>
0 emin(rvz)

where the 6 angle between the dipole pair direction and the direction normal to the wall
is integrated over the [y (7, 2), 7] interval, with Oy, (7, 2) = 0 for r < z and Oyin(r, 2) =

arccos(z/r) for r > z. This leads to

WP MOR) /(7)) = 0for R<z

2  z 1 /2\2
x —g—l—ﬁ{l——(—)} for R > z (S6)

Figure S4 shows that eq. S6 provides a good description of the corrected Kirkwood function
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G, (r; 2) long-range decay to its plateau value.

0 10 20 30 40 50

Figure S4: Kirkwood function Gy (r; 2) corrected for the long-range decay (eq. 8) at the
same distances z from the graphene wall as shown in Fig. S3 in the 110.68x110.76x110 A3
simulation box together with the fits with eq. S6 (dashes).

Figure S5 shows the angle- and distance-dependent Kirkwood function G%(r,cos0; z) —
such that Gx(r;2) = f_ll d cos G (r, cos0; z) — in the middle of the slab, in the first and
second layers and their respective differences with the middle of the slab. Panel a exhibits
the angular dependence expected for a dipolar liquid with positive correlations found for
dipoles located along the normal vector and negative correlations in the plane parallel to the
wall, together with some short-range fluctuations along r due to the liquid structure. Panels
b and c display similar features but reveal the excluded volume regions due to the wall for
cosf > 0 (see also Fig. 3d). The differences of the first and second layers from the middle
layer shown in panels d and e reveal that the decreased average dipole correlation between
the wall vicinity and the middle of the slab originates essentially from the water molecules
that have been excluded from the positive correlation region by the wall. Smaller additional
effects arise from the anisotropic orientational distribution of water molecules in the first
shell, which decreases the average dipole component along the normal direction with respect

to its isotropic value in the middle of the slab.
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Figure S5: Kirkwood function G (r, cos 0; z) calculated in the 110.68x110.76x110 A? simu-
lation box a) in the middle of the box (45 < z < 55 A), b) in the first layer (2.5 < z < 5.0 A),
and c) in the second layer (5.0 < z < 8.5 A); d) difference between the G (r, cos 6; z) values
determined in the first layer and in the middle of the box, e) idem between the second layer
and the middle of the box. The 6 angle is defined with respect to the normal vector pointing
towards the wall.
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Local parallel dielectric constant ¢|(z)

The component of the local dielectric constant parallel to the graphene plates at a distance

z from the wall is!?
e)(z) = 1+ 2mf [(my(z)My) — (my(2))(M)] , (S7)

where M is the xy component of the total water dipole along the direction parallel to the
graphene planes, 8 = 1/(kgT), and my(z) is the local polarization density along the xy
plane, averaged in the plane parallel to the graphene wall and calculated with the procedure
described in ref. 12. The ¢(z) profile is shown in Fig. S6 for a 50 A separation between
the graphene plates. The parallel dielectric constant local enhancement at the graphene

interface is similar to the results recently reported in refs. 13-15.
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Figure S6: Local dielectric constant profile ¢|(z) across a 50 A-thick confined water slab
(eq. S7) together with the 95 % confidence interval.

In analogy to eq. S5, for a dipolar liquid next to a wall, the average correlation between
the components parallel to the wall of a dipole ¢ at a distance z from the wall and all the

surrounding dipoles within a sphere of radius R is proportional to

27T—¢min(r’z79) 3 C082 0 —_— 1 S
- s
¢min(rvzve)

. . . R T
M (R)) ()2 o / dr 2 /0 desmeQL
S

8



where ¢uin(r, 2,0) is defined by ¢ = arccos [z/(rsinf)] for rsinf > z and ¢, = 0
otherwise.

Figure S7 shows that the interface excluded volume effect is smaller in magnitude for
the parallel component than for the perpendicular one. In the parallel case, when R slightly
exceeds the distance z to the wall, the latter excludes molecular dipoles that would bring a
negative correlation in the bulk (see the schematic representation of the dipolar electric field
produced by a dipole parallel to the wall in Fig. S8), which thereby induces an enhancement of
the dielectric constant. For larger R radii, both negatively and positively correlated molecules

are excluded by the wall, and the effect on the dielectric constant reaches a plateau value.
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Figure S7: Wall excluded-volume effect on the average correlations of the parallel (red) and
perpendicular (blue) dipole components for increasing R radii (egs. S5,58).

\ Ve T \ /
| z / T \ * 41
NN\ Y tr o 7
O\ \\\l /
S
SO
///m i‘\
T S
s T\ \\\ N

//’/ti‘
R
7

™

z/

\
g

Figure S8: Schematic representation of the dipolar electric field produced by a dipole parallel
to the wall
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