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In this study, we examine how the structure of the solvent affects the correlations and
conductivity of moderately concentrated electrolytes. We describe polar solvents with
a nonlocal permittivity, ekk), which we then incorporate into stochastic density
functional theory (SDFT), focusing on ion transport in water. Using nonlocal SDFT and
classical molecular dynamics simulations, we study the ionic hydration shell and its
deformation under an electrostatic field. This allows us to identify the minimal
ingredients required for an implicit solvent description to reproduce simulation results.
As a perspective, we apply this framework to the transport of ions in a two-dimensional
slab.

1 Introduction

The transport of ions in nanoconfined water is essential for biological processes as
well as for technological applications. In such environments, electrolyte behaviour
arises from the full molecular details of the system, making it crucial to extend our
understanding of ion transport from macroscopic descriptions down to the
nanoscale. Since the experiments conducted by Wien over a century ago," we have
known that the conductivity of bulk aqueous electrolytes increases for increasing
electrostatic fields. The so-called first Wien effect was initially studied in a theo-
retical context by Debye, Hiickel and Onsager (DHO),>* who interpreted it as the
destruction of the counterion cloud by the electrostatic field. Today, ionic
conductivity is routinely measured in nanodevices. Recent experiments have
revealed a more complex relationship between the applied field and conductivity
than predicted by the DHO theory.*® Fumagalli and co-authors® recently measured
an abrupt increase in conductivity for highly confined systems and postulated that
water’s structural rearrangement is affected under molecular confinement.
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While experiments can measure macroscopic properties such as conductivity,
molecular dynamics (MD) simulations give access to microscopic observables, such as
ion-ion and ion-water radial distribution functions.”® Recently developed machine
learning force fields can now incorporate the electronic properties of confinement
walls into simulations.” These reveal an interplay between solvent structure, confine-
ment, and the applied field, which governs ion transport. However, simulations do not
provide a general equation that is valid at the nanoscale and governs the system.

In such a context, a great deal of theoretical work has been devoted to
enhancing DHO by incorporating microscopic details."®** Stochastic density
functional theory (SDFT), a mathematical framework describing the overdamped
dynamics of the density fluctuations of the different species,””™* has become
a tool of choice for incorporating atomic structure. In the primitive version of
SDFT, the solvent is implicit, characterised by its macroscopic permittivity, and
the ions are described as point charges. This framework allows the derivation of
Onsager’s correction to the conductivity in a relatively straightforward manner.***
First, the focus was on providing a better description of the ions, such as
including the ionic size’"” or describing their hydrodynamic interactions.'®**
Two strategies have been developed to improve solvent modelling. The first keeps
the solvent implicit but enriches its response, for example, by including field-
induced permittivity saturation in SDFT.** The second approach describes
explicitly the water molecules as point dipoles, giving rise to coupled stochastic
equations for water polarisation and ion density.”* However, none of these
approaches includes the dielectric correlations that arise from the hydrogen-bond
network, which are crucial at the nanoscale.

The estimation of the effect of water structure on electrochemical features, such
as ion solvation energy, is an old problem.”** Nonlocal electrostatics, introduced in
the 1970s to address this issue, models the solvent response through a wave-
number-dependent dielectric permittivity, ¢(k). In the late 1990s, nonlocal dielec-
tric kernels fitted to classical MD simulations were proposed, capturing the
spatially dispersive response of water and reproducing its short-range molecular
ordering.**”® Recently, these kernels were used to model confined systems,
accounting for the effects of water layering on the dielectric permittivity of nano-
slabs,” the structure of electric double layers and hydration forces.”®

In this study, we develop a theoretical framework to study the effect of water
structure on ionic correlations. We incorporate wavenumber-dependent permit-
tivity into SDFT. First, we analyse a simple model of a correlated medium and
calculate the associated conductivity and pair correlation function. We then use
a dielectric kernel developed for modelling water, compare our results with
molecular dynamics (MD) simulations and identify the minimum requirements
for capturing the effect of solvents on ion correlations. Finally, we extend our
analysis to two-dimensional systems.

2 Nonlocal interactions and SDFT for
conductivity and ionic correlations

We consider an aqueous electrolyte containing monovalent anions and cations
with a charge + e at a concentration n,. When considering ionic interactions, the
solvent can be described as a ‘background’, which screens the Coulomb
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interaction through its macroscopic permittivity, ¢. Here, we aim to include the
effect of the molecular nature of water. One convenient way to do this is to
introduce a nonlocal dielectric permittivity and to characterize the solvent by
a kernel, ¢(k), depending on the wavenumber k in Fourier space, and such that the
macroscopic limit ¢(k = 0) = ¢ is satisfied. In this case, the pair interaction
between ion of species @ and & € {—1, 1} in Fourier space is

Vaoc’(k) = aa,ez GO(k)’ (1)

where Gy(k) denotes the Green’s function for the electrostatic interaction in the
system and obeys

Go(h) = 7220 -

b
"=

; (@)

with ¢ the macroscopic permittivity of the solvent. In real space, the interaction
between an anionic and a cationic point-charge separated by a distance r is written
as U(r) = —€*/(2m)’eo [dke™ ™ "G,(k). Now, the electrolyte is submitted to a constant
external field E. Starting from a description of the anions and cations as coupled
overdamped Langevin particles, one can derive a stochastic density functional
theory (SDFT). At temperature 7, the ionic density fields n, obey the equations:

arnoz = _V.jaa (3)
ja = 7Davn(x + Kanafzx + (2Dana)]/2nuca (4)

where «, is the mobility at infinite dilution, which is related to the diffusion
coefficient D, by the Einstein relation D, = kgTk,, with kg the Boltzmann constant,
and 7,(x, t) is a Gaussian white noise with correlation

(Mo, (X',0)T) = Baaed(x — X1 — 7). (5)
We have introduced the electrostatic force,

Jfo = aeE — ZV V. *ny, (6)

with * the convolution over spatial variables. The average electrical current is
given by (J) = >_,«ae(j,) and the conductivity is defined via (J) = ¢E. We introduce
eqn (3) and (6) in the definition of (J) and get

(J) =é <ZK,X}'10> E - eZaKa<naV V.. *ny > (7)

To rewrite the second term, we introduce density fluctuations and their stationary
time correlations as

6na(x5t) = na(x’t) — Hy, (8)
Cozo/(x) = <6na(x,t)6na/(0,t)) = n%haa’(x)' (9)

The pair correlation 4,,(x) is proportional to the correlations C,(x) up to a delta
function that we neglect here." So, the ionic current (J) is equal to
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(J) = ooE — enﬁZouca J/1aa’ (MVV,y (r)dr, (10)

7
a,a

where 0, = €°1,> 4K, is the conductivity in the absence of ionic interactions.
Assuming small density fluctuations, which correspond to the Debye-Hiickel
approximation, eqn (3) and (4) can be linearised and the out-of-equilibrium ionic
density correlations can be computed. With the notations
2nye? eE
mz _ 0 167 F— ﬂ

" o (11)

K=Ky +K_,

where @ = 1/kgT, m is the inverse of the Debye length and F a dimensionless field,
the correlations can be written as

L (1 n m2é;(k)>2 + (ml];F)z .
. (1 + ngj;(k)) 1+ mPg (k) + (ml];'Fy

m 2 k?
by = — iR (13)

oo (1+@) 1+m2g”(k)+(m:!F)

The component of k in the direction of the electrostatic field E is denoted by k;.
The out-of-equilibrium ionic correlations 4, now depend on the molecular
structure of the solvent, included in ¢(k) via the nonlocal Green’s function g,
defined in eqn (2). The local static limit of nonlocal SDFT (¢(k) = ¢, F = 0) is the
Debye-Hiickel theory. Eqn (12) and (13) are valid in the limit of low field (E < 0.1V
nm ') ensuring an isotropic dielectric kernel.* Note that hard-core repulsion
must be encoded at high concentrations, but approx1mate solutions are
compatible with the SDFT framework.” Note that h_F h and h__ = Ky,

From eqn (10)—-(13), we can calculate the electrostatic correction to conduc-
tivity, taking into account the solvent structure,

= . (14
0o 2(27) ey ()

2,452 m’
ﬁ__ ﬁmsez Jw dujl dy yug (l‘f“?g)
0 w21+ mig )(1+ g)2+(1+ﬂg)2pzyz
2 2

where we have introduced the integration variables u = k/m e (0;)andy = kj/k e

(~1,1).

3 Simple model for a molecular solvent

In the 1950s, Schellman postulated that ionic interaction can increase at short
distances in polar liquids such as water due to a reduction in ¢.*° This idea was
later translated into a phenomenological model for the dielectric constant: the
Lorentzian approximation:*>*°

*
* &E—¢
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It is a simple model that interpolates between the molecular ranges associated
with an “infrared” permittivity, ¢* = ¢(k — o), and macroscopic distances
associated with ¢ = ¢(k = 0). The characteristic length A corresponds to the
intermolecular orientation correlation length and is typically the size of a few
solvent molecules.

Injecting ¢(k) in eqn (2), we compute the conductivity correction using eqn (14)
for a nonlocal solvent as a function of the electrostatic field F for increasing polar
correlation lengths A. The results are presented in Fig. 1. The case of vanishing
polar correlation lengths (A = 0, purple plot) corresponds to a local solvent. As
expected, |Ac/ao(F = 0)| increases with A, which corresponds to an increase of the
Wien effect. Indeed, over a shell of radius A, the interaction increases as the
solvent screens it with a low microscopic permittivity e*. As can be seen in Fig. 1,
the effect is significant even for very small correlation lengths (green plot, A = 0.1
nm), as the correction increases by a factor of 5. This illustrates the impact of
ionic interactions over very short distances when describing the properties of
electrolytes.

We now calculate the pair correlation h_.(x),x , ) for different values of A. The
maps shown in Fig. 2 are obtained by inverting the Fourier transform correlation
h._, given in eqn (12). Note that the integral of /,_ is divergent at large k and we
regularize it using a Gaussian cut-off function, exp(—*4*/2)."* The ionic pair
correlation for a local solvent, characterized by its lone macroscopic permittivity
(A = 0), has already been studied. It was found that the probability of finding
a counterion is higher in the direction of the field. This is indicated on the map by
a red zone, which shows a higher concentration of counterions than the average
one. In the direction perpendicular to the field (along x, ), a blue zone indicates
a depletion of counterions compared to n,."* Increasing the correlation length of
the solvent A induces a deformation of the correlation cloud, which becomes

— A=100 — A=1.0 — A=0.1 — local
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&It
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7030 1 1 1 1
0 2 4 6 8 10

Fig.1 Conductivity correction as a function of the dimensionless field, F, for e(k) given in
eqn (15). We take e = 80, e* =5, m =1 nm, and ng = 0.1 mol L. The value of 1 is expressed
in nm.
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Fig.2 Pair correlation function h_, (x.x . ) from SDFT for different values of the correlation
length A. The maps are obtained for F = 5 and m = 1 nm™'. The parameters for ¢(k) and no
are given in the caption of Fig. 1. The coordinates x; and x ,, given in nm, denote the
directions parallel and perpendicular, respectively, to the field direction.

visible when 2 > 1, that is, when the correlation length of the solvent exceeds the
Debye length. In this case, at distances shorter than 4, the effective permittivity is
e* < ¢, so that the effective inverse Debye length and dimensionless fields are m* >
m and F* < F. As a consequence, below the correlation length, the system behaves
as if the distances were larger, m*r > mr, since they are measured in units of the
Debye length, and the field weaker, F* < F. Beyond the correlation length and the
Debye length, the correlations adopt a conical shape with an angle given by the
dimensionless field F, independent of the small-scale permittivity.**

4 "Overscreening” solvents and the case of
water

In the 1990s, the charge structure factor S(k) for polar solvents was computed
from MD simulation and experiments**** and used to calculate ¢(k), the nonlocal
permittivity of the solvents, using the fluctuation-dissipation theorem,**3**?

e(k) = (1 - ﬂ:z(:z)) 71A (16)

These results questioned the validity of the Lorentzian model, particularly in the
context of water.”*** They showed that ¢(k) for water exhibits two poles on the k-axis,
and is negative for k € [20-120] nm ™. The negative range for &(k) is often referred to
as “overscreening”. Its molecular origin is a coupling between volume exclusion and
orientation correlations, which are particularly important in water due to H-bonds.
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The overscreening properties of nonlocal permittivity can be captured in
a phenomenological model:

e—e k? + k7)) + K
L G D Lk
f (k) ki’ks

where k; and &, are the poles of ¢(k) - (k) < 0 for k € [ky,k,] - that can be adjusted to
fit MD data. ¢ is the macroscopic dielectric constant and ¢* is the permittivity at
short range. This model is associated with two characteristic lengths for the
solvent, which are defined as the poles of 1/¢(k), the kernel ruling the electrostatic
interaction, given in eqn (2). One length encodes the oscillations of bound
charges in water due to the layering of molecules around ions. The second length
is the smearing length of the ion’s electrostatic field, which is induced by corre-
lated orientations of water dipoles.

First, we study the effect of the overscreening on the conductivity. The
conductivity correction for different values of k, is plotted in Fig. 3. Compared to
constant permittivity, we can see that overscreening leads to an increase in the
Wien effect compared to the local model. However, the effect of nonlocality on
bulk conductivity is weak, which is consistent with the good description of bulk
experimental measurements with local models. Moreover, the overscreening
effect is not monotonic with respect to the value of the second pole, k,. Over-
screening induces repulsion between ions of opposite charge, compensating for
the increased ionic interaction at small distances due to low microscopic
dielectric permittivity. Increasing the range of overscreening enhances this effect
(from the blue curve to the red curve), until saturation is reached (from the red
curve to the green curve).

We now study the effect of “overscreening” on the ionic pair correlation
function A_,(x,x | ), with the kernel £(k), eqn (17), parametrized to reproduce the

e(k) =€ + (17)
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Fig. 3 Conductivity correction as a function of the dimensionless field, F, for (k) given in
eqn (17). We take ¢ = 80, e* =5, 1/m = 1 nm, and ng = 0.1 mol L™, ky is fixed to 25 nm™2,

and k; is expressed in nm™L.
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Fig. 4 Pair correlation function h_,(x;.x ) from SDFT for ng = 0.1 mol Lt and for e(k)
given in egn (17). The parameter valuesare e =71, ¢* =1,k = 2.7 nm~%, and ko, =417 nm~2,

nonlocal dielectric properties of the SPC/E water model.”” The results are pre-
sented in Fig. 4.

The left panel corresponds to a vanishing electric field, F = 0. We see here
a pattern of concentric circles of alternating sign around the origin. The ampli-
tude of these oscillations diminishes significantly after 2 or 3 layers, but the
pattern remains visible over a long distance. As a reminder, in the case of
a featureless solvent characterized by its macroscopic permittivity, the correlation
monotonously decays from the center to large distances. For a nonvanishing field,
on the right panel, F = 2, we find the positive trail behind the ion, together with
positive and negative oscillations centered on the ion, which indicate the layering
of the solvent.

We performed classical MD simulations of a NaCl solution in water, at ny =
0.150 mol L™, under an electrostatic field E = Eu,.>" Fig. 5 shows a snapshot of
the simulations. We computed the correlation functions from these simulations.
Details can be found in the Appendices. Fig. 6 (left panel) shows the pair corre-
lation function i_.(r) for a dimensionless field, F = 1.45. As before, the red
regions correspond to an accumulation of counterions, and blue regions

E
—

@

@

S

@ e

Fig. 5 Snapshot of the classical MD simulations. The sodium and chloride ions are rep-
resented by a purple and a green sphere, respectively. The external field is represented by
the black arrow.
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Fig. 6 Comparison of pair correlation functions obtained for SDFT calculations (top line)
and MD simulations (bottom line) for F = 0 (E = 0 V nm™?) for the first column, F = 0.725
(E = 0.025 V nm™) for the second column and F = 1.45 (E = 0.05 V nm™) for the third
column. The form factor characterizing the ionic charge distribution is given in eqn (18).
The parameter values for these maps are ng = 0.150 mol L™ and n = 10.5 nm™%, and the
parameters for e(k) are given in the caption of Fig. 4.

correspond to a depletion of counterions, when compared to the mean concen-
tration. We focus here on the solvation shell where the effect of the solvent is
significant, 7.e., where (x;,x ; ) = 0.7 nm. The central blue disk corresponds to the
region of steric repulsion, which is modelled in MD simulations by the repulsive
part of the Lennard-Jones interaction. The first fine red ring corresponds to an ion
pair in direct contact. The second red ring, which corresponds to a distance of
about 0.45 nm, is attributed to ions separated by one water molecule. In this case,
oxygen is in contact with Na* and one hydrogen with Cl~. After these two well-
structured shells, the organisation becomes more blurred, but one can still see
a depletion ring followed by an accumulation ring. The rings are not circular: the
electrostatic field breaks the symmetry and slightly deforms them. The accumu-
lation rings are broader and more pronounced for x| > 0, while the depletion rings
are broader for x < 0.

To compare the results of the MD simulations with the nonlocal SDFT, we
incorporate ¢(k) from eqn (17) in eqn (13) and introduce a form factor f{k) to model
the spatial extension of the ions. Note that the parameters (¢, ¢*, ky, k) for ¢(k)
have been determined by fitting the MD data for bulk water.”” For the sake of
simplicity, we choose for f{k) a Gaussian distribution:

ﬁ

f(k) =e2r. (18)
The results are presented in Fig. 6. The top row represents the pair correlation
maps computed with SDFT by Fourier inverting f{k)*h_,(k) for increasing values of
the dimensionless field F. The second row corresponds to the pair correlation
map measured from MD simulations for the same field amplitude. The left
column represents the ionic correlations at equilibrium, in the absence of an
applied external field. At the centre of the MD map, there is a blue exclusion zone
due to Lennard-Jones repulsion between ions at short distances. This zone is
surrounded by a narrow red ring corresponding to ion pairing. Then an
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oscillation pattern appears: spherical depletion and accumulation over a distance
of around 1 nm. Finally, a homogeneous accumulation can be seen at larger
distances. The SDFT map (top map, left column) captures the central exclusion
zone and the alternating rings. However, the absence of hard-core repulsion in
the ionic interaction considered here leads to an incorrect description of the ion-
pairing ring and the related depletion ring. The middle and right columns
correspond to out-of-equilibrium correlations for increasing fields. For both MD
simulations and SDFT predictions, we observe an asymmetry in the distribution,
with depletion in the forward zone (x| > 0) and enrichment in the backward zone
(x; < 0), which increases with F. SDFT provides an accurate prediction of the
magnitude of this phenomenon. MD simulations show that the ion-pairing ring
and the first solvation shell are almost unaffected by the external field, which is
consistent with previous studies of the dielectric properties of the solvation
shell.>*** At this stage of development, SDFT does not take into account dielectric
saturation effects, and thus the solvent response is overestimated in the vicinity of
the ion, as shown by the deformation of the first accumulation ring. Note that in
this work, we focus on a minimal description of the system and choose a simple
form factor. However, more detailed form factors could be considered, such as the
smeared Born sphere, which have been shown to produce good results when
combined with overscreening kernels for solvation energy.>

5 Nonlocal permittivity for 2D water

As shown in the previous section, SDFT theory using a nonlocal permittivity fitted to
MD data, together with a form factor for the atomic charge distribution, is in
reasonable agreement with MD simulations for both the structure of the shells and
the amplitude of the correlations. We now apply this framework to 2D systems.

The nonlocal permittivity for 2D water has not been computed yet. To measure
it, we have simulated a 2D layer of water (in the x,y-plane) between two graphene
walls separated by a distance & = 0.7 nm, with classical MD force fields. The
system is sketched in Fig. 7; details can be found in the Appendices. We introduce
a 2D charge density for water as follows, p(x,y) = 1/h[dzp;p(x,y,2), and define the
charge structure factor in Fourier space as

S(k) = W, k =k + k2, (19)

where p(k) is obtained by Fourier transforming p(x,y), and L is the lateral size of
the slab. The function S(k)/k* for two-dimensional water is plotted in blue in
Fig. 7, and the result for the bulk 3D system is plotted in red for comparison. As
can be seen, the 2D correlations are close to the 3D ones for wavenumbers k
corresponding to intermolecular distances, i.e., kK = 10 nm™ . In particular, we
observe a high maximum in S(k)/k* around k = 30 nm™’, indicating layering of
the charges and the phenomenon of “overscreening”. At large distances, for k —
0, we observe an increase in S(k)/k* for 2D water which is absent from the 3D
signal. This behaviour indicates a screened Coulomb interaction between charges
at long range.*>*° This is due to a transition from an electric field confined by the
graphene at short range to a 3D field at long range. Note that graphene modelled
by MD simulations is a dielectric with ¢z = 1. It has been estimated that it
confines the field over a dozen nanometers.**

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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— 2D
— 3D

K, nm

Fig. 7 (a) Snapshot of the classical MD simulations. Gray atoms: carbon, red atoms:
oxygen, white atoms: hydrogen. (b) 8S(k)/eok® = 1 — 1/¢(k) (eqn (16)) as a function of the 2D
wavenumber k for a 2D water density equal to 0.112 molecules per A2, (c) lonic pair
correlation function h_,(x;.x ) in a two-dimensional slab obtained for F = 1, np =
0.1 mol L™, &(k) given in egn (17) for parameter values given in the caption of Fig. 4, and
a form factor, eqn (18), with n = 15 nm™1.

At this stage, our point is not to be predictive of ionic correlation in 2D. Rather,
itis to demonstrate that a well-parametrized nonlocal SDFT can be a powerful tool
with which to study ion transport in confinement. To achieve this, we compute
the 2D pair correlation function at short range using ¢(k) parametrized for bulk
water, as we have just shown that charge correlations are similar for bulk water
and a water slab at the molecular level. We invert the 2D Fourier transform of
fUk)*h_,(k) and plot the corresponding pair correlation function in Fig. 7. Note that
by doing so, we have neglected the long-range screening present in a 2D slab. The
pattern is similar to that in 3D, but the depletion rings corresponding to ions
separated by one water molecule are less pronounced. This is consistent with
stronger electrostatic interactions and more significant ion pairing in 2D.%”

6 Conclusions

In this work, we have shown that SDFT can be used to study ion transport in polar
solvents. These solvents are correlated dielectric media characterized by a nonlocal
permittivity ¢(k). Using the fluctuation-dissipation theorem, this kernel can be
expressed as a function of the charge structure factor S(g) of the solvent, easily
computed from classical MD simulations. Over the years, analytical expressions for
permittivity have been developed that enable the behaviour of aqueous solutions to
be reproduced on a small scale. We have incorporated such a kernel into SDFT, and
described the ion charge distribution by introducing a Gaussian form factor. Using
this minimal framework, we have computed ionic pair correlations, which are in
good agreement with those computed from MD simulations. Finally, we illustrate
how nonlocal SDFT can be applied to 2D confined systems. A key point here is to
use simulations at the relevant level of description to compute the dielectric kernel
for confined water. The one we are using here, which employs classical MD
simulations that ignore electronic effects and proton transfer, is probably not
accurate enough to describe experiments.® However, for now, we will keep this
approximation and compute the corresponding pair correlation function to
demonstrate the possibilities of nonlocal SDFT for nanoconfined systems.
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Appendices
Appendix: Simulations

Appendix: Simulation methods for bulk electrolytes. Simulations are per-
formed using the GROMACS 2023 molecular dynamics simulation package.*
Simulation boxes are periodically replicated in all directions, and long-range
electrostatics are handled using the smooth particle mesh Ewald (SPME) tech-
nique with tin-foil boundary conditions. Lennard-Jones interactions are cut off at
a distance 7., = 0.9 nm. The potential is shifted to zero at the cut-off separation.
All systems are coupled to a heat bath at 300 K using the v-rescale thermostat with
a time constant of 0.5 ps. We use MDAnalysis to treat the trajectories.

After creating the system, we first perform energy minimization. We then
equilibrate the system in the NVT ensemble for 200 ps, and then in the NPT
ensemble for another 200 ps using a Berendsen barostat at 1 bar. Production runs
of 200 ns are performed in the NVT ensemble. The integration time step is set to
At =2 fs.

We simulate a cubic aqueous electrolyte box of size L = 6.5 nm. The 150 mmol
solution contains 8875 water molecules and 25 ion pairs of (Na*, C17). We take the
following L] parameters (on, = 0.231 nm, ey, = 0.45 k] mol ") and (o¢; = 0.43 nm,
ec1 = 0.42 k] mol ')** and we use the Lorentz-Berthelot mixing rules for the L]
interactions. We apply a static electrostatic field along the x-axis during the
production run.

Appendix: Computation of the pair correlation function A. For each frame of
the production run, we compute the separation distance r;; for the 625 pairs of
(Na’, CI7). For each distance (x, r),r = \/x* + 2, we place +1 into the cylindrical
bin such that r € [r, r:4q], x € [x;, Xi+1]. We renormalise the bin density H,,, as
follows:

H,

R o e (0)
with Niames the number of treated frames, Ny, the number of ions of sodium in the
simulation, 7_ the concentration of chloride ions, and V,,, the volume of the bin.

Appendix: Simulation of the water slab. We have carried out classical force
field molecular dynamics simulations of water molecules confined between 2
rigid walls. The walls are made of fixed carbon atoms on an hexagonal lattice, with
a distance d = 1.42 A between carbon atoms. Each sheet has an area of L%, with L =
199.26 A, the side size of the slab, and the sheets are spaced by a distance & = 7 A,
which defines the height of the slit. Vacuum is added on top of the system,
leading to a total simulation box height of 500 A. This avoids interactions with the
periodic image along the direction of confinement. We have checked for
consistency that changing this height only impacts the response at the lowest
wavevector k < 0.1 A™",

The simulations are performed using the GROMACS simulation package.*
The 2D water density is set to 0.112 molecules per A% The water is modelled using
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the SPC/E water model** with the SETTLE algorithm,*” and the water-carbon
interaction parameters are taken from the GROMOS 53A6 parameter set.* These
parameters have been shown to yield a reasonable description of water wetting on
graphite and graphene.* We use a cutoff of 12 A for both the Lennard-Jones and
electrostatic interactions, and the long-range electrostatic contributions are
simulated using the smooth particle mesh Ewald method.*

The trajectories are integrated with the velocity Verlet algorithm with a timestep of
1 fs, and the Bussi-Donadio-Parinello thermostat is used for temperature coupling.*
The system is thermalized at 300 K for 1 ns, and is then simulated for 10 ns.

Appendix: Charge structure factor of 2D water. We introduce a 2D charge
density for water as follows: p(x,y) = h[dzpsp(x,y,2). We compute the charge

structure factor in Fourier space as S(k) = (p(k)p(—k))/hL?, with k = \/ks* + k,”

and where (k) is obtained by Fourier transforming p(x,y). Note that for k< 0.3 A™*,
s . 21T 2T
we plot the susceptibility on the discrete wavevector ky,,, = <m o nL—) For k >
x4y
0.3 A™' we smooth the susceptibility on close discrete wavevectors using
a Gaussian kernel with a width ¢ = 0.1 A™".
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